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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 m2 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 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 to a
potential 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/m2/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 single 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 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 contributions 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
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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
s)cenario, 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 I 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 126Sn 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 analysis, and none by the radon emanation analysis. The greatest fraction of
a limit would remain 0.038 for 126Sn 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



October 23, 2002 1-3 WSRC-TR-2002-00456

91cm

201 cm

100 c

10 c

40 cm

Upper closure
(not including gravel)

Lower dosu re
(including g ravel)

Grout above vault
roof

Vault roof

Clean Grout

Saltstone

100Iyears

closure intact a;
can't
penetrate
grout

150cm
shielding

1, 000y ears

upper clos ure eroded b

can on ly
excavate
300 cm

50cm
shielding

10,000years

upper closure eroded c

can only
excavate
300 cm

50cm
shielding

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.

b 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 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, 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 1,000 years (i.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
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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. Sim ulation Time Intervals

INTERVAL

TIO1
T102
T103
TI04
TI05
T106
TI07
TI08

TIME (YEARS)

0 to 100
100 to 300
300 to 550
550 to 1,000

1,000 to 1,800
1,800 to 3,400
3,400 to 5,600
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 TIOI in Table A-4.

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

TIO1 T102

Nati/Back
Drain Bot
Drain Ver
Drain Top
Concrete
Saltstone

1. OOE-04
1. OOE-01
1. OOE-01
1. OOE-01
1. OOE-12
1. OOE-11

1. OOE-04
9. 99E-02
1.OOE-01
9. 99E-02
5. 20E-12
3. OOE-11

TI03 T104 TIOS

Horizontal conductivity:
1.OOE-04 .1.OOE-04 1.O0E-04
9.97E-02 9.90E-02 9.71E-02
1.O0E-01 1.O0E-01 1.OOE-01
9.93E-02 9.75E-02 9.28E-02
1.29E-11 3.16E-11 7.64E-11
5.50E-il 1.00E-10 1.80E-10

TI06 TI07 T108

1.00E-04
9.30E-02
1. 00E-01
8.25E-02
1. 98E-10
3. 40E-10

1.OOE-04
8. 63E-02
1.OOE-01
6.58E-02
4.19E-10
5.60E-10

1. 00E-04
7.46E-02
1. 00E-01
3. 66E-02
1. 00E-09
1.00E-09

Vertical conductivity:
Drain Bot 9.52E-02 6.45E-02 2.70E-02 8.94E-03 3.34E-03 1.41E-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. 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



APPROVED for Release for
Unlimited (Release to Public)

6/27/2005
DP-MS-85-9 <

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,
The Pennsylvania State University
University Park, PA 16802

and

C. A. Langton

E. I. du Pont de Nemours and Company
Savannah River Laboratory
Aiken, South Carolina 29808

A paper proposed for presentation at the
87th Annua-l.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 redipient
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.



Table VIII. Summary of X-Ray Phase Identification - 94-45.

Age (Days)

Phase 7 28 56 90 180

unreacted cement * decrease with time >

unreacted fly ash * * * * *

(quartz + mullite)

unreact ed slag * * * * *

lime *- ** ,* *, **

bonding substituted * * * *

compound C-S-H

Al(NO3 ) 2 9H2 0 large quantity * "* **

Ca(N0 3 )2 2H20 * increase >

Others:

C3 AH6 , C3FH6  ** ** * , *

Na2 C 3 '10H 2 0 o * • * *

.CaCO3 ** ** * increase >

*Identified. *'Unidentified.

appreciable reaction of the fly ash spheres and buildup of CSH structure.

Some reticular network C-S-H is still apparent at this age. Figur.e 7 is a

micrograph of 84-40 cured for 180 days. Again the overall integrity of the

structure is evident. A plerosphere (spheres 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) is 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 elemental maps for Ca and Si, respectively. It is evident from

this series of micrographs that the agglomerated parts are cement (high Ca,

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

13



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 magnifications 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. Figure 9(c) 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 ii 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 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-) sphere which remained attached to the 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 represented 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 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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3-60 WSRC-RP-92-1360

S"TAbl 33-1 Swumary o hydraulic propertas mcd in the near-•id model

Effective Residual
K., porosity, moisture

Material (cM 11) 0. content, 8, (cm-'r n

Backfi 1.0 x 10 0.44 nab naU nae

Clay 7.6 x 10' 0.39 0.115 8.2 x 104 1.33

Gravel 0.5 0.38 0.010 8.2 x 10-2 3.70

Concrete 1.0 x I" 0.08 0.064 7.5 x 10-7  1.57

Saltstone 1.0 x 10-"1 0.46 0.368 7.4 x 106 4.41

d Fitting parameter for van Gcnuchten and Mualem expressions for moisture
characteristic curves.

b A Stone's correlation curve was used to describe the moisture characteristic curve for
the backfill
Saltstone, concrete, gravel, and backfill properties not required for fractured saltstone
case.
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Response tto PRP Request .. page 11 of 24 May 27, 1993

Sensitivity analysis results for degraded material properties of unfractured saltstone

and concrete.
-- LTable 3.

Peak Groundwater Concentration
Z-Area RPA Intacta Z-Area RPA Fracturel ':tb 10 Rum

--- PCi/ L Time (vt) ..pA ILI..J"biiJ (dL) '- . ' JI-_-- ( ...] = L•, . -
79Se 1.2x10-2 2.1x103  4 4 l 5x10 4  a.,x101  . ,OX&04 2 L,. 6.Oxi &1:_04
-9 c 6.7x10 7  1.,6x10 1.1u1001 2,17&103 tF_2 2, 0 L... 1,1x10 2  2jA2....-x1

-12Sn 4 .0xlO' 1 1  9.2x10 5  2.2x10-', 2 2x10 9g1x1O' 2  W5 _ 9.l X.0"-2 3.0Xz0 5

129i 7.2x10 3 >2.5x1O6 75x10 2 32x103 ._ 1..610-2 28x105 - J .8x1O 5

Intact saltstone and concrete; Ksat = -10-11 cm/s for sal•;tone and 10-10 cm/s for'concretes
Deff= 5x10"9 cm2 /s. See RPA, po 4-8.

b Fractured saltstone and concrete; gat= 10-IL cm/s for qaltStone~and 10-10 cm/s for concrete;

-Def= 5x10- 9 cm2/3. See RPA, p. 4-9.

c Ks~t 10-8 cm/s for saltstone and 10-0 cm/s for concrete; D•fj . 5xI=-9 cm2 /s.

d Ksat 10-8 cm/s for saltstone and 10-8 cm/s for concrete# Detf a 10-7 cM2 /so
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PHYSICAL PROPERTIES MEASUREMENT PROGRAM (U)

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.

An analysis of the Core Lab results was made by WSRC personnel. The water-air two-
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. The analytical expressions
are used for groundwater modeling.'
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SUMMARY OF PERMEABILITY TO LIOUID TEST RESULTS

Westinghouse Savannah River Company

Sample
I.D.

Cumulative
Test Time,

days Length, Are
cm 7

Viscosity,
CA

Delta
Pressure,

Incremental
Flow Rate,
cc/sec

Turner Road
Backfill - 1
Turner Road
Backfill - 2*

Concrete from
Saltstone Vault-IB
Concrete from
Saltstone Vault-5B
Concrete from
Saltst. Vault-7B*

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

Saltstone - I
Saltstone - 3A
Saltstone - 4*

36.8

35.8

24.0

37.7

38.0

36.9

-37.5

37.5

16.0
16.0
12.0

7.59

7.59

6.24

5.77

5.05

5.46

5.35

4.44

4.29
4.35
4.74

11.76

11.76

11.05

11.13

11.10

10.76

10.68

10.72

11.07
11.26
11.30

0.988

0.988

2.39

0.988

0.988

0.988

0.988

0.988

2.39
2.39
2.39

50.0

50.0

50.0

50.0

50.0

50.0

50.0

50.0

50.0
50.0
50.0

1. 6e-03

2.6e-03

5.3e-07

1.6e-05

9.9e-06

5.Oe-09

8.3e-09

1.0e-08

2.4e-08
2.Oe-08
1.3e-08

Permeability
to Liquid,

3.1e-01

4.8e-01

2.le-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

Htydraulic
Conductivity,

lsec MOIAI
Porosity,Deent

3.Oe-07

4.7e-07

1.le-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

45.5

42.7

17.4

18.9

16.8

18.1

19.3

18.6

44.6
41.6
40.6

*Sample selected for Gas-Water Relative Permeability Tests
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Core Laboratories Report attached to Values of water saturated hydraulic Section 1, pages 1-6 enclosed following
WSRC-RP-93-894 conductivity (from Project Summary) are response.

included in response (Table 34-1).

Core Laboratories Report attached to Section 3 (Gas-Water, Water-Gas Relative
WSRC-RP-93-894 Permeability). Results of tests included in

_____________________________response (Table 34-3).
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4. Other

APPROVED. for Release for
Unlimited (Release to Public)
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RESPONSE TO RAI COMMENT 34
ROADMAP TO REFERENCES

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

Sample Time
(min)

Saltsone #4 0.99
1.88
3.08
3.8

7.81
"8.79

9.82
11.1
14.8
15.9
16.9
17

17.1
17.2
17.3

Concrete 0.99
(from Saltstone) 1.51

2.31
3.21
7.22
9.5

10.5
14.5
15.5
23.3
24.2
24.4

Concrete 1.13
(from E-Area) 2.08

2.8
6.81
8.11
9.09
11.1

14.1
15.1
15.8
22
37

Cum. Vol.
Injected

(pore vols)
4.60E-05
9.20E-05
1.40E-04
1.80E-04
2.30E-04
2.80E-04
3.20E-04
3.70E-04
2.50E-02
1.76E-01
9.82E+01
1.18E+02
1.39E+02
1.61 E+02
1.83E+02

7.90E-02
1.06E-01
1.25E-01
1.35E-01
1.46E-01
1.68E-01
1.83E-01
2.87E-01
3.13E-01
5.48E-01
5.75E-01
5.83E-01

5.60E-05
1.10E-04
1.70E-04
2.20E-04
2.80E-04
3.40E-04
3.90E-04
4.50E-04
5.10E-04
5.60E-04
6.20E-04
6.70E-04

Cum. Vol.
Injected Inflow Rate

(cc) (cc/nin)
1.OOE-03
2.00E-03 1.13E-03
3.05E-03 8.71E-04
3.92E-03 1.21E-03
5.01 E-03 2.72E-04
6.10E-03 1.11E-03
6.97E-03 8.46E-04
8.06E-03 8.51E-04
5.45E-01 1.45E-01
3.83E+00 2.99E+00
2.14E+03 2.13E+03
2.57E+03 4.31 E+03
3.03E+03 4.57E+03
3.51 E+03 4.79E+03
3.99E+03 4.79E+03

7.44E-01
9.99E-01 4.89E-01
1.18E+00 22.4E-01
1.27E+00 1.05E-01
1.38E+00 2.58E-02
1.58E+00 9.09E-02
1.72E+00 1.41 E-01
2.70E+00 2.45E-01
2.95E+00 2.45E-01
5.16E+00 2.84E-01
5A2E+00 2.83E-01
5.49E+00 3.77E-01

4.48E-04
8.80E-04 4.55E-04
1.36E-03 6.67E-04
1.76E-03 9.98E-05
2.24E-03 3.69E-04
2.72E-03 4.90E-04
3.12E-03 1.99E-04
3.60E-03 i.SOE-04
4.082-03 4.80E-04
4.48E-03 5.71 E-04
4.96E-03 7.74E-05
5.38E-03 2.67E-05

7/15/2005



RECORDS ADMINISTRATION

R0759932

Addendum to the Z-Area
Radiological Performance Assessment

WSRC-RP-98-00156
Revision 0

ADDENDUM TO THE
RADIOLOGICAL PERFORMANCE ASSESSMENT

FOR THE Z-AREA SALTSTONE DISPOSAL FACILITY
AT THE SAVANNAH RIVER SITE

Additional Information Supplied to the
DOE Performance Assessment Peer Review Panel and
DOE Headquarters in Support of Review, 1993-1997

Prearedby

WESTINGHOUSE SAVANNAH RIVER COMPANY
Aiken. South Carolina

Approved
For Release for Unlimited

(Release to Public)

Aprl 1998

I-



CORE LABORATORIES -

PHYSICAL PROPERTIES MEASUREMENT PROGRAM

COMPLETION OF ALL TASKS

SUBCONTRACT NO. AA46362-N

FINAL REPORT

Performed for:
WESTINGHOUSE SAVANNAH RIVER COMPANY

Savannah River Technology Center
Interim Waste Technology Section

March 31, 1993

Performed by:
Core Laboratories

Dallas Advanced Technology Center
Reservoir Flow Studies Laboratory

1875 Monetary Lane
Carrollton, Texas 75006

File: DRES-92119

IMe SaIYmt WSf ý&gOtaf "~~~l COMt I f lI..VW, C 01b-W .0- ha '"q k',v he"-V - -dI *w ,.UA.n zocffS~t o,'s o' A W. ta~. oadOnr SI~tCOSt

-leýt a bnl n- . o fbr0 Co.. tLoý csV Crys LADwtttNo, .. ft - . 1! gal' td nr - nfly'.,WcVl~r'~sSfl ytSE ' 5 V t..V WS I4.A '~l1N'OS V ~f 0



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

The first seven materlals, which are unconsolidated, were provided to Core
Laboratories in labeled one gallon metal containers. The Concrete from the E-Area
vault material was a lift x lift x lft block, the Concrete from the Saltstone Vault was
supplied as a formed cylinder, and the Saltstone 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 Permeability 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 permeability 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.
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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 hydraulic
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 available, curves were extrapolated from the end-
points.

The Top Soil, Gravel, and Sand samples demonstrated gas-waterrelative 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 shrinkage 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 permeability 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).
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Air-Brine Capillary 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 consolidated 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 saltstone 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 results. 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
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which resulted in a reported 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 individual
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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File: DRES-g2119

SUMMARY OF PERMEABILITY TO LIOUID TEST RESULTS

Westinghouse Savannah River Company

Cumulative
Sample Test Time, Length, Area, Viscosity, F

I.D, days cm cm2 Qp

Top Soil - 1 3.0 7.59 11.76 0.988
Top Soil - 2* 3.0 7.59 11.76 0.988

Gravel - 1 3.0 30.48 5.07 0.988
Gravel - 2* 3.0 30.48 5.07 0.988

Dixie Clay - 1 11.0 7.59 11.76 0.988
Dixie Clay - 2* 11.0 7.59 11.76 0.988

Grace Clay - 1 17.8 7.59 11.76 0.988
Grace Clay - 2* 17.8 7.59 11.76 0.988

Sand - 1 2.5 7.59 11.76 0.988
Sand - 2* 2.5 7.59 11.76 0.988

Burma Road
Backfill - 1 36.8 7.59 11.76 0.988
Burma Road
Backfill - 2* 35.8 7.59 11.76 0.988

*Sample selected for Gas-Water Relative Permeability Tests

Delta
)ressure,

psi

0.050
0.049

0.029
0.027

50.0
50.0

50.0
50.0

0.100
0.055

50.0

50.0

Incremental
Flow Rate,
cc/sec

0.017
0.017

0.050
0.050

5.1e'05
3.9e-05

3.4e-05
4.2e-05

0.033
0.017

2.1e-03

4.3e-03

Permeability
to Liquid,

Mi1lidarcies

3120
3190

151000
162000

9.5e-03
7.3e-03

6.4e-03
7.9e-03

3120
2840

4.0e-01

8.1e-01

Hydraulic
Conductivity,

cmlsec

3.06e-03
3.13e-03

1.48e-01
1.59e-01

9.4e-09
7.1e-09

6.3e-09
7.7e-09

3.06e-03
2.79e-03

3.9e-07

8.0e-07

Porosity,
percent

40.5
38.8

38.0
38.6

54.1
57.7

54.8
57.6

39.9
34.8

47.5

51.6
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File: DRES-92119

SUMMARY OF PERMEABILITY TO LIOUID TEST RESULTS

Westinghouse Savannah River Company

Sample1,. D
Cumulative
Test Time,

days-
Length,

cm
Aref,

cm-
Viscosity,

Cp

Delta
Pressure,

Rsi

Incremental
Flow Rate,
cc/sec

Permeability
to Liquid,

mt111darctes

Hydraulic
Conductivity, Porosity,

percent
Turner Road
Backfill - 1 36.8 7.59 11.76 0.988
Turner Road
Backfill - 2* 35.8 7.59 11.76 0.988

Concrete from
Saltstone Vault-lB 24.0 6.24 11.05 2.39
Concrete from
Saltstone Vault-5B 37.7 5.77 11.13 0.988
Concrete from
Saltst. Vault-78* 38.0 5.05 11.10 0.988

Concrete from
E-Area Vault-2E 36.9 5.46 10.76 0.988
Concrete from
E-Area Vault-4E 37.5 5.35 10.68 0.988
Concrete from
E-Area Vault-7E* 37.5 4.44 10.72 0.988

Saltstone - 1 16.0 4.29 11'07 2.39
Saltstone - 3A 16.0 4.35 11.26 2.39
Saltstone - 4* 12.0 4.74 11.30 2.39

*Sample selected for Gas-Water Relative Permeability Tests

50.0

50.0

50.0

50.0

50.0

50.0

50.0

50.0

50.0
50.0
50.0

1.6e-03

2.6e-03

5.3e-07

1.6e-05

9.9e-06

5.Oe-09

8.3e-09

1.Oe-08

2.4e-08
2.Oe-08
1.3e-08

3. le-01

4.8e-01

2. le-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

3.0e-07

4.7e-07

1.le-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

45.5

42.7

17.4

18.9

16.8

18.1

19.3

18.6

44.6
41.6
40.6
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SUMMARY Of GAS-WATER RELATIVE PERMEABILITY TEST RESULTS

Westinghouse Savannah River Company

Initial Conditions Terminal Conditions

Sample.... . .D . Porosity,
Rercnt

Water
Saturation,

percent
R.ore sPace

Specific
Permeability

to Water,milltdarctes

Water
Saturation,

percent

Effective
Permeability
to Fluid,

mi1tdarcies
Turner Road
Backfill 2

Concrete from the
Saltstone Vault 7B

Concrete from the
E-Area Valt 7E

Saltstone 4

42.7

16.8

18.6

40.6

100.0

100.0

100.0

100.0

0.478

1.3e-03

1.3e-06

3.7e-06

75.2
86.0

85.4
87.0

100.0
98.7

99.3
99.3

1.30
1.90

7.9e-06
2.0e-04

4.6e-08
5.4e-07

1.2e-01
5.8e-04

Relative
Permeability

to Fluid,+
-nllldarctes

2.70*
4.02**

0.0061*
0. 154**

0.035**
0.415w*

32400*
157 *

Fluid Recovered
percent

Rore soace percent flul
in RI ac

24.8
10.8

14.6
1.5

1.3

24.8
43.6

14.6
10.3

0.7 0.7

* to Gas
** to Water
+ Relative to the specific permeability to water
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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)

Sample

Saltstone #4

Time
(min)
0.99
1.88
3.08
3.8
7.81
8.79
9.82
11.1
14.8
15.9
16.9
17

17.1
17.2
17.3

Concrete 0.99
(from Saltstone) 1.51

2.31
3.21
7.22
9.5

10.5
14.5
15.5
23.3
24.2
24.4

Concrete 1.13
(from E-Area) 2.08

2.8
6.81
8.11
9.09
11.1
14.1
15.1
15.8
22
37

Cum. Vol.
Injected

(pore vols)
4.60E-05
9.20E-05
1.40E-04
1.80E-04
2.30E-04
2.80E-04
3.20E-04
3.70E-04
2.50E-02
1.76E-01
9.82E+01
1.18E+02
1.39E+02
1.61E+02
1.83E+02

7.90E-02
1.06E-01
1.25E-01
1.35E-01
1.46E-01
1.68E-01
1.83E-01
2.87E-01
3.13E-01
5.48E-01
5.75E-01
5.83E-01

5.60E-05
1.10E-04
1.70E-04
2.20E-04
2.80E-04
3140E-04
3.90E-04
4.50E-04
5.10E-04
5.60E-04
6.20E-04
6.70E-04

C Gum. Vol.
Injected Inflow Rate

(cc) (cc/min)
1.00E-03
2.00E-03 1.13E-03
3.05E-03 8.71E-04
3.92E-03 1.21 E-03
5.01E-03 2.72E-04
6.10E-03 1.11E-03
6.97E-03 8.46E-04
8.06E-03 8.51E-04
5.45E-01 1.45E-01
3.83E+00 2.99E+00
2.14E+03 2.13E+03
2.57E+03 4.31 E+03
3.03E+03 4.57E+03
3.51E+03 4.79E+03
3.99E+03 4.79E+03

7.44E-01
9.99E-01 4.89E-01
1.18E+00 2.24E-01
1.27E+00 1.05E-01
1.38E+00 2.58E-02
1.58E+00 9.09E-02
1.72E+00 1.41E-01
2.70E+00 2.45E-01
2.95E+00 2.45E-01
5.16E+00 2.84E-01
5.42E+00 2.83E-01
5.49E+00 3.77E-01

4.48E-04
8.80E-04 4.55E-04
1.36E-03 6.67E-04
1.76E-03 9.98E-05
2.24E-03 3.69E-04
2.72E-03 4.90E-04
3.12E-03 1.99E-04
3.60E-03 1.60E-04
4.08E-03 4.80E-04
4.48E-03 5.71 E-04
4.96E-03 7.74E-05
5.36E-03 2.67E-05
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File: DRES-92119

GAS-WATER RELATIVE PERMEABILITY TEST RESULTS

Unsteady-State Method
Temperature: 720 F

Westinghouse Savannah River Company
Sample I.D.: Concrete Saltstone 78
Porosity: 16.8 percent
Specific Permeability
to Water: 1.3e-03 md

Length:
Area:
Viscosity of
Viscosity of
Differential
Differential

Water:
Gas:
Pressure GF:Pressure WF:

5.05
11.10
0.988
0.018

50.0
50.0

cm
cm2
cp
cp
psi
psi

Cumulative
Time,

minutes

Cumulative
Fluid

Injected
pore volumes

Cumulative
Gas

Produced,
pore volumes

Effective
Water

Produced,
pore volumes

Effective
Permeability

to Gas,
millidarcies

Effective
Permeability

to Water,
millidarcies

Gas Displacing Water

0.990
1.51
2.31
3.21
7.22
9.50

10.5
14.5
15.5
23.3
24.2
24.4

0.079
0.106
0.125
0.135
0.146
0.168
0.183
0.287
0.313
0.548
0.575
0.583

0.022
0.038
0.141
0.167
0.402
0.429
0.437

0.079
0.106
0.125
0.135
0.146
0.146
0.146
0.146
0.146
0.146
0.146
0.146

2.5e-06
4.0e-06
6.8e-06
7.2e-06
7.9e-06
7.9e-06
7.9e-06

1.le-03
7.5e-04
3.4e-04
1.7e-04
3.8e-05

Water Displacing Gas

0.035
1.05
1.99
3.04
4.03
4.92
6.05
6.86
7.95
8.71

11.8
15.0
16.0

0.0016
0.008
0.0110.013
0.014
0.015
0.015
0.019
0.029
0.039
0.082
0.128
0.142

0.0016
0.0080
0.011
0,013
0.014
0.015
0.015
0.015
0.015
0.015
0.015
0.015
0.015

4.3e-03
1.5e-02
2.4e-02
6.8e-02
1.le-01
1.3e-01

1.2e-05
1.6e-06
8. 9e-07
4.Se-07
2.8e-07
1.6e-07
2.5e-09

7.5e-05
1.4e-04
1.8e-04
2.Oe-04
2.Oe-04
2.0e-04
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GAS-WATER RELATIVE PERMEABILITY TEST RESULTS

Unsteady-State Method
Temperature: 72" F

Westinghouse Savannah River Company
Sample 1.0.: Concrete E-Area 7E
Porosity: 18.6 percent
Specific Permeability
to Water: 1.3e-06md

Length:
Area:
Viscosity of
Viscosity of
Differential
Differential

Water:
Gas:
Pressure GF:
Pressure WF:

4.44
10.72
0.988
0.018

50.0
50.0

cm
cm2
cp
cp
psi
psi

Cumulative
Time,minutes

Cumulative
Fluid

Injected
pore Molumes

Cumulative
Gas

Produced,pore volumes

Effective
Water

Produced,
pore volumes

Effective
Permeability

to Gas,mtllidarcies

Effective
Permeability

to Water,
millidarcies

1.13
2.08
2.80
6.81
8.11
9.09

11.1
14.1
15.1
15.8
22.0
37.0

5.6e-05
1.le-04
1.7e-04
2.2e-04
2.8e-04
3.4e-04
3.9e-04
4.5e-04
5.1e-04
5.6e-04
6.2e-04
6.7e-04

Gas Displacing Water

5.6e-05
1.1e-04
1.7e-04
2.2e-04
2.8e-04
3.4e-04
3.9e-04
4.5e-04
5.1e-04

-5.6e-04
6.2e-04
6.7e-04

Water Displacing Gas

1.le-04
- 1.7e-04
- 2.2e-04
- 2.8e-04
- 3.4e-04
- 3.9e-04
- 4.5e-04
- 5.1e-04

5.6e-04
6.2e-04

6.2e-07
7.3e-07
9.7e-07
1.l7e-07
5.4e-07
7. le-07
3.4e-07
2.3e-07
7.3e-07
9.7e-07
1. le-07
4.6e-08

0.347
1.30
4.02
8.03
9.33

10.3
11.3
12.0
13.0
14.3

1.1e-04
1.7e-04
2.2e-04
2.8e-04
3.4e-04
3.9e-04
4.Se-04
5.le-04
5.6e-04
6.2e-04

4. Oe-06
7.3e-07
2.6e-07
1.l7e-07
5.4e-07
6.8e-07
7.3e-07
9.7e-07
.6.9e-07
5.4e-07
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File: DRES-92119

GAS-WATER RELATIVE PERMEABILITY TEST RESULTS

Unsteady-State Method
Temperature: 72" F

Westinghouse Savannah River Company
Sample I.D.: Saltstone 4
Porosity: 40.6 percent
Specific Permeability
to Water: 3.7e-06 md

Length:
Area:
Viscosity of
Viscosity of

.Differential

Differential

Water:
Gas:
Pressure GF:
Pressure WF:

4.74
11.32
2.39

0.018
51.7
50.0

cm
cm2
cp
cp
psi
psi

Cumulative
Time,

minutes

Cumulative
'Fluid
Injected

pore volumes

Cumulative
Gas

Produced,
DOpe volumes

Effective
Water

Produced,
pore volumes

Effective
Permeability

to Gas,
millidarcies

Effective
Permeability

to.Water,
millidarcies

Gas Displacing Water

0.990
1.88
3.08
3.80
7.81
8.79
9.82

11.1
14.8
15.9
16.9
17.0
17.1
17.2
17.3

4.6e-05
9.2e-05
1.4e-04
1.8e-04
2.3e-04
2.8e-04
3.2e-04
3.7e-04
2.5e-02
0.176

98.2
118
139
161
183

0.025
0.176

98.2
118
139
161
183

4.6e-05
9.2e-05
1.4e-04
I.8e-04
2.3e-04
2.8e-04
3.2e-04
3.7e-04
3.7e-04
3.7e-04
3.7e-04
3.7e-04
3.7e-04
3.7e-04
3.7e-04

3.7e-06
7.9e-05
5. 3e-02
1. le-01
1. 2e-01
1. 2e-01
1.2e-01

3.3e-06
3.7e-06
2.8e-06
4.6e-06
8.2e-07
3.4e-06
3.2e-06
2.5e-06

Water Displacing Gas

0.0
0.240
0.287
1.08
1.66
3.30
5.00
7.21

12.0
13.3
17.2
19.1
26.2

96
0.084
0.095
0.131
0.146
0.159
0.173
0.192
0.231
0.241
0.271
0.286
0.342

0.045
0.084
0.095
0.131
0.146
0.159
0.173
0.192
0.231
0.241
0.271
0.286
0.342

3.5e-02
2.Oe-02
1.8e-02
3.3e-03
1.9e-03
6.3e-04
6.Oe-04
6.2e-04
6.Oe-04
5.9e-04
5.8e-04
5.8e-04
5.8e-04

- -- 3-103



RESPONSE TO RAI COMMENT 35
ROADMAP TO REFERENCES

REFERENCED DOCUMENT *EXCERPT LOCATION REMARK
Cook et al. 2005 Excerpt enclosed following response. Executive Summy attached.
Saltstone PA 1992 Excerpt enclosed following response Section 5.3.

*Excerpt Locations:

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 following the response.
4. Other

APPROVED for Release for
Unlimited (Release to Public)

7/14/2005



APPROVED for Release for
Unlimited (Release to Public)

6/6/2005

WSRC-TR-2005-00074
Revision 0

KEY WORDS: Performance Assessment
Low-level Radioactive Waste Disposal

SPECIAL ANALYSIS:
REVISION OF SALTSTONE VAULT 4 DISPOSAL LIMITS (U)

PREPARED BY:
James R. Cook

Elmer L. Wilhite
Robert A. Hiergesell

Gregory P. Flach

MAY 26, 2005

Pmcipitation

Groua Water

Westinghouse Savannah River Company
Savannah River Site
Aiken, SC 29808

Prepared for the U.S. Department of Energy Under
Contract Number DE-AC09-96SR18500

SR.NL
S~ENW IEMTOA BRAR



May 26, 2005 v WSRC-TR-2005-00074

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 61.
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 got
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
research 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 investigated in terms of constructibilbty
and possible adverse affects on performance.

Another consideration regarding the closure concept assumed for this RPA is the
possiblity that the concept may be overdesigned. The results of the RPA Indicated that
the presence or absence of the upper moisture barrier was not a significant factor in the
analysis. This observation in part aris•s 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 field can lower concentrations 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 through the site is reduced.

One final observation regarding the possibility of overdesign of the SDF is that
the waterproof polymer coating applied 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
uncertainty in the effectiveness 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, even without considering any retardation of
releas by this coating. The waterproof polymer coating may be superfluous for this
facility.

5.3 DATA AND RESEARCH NEEDS

A number of data and research needs have been identified in the course of
performing the RPA for the SDF. These needs are directed at improving'the confidence
in the results of the RPA. Because the RPA is to be maintained through time, and thus
is a living document, further iterations of the RPA process will benefit greatly if these
needs are satisfied.

Rev. 0



I•

5-4 WSRC-RP-92-1360

Research and testing to improve the quality of data in the area of hydraulic
properties of slag saltstone are needed. The models used in this RPA to simulate
releascs of contaminants from saltatone are very sensitive to the value of the saturated
hydraulic conductivity assumed, and there is a large amount of uncertainty associated
with the value that was used. The addition of. sag to saltstone resulted in reducd
leaching of Tc-99 and chromium, leading to the hypothesis that hydraulic characterisdcs
may be altered in addition to chemical characteristics. The saturated hydraulic
conductivity of slag Wltstone should be measured experimentally for use in modeling the
release from the SDF.

Field measurement over time to determine the degree of saturation of slag
saltstone In the field 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
the monoliths after curing is even a few percent less than saturation, 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 constituents 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 modeling investigation is also recommended to establish the sensitivity of model results
to initial saturation assumed for saltstone. More sophisticated modeling techniques for
the saltstone/concrete4oil 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 analysis to peak groundwater concentrations.
Although multiple conservatisms are built into the analysis of this scenario in this RPA,
a quantitative evaluation of the effects of these conservatisms is recommended for future
iterations of the RPA.

With respect to estimates of dose to inadvertent intruders, confidence in the
results would be increased if root uptake of Tc-99 were measure 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 saltstone4oil mix, but
direct experimental evidence is lacking. Furthermore, the time history of root uptake
should be measured for such a mix, to evaluate whether the Tc-99 becomes more or less
available over time.

To evaluate the accuracy of the estimated inventory of nitrate and radionuclides
in the SDF, multiple measurements of key radionuclides in different batches of LLW
streams are recommended. The sensitivity of intruder dose estimates to the inventory
of Sn-126 indicates the desirability of such measurements to confirm experimentally
whether the estimated inventory is accurate, and the projected variability.
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Finally, detailed engineering plans for closure of the SDF must be completed.
The's plans will establish the ability to construct the closure as presently 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 barrier may represent an overdesign of the
facility. Further evaluation of the impact of closure 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 1-129 at the water table at 10,000 years is 1.29E-07 mole/yr/mole and rising
as shown in Table A-Il 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 1-129 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 remaining
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 T109 TI10 T111
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 3.151E+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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Time (years)
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Figure 7-18. Instantaneous 1-129 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 settlement and
earthquakes. For the assumed properties of saltstone (10- 1 cm/s conductivity), the literature
indicates cracks can be neglected when the suction head exceeds approximately 200 cm 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
bottom, 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 0.06 0.03

500 0.18 0.09

1000 0.30 0.15

2500 0.63 0.31

5000 1.15 0.58

10000 2.18 1.09

Cracks open at top

Time (yr) Crack width atopen end (in) Average width (in)

100 0.01 0.004

500 0.03 0.015

1000 0.06 0.03

2500 0.16 0.08

5000 0.31 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 (1001 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.

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 completely 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 aperture b is given by
(e.g. Looney and Falta 2000)

H -2o- (A-20)
pgb

where a- 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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2o-

b
(A-21)

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

b212 (A-22)

and the hydraulic conductivity is

K pgk ' pgb2

77 1277
(A-23)

where q is liquid viscosity. Figure 1. shows hydraulic conductivity as a function of aperture for
water at 20'C. Note that even narrow cracks have a high conductivity compared to cementitious
materials.

1.E+05

E
.a. 1.E+02

U

C
0

S1.E-01
V

1.E-04 -
1.E-04 1.E-03 1.E-02 1.E-01

Aperture [in]

1.E+00

Figure A-77. Hydraulic conductivity of saturated cracks as a function of aperture.
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A.4.4 Film Flow

When P < - 2al/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 - 2o-/b, liquid will completely fill a groove and form a
flat liquid-vapor interface. At a sufficiently low pressure, liquid will recede into the corner of the
groove and be retained by capillary forces: Under this condition, the matric potential

P
p =- = gH (A-24)

P

determines the radius of the liquid vapor interfacein a groove (Or and Tuller 2000, Figure 2):

P1' (A-25)

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

L tan(y / 2)rc -=
cos(y / 2) (A-26)

The critical pressure defining the transition between flat and curved interfaces is

P= -- (A-27)
rc

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:

~2a,
1. Saturated flow: P>.

b

o- 2a-
2. "Thick" film flow: -- <P<--

rc b

3. "Thin" film flow: P<--
re

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

= [ 9~ 1/3
h(pu) =/Asvl, ]/3 (A-28)

L61rpp
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where h is film thickness and A,,, is a Hamaker constant.

Liquid held in groove comers 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 comer 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 p, = -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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L = 5 x 10 m and y = 600: a) equivalent film thickness, and b) average

hydraulic conductivity.

Figure A-78.
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A.4.5 Application to Saltstone Vault 4

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

Dsaitstone Kcrackb (A-29)
Ksaltstone

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

4 hydraulic conductivity of 10-11 cm/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

2KA4DA
Dsaltstone - KaDA (A-30)K saltstone

where the factor of two results from consideration of flow down both sides of the crack, DA the

average film thickness (e.g. Figure A-78a), and KA 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 6 x 10-4 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 10-11 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

suction, unsaturated crack flow is predicted to be negligible (Dsaltstone • 10-3 ft from Figure A-

79). An informal sensitivity study that varied groove depth (L), angle (7), and spacing (/1 in

Or and Tuller (2000)) indicates this conclusion is not sensitive to the particular values assumed in
Figure A-79.
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Figure A-79. Minimum unsaturated aperture and equivalent saltstone thickness for film flow

down crack faces.

A.4.6 Conclusions

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 period. 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 Figure 6a in Or and Tuller (2000) are
summarized below:

Matric potential
PS=- = gH (A-31)
P

Film thickness adsorbed to surface under tension
[r 11/3h(/2) = s/(A-32)

- L ~61rp/2p

Comer radius under capillary retention

r(pt) =- (A-33)
PP

Critical matric potential
~o-cos(y/2)

/2C U= o72 (A-34)
pL tan(y / 2)

Critical radius of curvature (r < rc)

L tan(y / 2)rc - (A-35)

cos(y / 2)

Comer area for / < PC

SAc(p) rc) 2L1 e(I 80_--) (A-36)A~l(2) r(2)2tan(r/2) .360 J(-6

Comer area for p _Pc

AC 2 = L2 tan(y/ 2) (A-37)

Film area for p < PC

AF() = h() {L+ cos/2) tan(+L/2) (A-38)

Film area for p _Ž Pc

AF2 (P) = h(,u){f/L + 2(1 - 5)L tan(y / 2)} (A-39)
Smooth vertical surface film flow (Tokunaga and Wan 1997; Or and Tuller 2000)

;F= h (A-40)377

Comer vertical flow (Or and Tuller 2000)

v =-r2 (A-41)
677

where Fb+dr]- b exp + 1 (A-42)

a=e08[ 1 + C 7 <
andb =2.124, c =-0.00415 and d =0.00783 for 100 <7<1500..
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Hydraulic conductivity
K =;F (A-43)

Average hydraulic conductivity (velocity) for / </2,

KAI = KFAF1 + KCAc19 (A-44)
AF1 + AC1

Average hydraulic conductivity (velocity) for u > p,

KAI =KFAF2 + KCAc 2  (A-45)

AF 2 + AC 2

Width of representative surface element
W = /8L + 2L tan(y / 2) (A-46)

Effective film thickness

D= AF + AC (A-47)
w
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Chandler 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, This test report concludes that Saltstone
Section 4.0 enclosed following response. 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, et al. 2005 WSRC-TR-2005-00180, Revision 0, The highlighted text indicates the
Executive Summary enclosed following decomposition of the KTPB in the Tank 48
response. simulant as well as the decomposition rate

dependence on temperature.
DOE 2005 DOE-WD-2005-001 dated February 28, The indicated paragraph demonstrates that

2005, Section 7.2.3.14 enclosed following the first step in performing a safety
response. analysis is the CHA Process.

Mahoney, et al. 2004 CBU-PED-2004-00027, Revision 0, These sections demonstrate the variability
Sections 9.4, 10.1, and 10.2 enclosed 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.
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WSRC 2004 WSRC-SA-2003-00001, Revision 2, This section of the DSA states that the
Section 3.4 and 3.4.1 enclosed following CHAP only identified an explosion in the
response 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 2i04).

WSRC 2005 ENG.08, Revision 2 Sections 5.2-5.3 and These attachments detail the process of
Attachment 7 enclosed following response. WAC revisions including the review and
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management.
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9.3.2 Risks
The risks associated with salt tank characterization ar'e 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 limits. These risks will be mitigated by
the enhanced characterization program. 74

---- 9.4 Tank 48 Disposition by Aggregation
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. 13 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-I137 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.8 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 sludge 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.' 3 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 sufficien't to degrade the tetraphenylborate. There are a number of risks.

The risks of thermal and chemical degr'adation are as follows:
* 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.

* 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.

* 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.

* 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 difficulty of
returning this tank to Tank Farm service.

* It may be possible to raise the DSA limit for the tetraphenylborate inventory in Tank
48 as more data ondegradation 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
* 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.
* Ensure that the curies to Saltstone during the Interim Salt program are acceptably low

(less than 5 MCi total).

MCU start-up in August 2007 is also supportive of the following key assumption
described in Section 6.
* 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:
* 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.

" 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.'
Defense Waste Processing Facility Engineering (DWPF-E) provided a rate of benzene evolution

from saltstoneof 2.5 pg/L /h saltstone (0.9 pg/kg saltstone/h) to use as a target rate of concern
(TRC). 2

-- The generation of benzene, toluene, and xylenes from saltstone containing a simulant of Tank
48H salt solution has been measured 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 diphenylnercury in addition to
inorganic salts. The saltstone slurries were prepared from blends of the Tank 48H simulant. and

DWPF recycle simulant.

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
-p materials will be included in the final report.gThe benzene evolution rates approximately follow

an increasing trend with both increasing temperature arid 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 pg/kg saltstone/h TRC (2.5 pg/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

rng/L)]The toluene evolution rates for at least one sample at each 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 independent 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 2/sec cm 2/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 3.15E-01

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 fit). 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 3. Since Q =
CxVxýxS = 106 moles and V = 98.5x23.75x30.482 = 2.1734x10 6 cm 3 , then S = 0.9836. This is in
good agreement with the average Saltstone saturation predicted by the TIO0 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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1.0 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 Liquid
Waste Disposition Projects, Waste Solidification Projects, and supporting organizations.

2.0 SCOPE

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

3.0 TERMS AND DEFINITIONS

A. High Level Waste (HLW) - "The highly radioactive waste material 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 criteria, it can be sent to a non-high-level waste treatment facility, e.g. Saltstone or
Wastewater Treatment.

B. Salt - The soluble fraction of Tank Farm precipitated waste.

C. Sludae - The insoluble fraction of Tank Farm precipitated waste.

D. Waste Acceptance Criteria (WAC) - Document describing the requirements necessary 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 methods used to meet the WAC for
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 WCP (shown 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.
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5.0 PROCEDURE

5.1 USE OF WACS, WCPS, AND SWCPS

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).

5.2 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].

--- 5.3 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 thediagram of Attachment 2 and should
be used together to complete the process.

[1] New WAC DevelopmentlInitial Flowsheet Development

A new WAC development coincides with a new facility or 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 existing
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 Facility and FE&D group perform initial impact reviews as described 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 transfer 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 transfers (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 should continue with
the planning of the new process and resulting waste stream.
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5.3 STEPS IN WAC PROCESS - continued

[1] New WAC - continued

Table 1 - Organizatlons to Inform for Initial Meeting s
H-Canyon Systems Engineering
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 Characterization/Program Support (Field Support Services Business Unit)

Program Development and Optimization
Savannah River National Laboratory (SRNL)

Salt Engineering
H-Disposition
F-Disposition

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

[f] Receiving Facility, FE&D group, and all organizations listed in Table 1 identify the
downstream facilities (stakeholders) that will be impacted by the new process and
resulting waste stream (Step 6).

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

[h] 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).

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

[j] Receiving Facility and FE&D group finalize the flowsheet for the new process and
potential new waste streams (Step 10).

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

[2] WAC Revision

[a] 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 all WACs
shall include this WAC cover sheet as well as the Implementation Checklist.)

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



Procedure: ENG.08
WASTE ACCEPTANCE CRITERIA, WASTE COMPLIANCE PLAN, Revision: 2
AND SPECIAL WASTE COMPLIANCE PLAN Page: 6 of 26

5.3 STEPS IN WAC PROCESS - continued

[2] WAC Revision - continued

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

[d] LWDP Scheduling Integration Group determines if the schedule 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 Plan of the Day (POD) schedules (Step 19).

[e] Receiving Facility incorporates comments on draft WAC and Implementation Checklist
(Step 20).

[f] Waste Generator determines if the new process, waste stream, or WAC requirements
will affect the existing WCPs (Step 21). If the existing WCPs areaffected, 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.

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

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

[i] Receiving Facility (DAE) Managers approve new/revised WAC (Step 25).

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

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

[I] Receiving Facility approves or disapprovesthe transfer of waste stream(s) by revising
the appropriate controlling document (the ERD is the controlling document for the Tank
Farms - Step 29).

5.4 STEPS IN WCPISWCP 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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ATTACHMENT 7 (Page 1 of 2)
WAC/WCP/SWCP DEVELOPMENT GUIDELINES

* These guidelines document format and content suggestions for WACs, WCPs, and SWGPs.

* The information below should be included in WAGs, WCPs, or SWCPs to ensure development is based on
sound and defensible data.

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

* All WAC 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 facility manager, at a minimum, must approve the
WAC.

* 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
2.0 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 CRITERIAshould contain 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
5.3 Acceptance Criteria

5.3.1 Physical/Chemical Criteria
5.3.2 Radionuclide Criteria
5.3.3 Nuclear Safety Criteria
5.3.4 Heat Load

5.4 Administrative Controls
5.4.1 General Documentation
5.4.2 Nonconformances
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ATTACHMENT 7 (Page 2 of 2)
WAC/WCP/SWCP DEVELOPMENT GUIDELINES

5.4.3 Deviations

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 Contaminants in Aqueous Waste
Transferred to Z-Area (page 2 of 2)

Chemical Chemical Molecular WAC Limit. Basis
Name Formula Weight (mg/L)

(gramslmole)
Organic Compounds
Total Organic Carbon 5.00E+03 83% of Permit Max
Butanol & Isobutanol C 4H9OH 74.12 2.25E+03 75% of DSA value (See Note 3)

Isopropanol C31H OH 60.09 2.25E+03 75% of DSA value (See Note 3)
Methanol CH3OH 32.04 2.25E+02 75% of DSA value (See Note 3)
Phenol COH 5OH 94.11 7.50E+02 75% of DSA value (See Note 3)

Tetraphenylborate B(CBH5 )4" 319.22 3.OOE+01 Protects assumptions made concerning
(See Note 1) benzene concentrations In Tlme-to-LFL

calculation for the SFT (S-CLC-Z-00012)
Toluene C6H5CH3  92.13 3.75E+02 75% of DSA value (See Note 3)

Tributylphosphate (C4H )3PO 218.31 3.OOE+02 75% of DSA value (See Note 3)
EDTA (See Note 2) 292.25 3.75E+02 75% of OSA value (See Note 3)

-Note 1:

Note 2:

Note 3:

The rate of benzene generation from TPB and TPB degradation products shall be
less than 0.092 milligrams per liter per hour at 400C. This is an acceptance limit.

EDTA (ethylene-diamine-tetraacetic acid) formula:
(HOCOCH 2)2NCH2 CH2N(CH 2COOH) 2. EDTA is assigned CAS No. 60-00-4, and
is a CERCLA Hazardous Substance.

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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0 In the 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:

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

0 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.

o 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.

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

-.--- 3.4 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 te 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 50H, 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 involves the release of salt solution stored in the SFT
to the environment.

The bounding accident scenario makes the following assumptions:

* An explosion occurs in the SFT to initiate the event.

* The SFT explosion is conservatively assumed to occur once in the lifetime of the facility
(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 Facility are
much less than the concentrations used in the accident analysis.
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* No credit is taken for operator intervention to prevent the explosion or mitigate the
resulting spill of hazardous material.

* No credit is taken for secondary containment provided by the concrete dike surrounding the
SFT.

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

" The density of the salt solution in the SFT is assumed to be 1000 kg/m3, which is the
density of water. Using a lower than normal density for the salt solution results in a slight
over prediction of the source term and consequence.

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

" 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 stoichiometric
benzene bounds the hydrogen explosion.

* The height of the sloped bottom on the SFT is combined with the height 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 M3 .

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

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

" For the chemical source term and consequence analysis, a 15-minute plume duration is

assumed for the explosion event.

" Onsite dispersion factor (X/Q) at 100 meters is 1.0x10 3 sec/rM3 :

* Offsite x/Q at 10.9 km is 2.63x10 6 sec/rn 3.

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 ambient 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 5QI.1, Radiation and
Contamination Control Procedures Manual, and WSRC 5Q1.2, Radiation Monitoring
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 required 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
SCFR 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 potential 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
fromn planned Interim Salt Processing facilities and SWPF. While tiie 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.

r
7.2.3.15 Radiological Design for Protection of Occupational Workers 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.

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
radiation exposure limits.

Design Basis Annual Occupational Radiation 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

Tissue

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 design
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 upset 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 cdf 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,
including the reduction of contract fees.

7.2.3.17 Access Controls, Training, Dosimetry, and Monitoring

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 expected 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
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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.

" Air 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 slurries that required admixtures
for remediation.

• Processable Saltstone slurry formulations 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 Processing 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
elevated temperatures for an extended period of time. Initial results of this review indicate that benzene
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 restrict 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 objectives. 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 selected in Stage I in testing with surrogate
materials. Testing of saltstone prepared with actual Tank 48H waste as the source of TPB will take place in
Stage III.

Materials and Mixes
The salt solutions to be tested in Stage II 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 I is the properties for the materials to be blended. The
Tank 48H simulant2 is based on samples of Tank 48H taken in 20033. 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 4. 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 50H, 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 3  18,800 2.18 18.42 1.144 10.3
DWPF Recycle 0 5.09 1.039 4 (Tank 24)

simulant (s) 0 0.1 1.039 0
Inhibited Water (IW) 0 0 0.1 ~1 0
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 SLAG SALTSTONE

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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ComDressivl Strength

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) 2 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
psi which confirms that the grout set. The average strength
after 28 days curing was 2113 psi for the mix containing
Ca(OH) 2 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.

Rheologa

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) 2 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) 2 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/cm2 , respectively. The
higher values for the Ca(OH) 2 mix are attributed to the
higher surface area (finer particle size) of the Ca(OH) 2
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 mn gel
strength of 2945 dynes/cm2 compared to 791 dynes/cm2 for the
Ca(OH) 2 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) 2 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
exceeded a 10 minute gel strength of 600 lbs/100 ft 2 (3000
dynes/cm2 ) and was not pourable. 1 Other rheological data for
cement-based saltstonegrouts 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.

Thickening Time

The effect of fly ash variability on grout processing 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 I containing Ca(OH) 2 as the lime source gels slowly
and reaches a gel strength of 6lbs/ft 2 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 2 (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/ft 2 measured on the gel strength tester
does not correspond to 6 lb/ft 2 measured on the Fann viscometer
even though both instruments have been calibrated. (A grout
with a gel strength of 6 lbs/ft 2 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/ft 2 (0.3, psi). This value
is measured after more than 60 minutes at near static condi-
tions for slag mix I.

Slag mix II containing portland cement as the lime source
gels in 3 to 5 minutes. The more rapid thickeningis attrib-
uted to hydration of tricalcium aluminate in the cement.
Thickening to 40 lbs/ft 2 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 2 shear stress).

A slag mix containing no lime source reached 6 lbs/ft 2 gel
strength in 35 min. It reached 30 lbs/ft 2 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 2 in 2 min. and to 40
lbs/ft 2 in 8.5 min. It was not pourable after termination of
the run.

Thermal Properties

The effects of fly ash source on the adiabatic temperature
rise and set time are summarized in Table V and Figure 6.
In mix I, ashes from the Bowen and Belews Creek Plants have
similar temperature rises (54 and 520C) 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) 2 system, Marshall ash is probably less
reactive than the other two fly ashes.

The average set time of slag mix II is 32 hr. compared to 5
hr. for slag mix I. 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 530C,
respectively.

Ambient temperature of starting materials in all of these
tests was 260C. Consequently, the maximum adiabatic tempera-
ture measured was 26°C + the adiabatic temperature rise.
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Cold Run-In Formulations

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.

Fly Ash Variability

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 Halliburton demon-
stration.

Fly ashes from these sources were also used to prepare leach
samples. Effective diffusivities for N03- and Cr are summa-
rized in Table VII. Leach data are tabulated and cumulative
fractions leached versus time are plotted in Appendix II.
Effective NO - diffusion coefficients range from 3.5 x 10-9
to 4.2 x 1--20 for slag mixes I and II made with the various
fly ashes. The chromium effective diffusion coefficient
ranges from 4.0 x 10-13 to 6.2 x 10-14 for the same mixes.
Mix II (containing cement as the lime source) has higher Deff
NO3 but lower Deff Cr than Mix I (containing Ca(OH) 2 as the
lime source). Additional 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.

1.

MMMMMMMM" .
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COICLUS IONS

o 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.

o 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.

o The use of Ca(OH) 2 as a lime source has some advantages over
use of portland cement, is., 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.

3. C. A. Langton and E. L. Wilhite, "Trip Report, Slurry Property
Evaluation at Halliburton, February 1985", DPST-85-469,
April 23, 1985.
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TABLE I

INGREDIENTS IN SLAG MIXES I AND II

CoRponent_
Slag Mix I

wt%

26

Slag Mix II
wt%

24Slag

Class F fly ash 26 24

Lime source 3 (Ca (OH) 2 ) 5 (Type II cement)

Simulated DWPF
salt solution

(29 wt% salt)
45 47



CABLE 2. Compressive Strength Measurements for Slag Saltstones

TIP
(dal

CONPREISIVE STRENGTH
B SLAG 1
'a) (kg/aqcm)(lba/aqin)

7 115 1632
91 1295
93 1323

AVE - 100 1423
STD 11 149

N••mml

CORPRESSIVE STRENGTH
SLAG 2

"(kg/sqcm)(ibs/sqin)

118 1679
64 9ll

118 1679

100 1423
25 356

14 117
130
130

AVE - 126
STD 6

28 132
147
166

AVE - 149
'TIDP- 14

1665
1850
1850

1793
90

1871
2092
2362

2113
199

101
116

86

101
12

138
138
130

135
4

1437
1651
1224

1437
174

1964
1964
1050

1926
54

FIGURE 1. Averaged Compressive Strength As a Function of

Curing Time

COMPRESSIVE STRENGTH - SLAG MIXES

o 10 20 30

CUMNG "M• (d.)
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TABLE 3. Rheological Properties of Slag

Saltstone.

PLASTIC
VISCOSITY

(cp)
YIELD POINT

(lb/100ft2)(dynes/cM2)
10 MIN. GEL STRENGTH
(lb/100ft2)(dynes/cm2)MIX

-----------------------------------------------------------------------

SLAG ; -1
.2
3
4
5

19
21
32
31
32

AVE. 27
STD. CI4, 5.8

47
48
33
31
24

36.6
9.4

6
8
7
6
S

6.41.0

225
230
158
148
115

175
. 4S

170
10
170
140
166

165.2
13.4

814
862
814
670
795

791
64

2969
2969
2945
2873
2969

2945
37

SLAG 2-1
2
3
4
5'

21
20
22
21
20

29
38
34
29
24

31
5

620
620
615
600
620

615
7.7aVE. 20.0

STD.Ocv- 0.7

FIGURE 2. Shear Stress vs..
Shear Rate for
Slag NLx I. 30.

4Wo0

RHEOLOGY OF SLAG MIX 1
sL.o2-S•VI ASH-2,.C*(044)2-3A04-40

N
I
-C

300-

250-100-

'050-

A

9mv .. . . .. . .

4.2 GA 0.4

Sma 6812 0 3

0.3

S

1IGURE 3. Shear Stress vs.
Shear Rate for
Slag Mix II.
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TABLE IV

THICKENING TIME OF SLAG SALTSTONES AS A
OF FLY ASH SOURCE

FUNCTION

Time
6 lbs/ft2*

min

to Gel
40 lbs/ft2*

minMix No. Ingredients wt%

Slag I

Slag II

26
26

3
45

26
26

3
45

26
26

3
45

24
24

5
47

24
24

5
47

24
24

5
47

24
24

3
49

Slag
Bowen Fly Ash
Ca (OH) 2
Salt Solution

Slag
Marshall Fly Ash
Ca (OH) 2
Salt Solution

Slag
Belews Creek Fly Ash
Ca (OH) 2
Salt Solution

Slag
Bowen Fly Ash
Type II Cement
Salt Solution

Slag
Marshall Fly Ash
Type II Cement
Salt Solution

Slag
Belews Creek Fly Ash
Type II Cement
Salt Solution

40

8

8

>60

85

200+

3 11

5 12

4 9

Slag II
Modified

Slag
Bowen Fly Ash
Type II Cement
Salt Solution

11

35

26

400+Slag
CaO

27 Slag
27 Bowen
46 Salt Solution

Cement-C Ash
Former
Reference

11.5
46
42.5

Class H Cement
Class C Fly Ash
Salt Solution

2 8.5

* 1 lb/ft 2 - 478 dynes/cm2



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



TABLE VZ

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

Nix. Plastic Set Free

No. Ingredients Viscosity Yield Point- 10 min GeL Strength Time H2 0

(utM) (cp) (Lbs/lO0 f: 2 ) (dynes/cm2) (Lbs/100 ft 2 ) (dynea/cm2 ) (days)

1-727 SLag1 32.1 46 75 30 <5 5 ml/125 ML

F Fly Ash , 32.1

CACOH) 2 = 3.8
me2 a 32

3-777 SLag 30.3 33 34 163 40 192 11 ML/125 m

F Fly Ash a 30.3
Type 11 Cement a 6.4
He a 33

2-727 Stag a 17 162 13 190 lUnset Nonm
F Fly Ash 17 after
Ca(OH) 2 a 2 60 days

Ma(OH) 2 U

50 Solution

4-777 Slag = 15.4 150 12 190 Unset Nonw
F Fly Ash a 15.4 after

Type II Cement = 3.2 60 days

Wa(OHN 5Z * 66-

Solution



TABLE VII

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

Fly Ash
Source

Bowen.

Marshall

Belews Creek

D-Area

Slag Mix I
Deff (cm2 /sec)
NO3 Cr

8. .x10- 1 0

7. 2X10 1 0

4.2X10-1 0

1.9x10-9

Slag Mix IIDeff---cise)'
NOIA Cr

Test in Progress

3.5x10- 9  1.3x10- 1 3

2.6x10- 9 6.2x10- 1 4

4. OxlO1 3

1. 2X10 1 3



FIGURE 4. Thickening (Blade Pressure) vs. Time at Near Static Conditions for Slag
Saltstones'l and II As a Function of Fly Ash Source
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FIGURE 5. Thickening (Blade Pressure) vs. Time of Modified Slag Saltstones and the Former
Reference Mix
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FIGURE 6. Adiabatic Temperature Rise vs.
?ime 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

r-lbs/100ft2 SHEAR RATE dynes/cm2
rpm -- h h-i ave. (1/sec) 1-h h-I ave.

--------------------------------------------------------------- ----------
3
6

100
200
300
600

16
18
33
45
60
88

16
18
31
42
72
82

16
18
32
44
66
85

5.1
10.2

170
340
511

1021

77
86

158
215
287
421

77
86

148
201
345
393

77
86

153
208
316
407

SLAG 1 -2 (6-10-87)
SHEAR RATE SHEAR STRESS

.lbs/100ft2 SHEAR RATE
SHEAR STRESS
dynes/cm2

rpm h-1 ave. (1/sec) 1-h h-i 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 2.15 227
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

lbs/100ft2 SHEAR RATE dynes/cm2
rpm 1-h h-I ave. (1/sec) l-h h-i 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

lbs/100ft2 SHEAR RATE dynes/cm2
rpm 1-h h-I ave. (1/8ec) 1-h h-I 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 S -5 (5-29-87)
SHEAR RATE SHEAR STRESS SHEAR STRESS

lbs/100ft2 SHEAR RATE dynes/cm2
rpm 1-b h-i ave. (1/sec) 1-h h-1 ave.

--------------------------------- -------------------------------------------
3
6

100
200
300
600

18
20
34
47
60
92

18
19
32
44
55
86

18
20
33
46
58
89

5.1
10.2

170
340
511

1021

86
96

163
225
287
440

86
91

153
211
263
412

86
93

158
218
275
426



SLAG --..- 1 (6-10-87)
SHEAR RATE SHEAR STRESS

lbs/100ft2
rpm 1-h h-i

SHEAR RAT*
(1/sec)

SHEAR STRESS
dynes/cm2

1-h h-Iave. 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 a -2 (6-10-87)
SHEAR RATE SHEAR STRESS SHEAR STRESS

lbs/100ft2 SHEAR RATE dynes/cm2
rpm 1-h h-1 ave. (l/see) i-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 33 511 153 163 158
600( 52 44 48 1021 249 211 230

SLAG 2 -3 (6-9-87)
SHEAR RATE SHEAR STRESS SHEAR STRESS

lbs/100ft2 SHEAR RATE dynes/cm2
rpm 1-h h-I ave. (C/sec) 1-h h-i 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 a -4 (6-9-87)
SHEAR RATE SHEAR STRESS SHEAR STRESS

Ibs/i00ft2 SHEAR RATE dynes/cm2
rpm 1-h h-I ave. (1/see) I-h h-i ave.

---------------------------- e---------------------------------

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 1 -5 (6-9-87)
SHEAR RATE SHEAR STRESS SHEAR STRESS

lbs/100ft2 SHEAR RATE dynes/cm2
rpm 1-b h-i ave. (1/sec) 1-h h-i ave.

--- ------------------------------------- ------------

3
6

100
200
300
600

3
4

13
20
28
48

3
3

10
16
22
42

3
4

12
18
25
45

5.1
10.2

170
340
511

1021

14
19
62
96

134
230

14
14
48
77

105
201

14
17
55
86

120
215



APPENDIX II

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



N03 LEACHING
0.1 .T

VERSUS MIX INGPED!ENTS

0.09-

a')
0

z

I
:5

0

,~*MIX 2 MA

0.08-

0.07

0.06

0.05

0.04

0.03

0.02-

0.01-

0-
0

*.,A MIX 2 B3C

.-v MIX 1 DA

MIX I RA

. ... MIX I MA

_-.-. MIX 1 BC

. . ... ...... ....... .

I L O I i II B I m I
a • E

2
II

4 8 a 10 12

TIME (d"ay)

I I I i i

14 16 18
EI

2O

Mix 1 26
26
3
45

Mix 2 24
24
5
47

Slag
Class F fly ash
Ca(OH)2
DWPP Salt Solution

Slag
Class F fly ash
Type II cement
DWPF Salt solution

MRACR
INTRUVAL
(days)

U0) CUJWLATIvs lpRC!IOv LEACNU
892130 723

A a 2MBD 3MB 4MBD 131 23 824 2mm

1
2
3
7

14

0.0106
0.0173
0.0200
0.0299
0.0405

0.0234
0.0381
0.0469
0.0674
0.0098

0.0094
0.0137
0.0165
0.0239
0.0324

0.0203
0.0322
0. 0394
0.0309
0.0764

0.021
0.0273
0.0342
0.0413
0.0547

0.024
0.0327
0.0306
0.0507
0.0640

BA - Bowen ASh
BC - Belevs Creek Ash

DA - SRP D-Area Precipitator Ash

mA - Marshall Ash



*/

Cr LEACHING VERSUS MIX,: INGREDIENTS

0.001 -

0.0014
0.0013

MIX 1MA
0.0012- ----

0.0011 -- " -X 1 -C

"0.001-

0.0009-

0.0007-

0.0006-
o~ooosMIX 2 MA

0.0004 - __o_-c

:O.0003
0.0002- h

0.0001- V

0
0 2 4 6 8 10 12 14 l6 is

TIME (doy")

cr CWWtATtvX FRACTION LEACHED
----------- --- -- SERIES 723----------

Leach Time 1A&B 2AGS 3AGB 4AGS
Day.

1 0.0007 0.0001 0.0008 0.0002

0.0009 0.0002 0.0009 0.0003

3 0.001 0.003 0.001 0.00035

7 0.0011 0. 000W 0.0011 0.0004

14 0.0012 0.0005 0.0012 0.00045



03 -0 samp3 "UPaspis aai* a 53 6310 103 93 Ceuelative
S•lep~ kapi. Haste Waste PeWS k:1~e a Aupect teach Lea/0ch Leac3h LeachSmd Leached Leached leached Leach 10ch 103 003 Eft. 0sample Comp pasa Form Palo FgaeeS Gutle ]nets. Volm., Tame Int.,v.1 La Le ave. AvL ahee Late Rate Leached LeachedMs. 1t %I fge ) l t i of (gal " 8 (a 2l V (ON31 WIS dc l full (days) (days) 4u /il tests) ( 0m/il) NI (gi ) g W/Ct P-i g oc o2-d 4I) S m HI/ Mo c 2/lee c

1A 721 2 ,% 31 .o 17".", 4.72 6.41 0.0472 136.511•-06.55 0.64 5-0.00 026 ""AaSMALL Alm
1 7?.j is CCONI 175.00 4.73 6.37 0.0473 123.70 103.39 0.04 500.00 1 1 1 117 174.1 0.09 6.17S-04 1.4o3-o2 0.09 R.0106 7.075-1045' Uttar 50.1 

152429S96LT) 2 1 *4 122 0.06 4.881-04 1.035-02 0.is 0.017s 3.921-01

Moorc* *03 312.304 1I1 redism A. 2.2s 6 ?a -heaght A 3 1 s Ii 0 2 - 4 jSe-03 0.37 .0200 5.97C.10
radiua S- 3Z.5 0.50 -height S 7 4

14 7
140

it]

so

142

172

151.1

1765.

0.06 2.429-03 33205-03

0.00 4.945-03 2.333-03

0.25

0.14

0.0299 6.319-30

0.0405 5.45K-10

0 BL0 1103 "Lit Cumlatlwe10) N103 0 smple NOm] "I Sample 103 )3 103 103 bulk yoga Cumaltive rg act.Sample Seampe Monte Nule Ma Surie.e Volsme Aapect Leaches. Loeah Leach Leached Leached Lalched Leached Leach Leach 03 103 Elf. 0sample Camp Fase rm Foem reacties area Ratio Veuime Visa- Interval #1 42 Ave. Ave Hpa Rate Pate Leached LeachedNo. Wie to too) (let) me too 5 49m31 V lail) V/S (tea) (l) Idoyl) (day•) (mg/il) (Ug/Il (mglI) N LgO) qMc2-d /cs2-d (93---------o c -2/-ec
3U 123 ads SLAG 1111.00 4.54 9.33. 0.049 127.94 101.15 48S S000.00246P31.0 maala A
26 723 so via 193.00 4.14 6.48 4.0494 139.3 109.74 0.35 S00.00

476 SHIP. 5108
(2505fL)

so"ra 10) 129.184 g/L radius A- 2.2S 6.60 -height A
radias R. 2.25 6.90 -height A

0

1 1

a 1

3 1

7 4

34 7

437 446.5
4'5

264 360
25215,5 1 l53.5
ist,

360 387.5
365

401 398.5
396

0.22 1.744-03 3.515-02

0.53 1.041-03 2.113-02

0.06 6.32"-04 1.- _-02

6.16 5.031-0 1.63S-03

0.20 1.065-02 4.403-03

0.22

0.16

0.44

0.63

0.01

0.0231 .3.3-009

0.0311 8.033-09

0.0459 5.011-09

0.0674 3.1.2-00

0.0038 7.445-09

Vol 015 6, 3 1610 Cuslative
103 103 103 oaple sample sample J103 103 003 103 Mullk sets Ceel0t ice tit. aSmple &remple IUsate Waate lea S urdeo" Ve1ojave A eapct Lacbat* Leech Leach Leached LecbOed Leached Leached Leech Leach 603 103 3(1 0sample sample slam F Fore Ftv ea.Os a.e Ostia Voloue Time Interval i1 02 AV.. Ave mass Rule oRte Le-c.ed Leaced &COOP. matlt) (gal (Ut SI PO igol £ (r- V (Pr3) V/S (cl (ml) (daye) (days? (09/I) (tr/ts (Mill NI (g) gq/cui-t go/cal-d (1) S-* -/-.N.._=21 ..c

- ---------- - ..------- - - - - . - - - - - - -34 723 n4o 6LA4 164.04 4.73 7.75 0.0473 113.05 01.02 6.12 0.00.O
460 316.560 CR333 AMK

39 723 )% CSCO(6 170.00 4.72 0.02 0.0472 120.07 100.20 0.33 S00.60
454 DUFF SBM

sagce s103 120.104 g/L reilms A- 2.2S 5.20 -height A

ged~us 9- 2.25 6.30 eb~ight 8

0
t I

3 0

3 .0

7 4

14 7

137

93
43

312

133

150.5
164

'4
65

43.5
44

117
122

133
129

0.0" 6.30C-04

0.03 .648-04

0.02 1.323-04

0.06 )1.9W-03

0.07 3.040-03

1.335-02

5.067-03

3.353-03

2.S99-03

1.646-03

0.03

0.11

0.13

0.19

0.25

0.0494 5.49S-10
0.04137 6.91E10

0.016M 5.03t-10

0.0239 4.00t-10

0.0324 3.569-10

NO] my• gas PL Cu01stive
103) 1M0 Rol3 So Is sample Sap, 003 103 103 003 suk Ne Cout&ative Fr0ct.Xwo semple waste waste Pee.& suurace Volume Aspect Leachato Loeeh Leach Leached Loathed Lemeche Leached Leach Leach B03 0 ffSample Comp Rose Forae Face rcctloo Also patio voluse Ti*e Interval U1 12 A1e. AV* "eas Rate ato . Leached Leached

.o. I (gel grt 63 Ne (gal 9 1cu23 V (ca33 V/S Ice) (.1) (daysl (deysW (ag/la (mg/Il (mg/I) Ni (90) g -a/ -d gW/cm
2
-
4  

tq) Sa a io/P. €2/S6C
-...... -.--- -- - --- . --- - - ---- --- - --------- --- ------- -- ---- -------- -4A 323 245 SLA 139.00 4.94 0.64 0.0464 123.70 - 03.30 0.64 500.00 0

24130.9L CRtt 333 l A23.76 1.10 0.0A07 $.63C0
45 73 s 51 2Ti1 130.00 4.93 4.88 6.049) 125.00 104.97 0.34 500.00 1 1 325 340 0.10 1.453-03 2.935-03 0.10 -09

476• MP5 3DS 5 .321-00(230U13 i3 3 1 217 310.5 0.12 0.44|-04 1.732-02 0.29
2040.S 004 .'-0aeelce 103 1,29.84 g/3 tadd~e A. 2.39 6.50heigh~t A 12212I'/ 00 .4•0 ,209 ail A - 3.25 5.30-eight A 13D2 2 004 1" a. S.01-04 1.03L-02 0.35 0.0394 1.29.-06

rad ius 1 I.1% 6.60 =tgiv 5 1 4 345 345.51 0.17 S.S 3-03 7.04 1-43 0.5 0.058 9 2.01L- 01

14 7 303 300.5 0.1S 0.6 61-03 3.523-03 0.48 0.07 54 1.423.0 0

314



1, .r

Cf Lesaclum

Cr46o Cr46 Saep,& lample, paople CrO3 Ctrs CriA Cc## sall Clamiative Frad.
ample sample 11aste Vaste surface Saeim Atalsert lscatssfs Leach L5Sbc Lra1Cbsd Leached L*Ochad Leached Left b Cr46 Cr.A gig. a

assple COmp Mama 3aluwIs Fori Agea Ratio Vol~ju Time Interval A a A.*. A,* Roea Rate, Leeched 8.5clsd dCI
No. let III flow Ippal ons lg) 9 (0.28 vci feew WSc fe tll odr* Idaye sl 489g411 (mg/Il (09/Il lag) mj/cz,2-d too) Sum oqi/oga [co3atod

Ia13 23 LG 13 2 SO 1 126.53 106.16 0.34 see."4 a
263 EhASmE A nI 8 .073315

InI 733 30 Caton) 115 2430 336 123.10 393.33 0.34 M4.00 1 0.241 0.222 .0.11 8.17R-04 0.38 000 3121
450 NSF 3COMI 0.20)

1 MUSLTI a m. 05 .01,7405 0 07 2 3BZ-04 0.34 0,0400 3.2,29128

2.21 6.70 .height A

1.32 6.50 -eihtO . 9

¾
0.017

3 3 0.02 0.00260 0.01 1.o*8-o
0.0223

7 4 011.031S 0.2335 0.0 4.315-04

14 1 o.0oso 0.03925 0.02 1.102-03
0,0232

0.15

0.1]

0.113

0As010 4.611-13

0.0011 6.070-14

.0.00 3 3.269-14

(.46G Cr4 aml aml lmS Cr43 dcf- C1.6 CS -6 Obik Cdalstove tieac.
Sample "ampo waste Waste SOXIr ua.V.3,83 Asp-ect ehaaLa Laelsh Leached talelh36 Leached Leached Laws. Crob cg.6 991. 0

Sample Cap E~ .. a am Ae A! iul tm ~m.3 A 3 60 .. H. ae Iedm ece i.
M. (vi of 49el 41011.1 ft 4.31 0 lea) V Ic031 VwS feel 4.ll (duays daya) 409/38 logM3 tag/Il 499) N/C92-d (ag) Sma me$1mg. (cillrats:

------------------------------------ -------------- -------------------------~ ------------

2a 73) 243 FtA jet U430 175 127.34 111.11 0.1S 141.10
341 PARi8AIJ" ASB

23 23 St Tot 332 14340 13 123.36 109.74 0.0S 100.00
474 Dwr u

Radius 3.31 6.31 4height A

saodusm 2.25 64.91 313llh a

0.636
2 3 0.0314 0,0353 0.02 1.261-04

i 0.0262 0.0257 0.02 2.101-01
7' 4 0.031 0.00.7 0.02 S is-04

5.07S 0
34 7 0.0611 0.30404 0.02 3.641-0)

.01054

0.02

0.02

0.05

0.06

0.03

0.0002 1.35-34
0.0002 3.2i1-82

0.0"01 3.432-$3

0.0004 7.21i-34

0.0005 1.605-83

C*46
C. e6 (.4' "rt6 S salmp $ampl e CIO C C €.3 e.6 CgC.6 bulk Cumaitive Frec.

Sis sample vaste alwate aslrace Volule Alediae Leachta Leech Leacb Leached Leachell Leached Leached Leach Cr44 C144 Ut. P
Sample Camp 116 Seolutilm Foae Agle elle Volume Time in*erval A 0 A-9. Ave ms Mtoe Leached Leached Cg ..

No. t114 14 490) (ppwe) ft logo 3 (13l3 V t(ml 5/S fe.3 el ll Idcall i) (dm148 I8/ (eq/3/ lag/Il (gag "/on"2-d toI) Sum Asqi/bqi 1,e21.

--4 --- Ia-- ------------------.-- -------- - ---------------- _-- --------- ---- - ---.---

S) L 16 24n 1"5 383.01 31.02 0.32 100.00 0

3i 123 I3 C.aton 313 2430 111 820.37 100.20 0.83 500."0 1 3 5.713 0.7236 0.11 9.40"-04 0.31 0.0003 I1$1-182
a1k aw l J1... 0.211

(31103I.J~ 2 1 0.051 0.0411 0.02 1.371-06 0.34 0.40003 9.369-13

sodll 2.31 6.10 -height A

todle 2.25 4.30 -heiglt S

I 1 0.t222

1 4 0.036)

14 7 0.0445

0.0432

0 .0323

0.0396

0.0932M

0.0329

0.04201

0.01 9.3W5-05

0.01 4.33$-04

0.02 1.3.0-03

0.3b

0.16

0.33

0.0030 3.105-33

0.0081 7.little

0.0012 2.041-33

Cr46
Cr*4 CKo. Sample almAple Sampoe Cai6 Cr46 CA.& Cl46 polls CONIOLI4 Frock.

Sample Sample waste Malta Sal(ae Volume iSl*ec Leacha%*te Leam leach Leached Leached LeecM Leachoell Leach .€46 eIx* sit. D
Sa.:!e Camp pass Issueao. Form 6.36 patio Valumse Time Ilaieval A a AeO. sea asee nat e Leached Leached C6.6

twHaa.90 4 63SI ( ho(wn ft ImgllS (cmL2b feel) V/S few (all Ida"s) 1"161 I"I/3 (ev/lb (mg/I fall) mg/co2.& 4991 sulmpotge 1ce2/emcI
. , , , ,., --,. .... .....,. ,,,,---- ------ ,,---- ,-- - --

4A 733 243 SLAC 111 2430 136 123.70 163.31 3.36 So0."0 0
346 UIM Cltaw L

40 723 11 T1 3380 2420 167 213.31 104.17 0.34 S0.010 1 I 0.0454 0.0152 0.02 2.038-04 0.03 0.0002 3.569-13
413 Do 0S.L 0.056

(110162 I a 0.03.3 e.03145 4.02 1.31C.-04 0.34 9.0063 37.3•-13

sdIse. 2.25 6.11 -height A

&Odle* 2.125 6.33 -hmis 1 a

0.0321
3 8 0.0360 .0.4161

0.6131
7 4 6.0302 0.0932

0.0233
14 7 0.0104 1,08031

.0813i

0.01 7.0i1-0S

0.01 4.438-01

0.01 3.013-04

0.06

0.01

0.07

0.9003 3.166-13

0.3004 5.999-14

0.6004 15.11-15
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VENDOR ANALYSIS OF FLY ASHES
ASTM 618-80
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Report of
c Fly Ash Analysis

Monier Resources, Inc.
Attn:' Mr. Buddy Briscoe

Consulting Geotechnical. Materials and Environmental Engineers
Geologists, Scientists ano Crermssts

14

P.O. Box 690267, San Antonio. TX 78269.0287
12821 W. Golden Lane. San Antonio. TX 78249

(512) 699-9090

OAý U-- SA0879-1004
•I- .OOg B

3/9/87
Date:

LaboratarV No: 8-9527

Proll-. Bowen Plant No. I Fly Ash Quality Assurance

4th Quarter - 1986Sample:

C

Chemiad Analysisslt

Silicon'Oioxide (SiO2). % ,48.5
Aluminum Oxide (AI203), 16 26.2
Iron Oxide IF!203). %, 10.8

Sum of sio. Al203. F!321-'A 85.5 70.0•.0.0o .
Calcium Oxide ICaOh. %- _____•

Magnesium oxide IMgOI., Ox. 0 maxe

Sodium Oxide lN220). % 0.32
Potassium Oxide (K20). % 2 - S-

Sulfur Trioxide (0.3). % j7 5.0 max.
MoiWsture Content. %0.1 3.0 max.
Loue an Ioniltic. % 1.5 112.04O max.

Available Alkalies (a1 N820). 0 1.50 max.
A woiilable Sodium (as N 620. %1
Avsilalde fottasum (as K20). %

"ANSI/ASTM C61840
Copies To: Above (1)
dgr 3/9

Physica Ana~lys R aw" I SPec*

Amount Retained on 325 Si . 15.• 0 34 max.
Pozolanlic Activity Index

with portland cement
at 28 das. % of control 88.3 75 min
with lime at 7 days. psi 1100 800m min.

Water Requred. % of Control 93.4 ios max.
Autudave Soundness. % -. 0 0.8 max.
SpecJfic Gravity 2.37 1
Multiple Factor. % 255 max.

ODring Sirinkage. % 0.03 max.
Reactivity with Cement Alkalies

Reduction of eaxpansion. % 75 min.

Mortar expansion. % 0.020 max.

Blaine air permeability. cm 2/.c. 3

Wagner turbidimetric. cm 2/g

C RABA-KISTNER CONSULTANTS. INC.

a..z
Ty

Donald T. Fafter

San Antonio I 8 Paso I Austin
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: Report of

Fly Ash Analysis

Nonier Resources, Inc.
A•tn: Mr. Buddy Briscoe

Consuiimn• GeotecmKcaI. M3I10fs And Enl-ivOnmentil Engn,,,,f

G0otogists. Scileh'S1 inAn Chomlsis

Consultants. Inc.
P 0. Box 6902M7. San Antonio. fx 7?M"9-028?
1282? W. Golden Lane. San Antonio. TX 78249

(512) 699-9090

nAM, fun: SA0879-1004

6/2/87n.l. 6 -J

Laborstoiy No: 8-9671
Rnaran O.l... Un I C1 a k 14 A

ProiecI **:' q" v ua. Quva .. y ssurausie

Sample: April, 1987 Monthly Coniposite

ChwWiWlAnalst Rsults =e

Silicon Oftuie(S1O2L *A 48.0

Aluminum Oxkde(AI20)i, % 27.1

OrI OXnIe I419O, j.% 10.4

Sum otSiO2.Akt IFe2Q., 85.5 7o.& womin.

SulfuruT.•xtko(SOS&. % 0.6 5.0 man.

Milstur Content. % 0.4 0mairx.

Loss gnllI on I oi.'/, 1•9 1.9 0S-0
__ __ __ _ __ __ __ _ i I 2. . m

ii -

PtvlcI AalsI EReslt S" --

Amount Re•taleed an 321 ;S'^ % 13.1 34 mI.S.

Pozixiltn Activity Index
with porland cee~n
&128 dayiLs. ,% control 75 min.

with lime at 7 days. pil - #fimm

Water Requhred. % of Con•iml 105 max.

Autoclave Expanlon,. %,- 0.8 ma.

Spectfic Gravity 2.42

-i- 1

,'ANSI/ASTM C818•l0

:opies To: Above (1)
lgr 6/2

Raba-Kistner Consultants. Inc.

8V-' .&
.4 Donald T. Fetzer
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jteO~rt Of
Fly As nalysis

Monier Resources, Inc.
Attn: Mr. Buddy Briscoe

CGeologists. Scventtsts arl C1.em4tsI

Comtams. Inic.
P.O. Box 690=67. S Anonb. TX 729-.7
12621 W. Golfta Lane. San Anwlno TX 749

(512) 694090

Rort No: SA0879-1004
/ 5/28/87

oats:j.

Lab,•,y NO: 8-%29

Sowen Plant No. I Fly Ash QuIl~ty Assurance

1st Quarter - 1987 Caqposlte

-•a;- mL81110"ow"o~e(li %-

AluminI Izd4~O) % -

Akre. Oxid (~o4A) %-

Sum Of of0t !92,% Elm % Y@o0 mlii.f*

Moltureoetnt. % - nu0m

Loassen IgnlWuIm % I2.O".0 max

A.mount eWated an =m. % - 34 max.

&Itadam of otnw . 96.0 m75M•L.

wO~hlrat~dau~oul940 amn

Waw Requir•d., 4 of .Coneo 90.5 1s0max.

Autodve ExparSIOA.% +-01 0.8 naz.

Speciic Gavity____

I I I I

i - -i

1 t

p -_

"Al-/ATM COII640

Copies To: Above (1)
dgr 5/28

RabtKistnol Consultants. Inc.

Oonald T. Fetf.r



' /.RetOrt of
Fly Ash Analysis

Monier Resources, Inc.
Attn: 14r. Buddy Briscoe

Consulting G~olnfrin.cal. Matonsis ano FE-wv~on-enl~ai ERinoeees
Geologists. SCOen",ss and Chem,sts

I1
Raba-K~s ntw
Consuitars. Inc

P 0. 80x 690287. San Antonio. TX 78269-0287
12821 W. Golden Lane. San Antonio. TX 78249

1S52) 699-9090
SA0879-1009

e'wIc IIl1•. mu

6/2/87
llif III l*• iUaW. - -

8-9658
Laboratory No:

Narghal] Plant Fly Ash Oualitv AssuraneaU----..riot|. " .......... • .... • .... S ......
W"%%

Apr11, 1987 Monthly Composite
Samle:

IChem"clAftalyte i-040ft~ A

Silicon Oioxide (SiO2). % 46.4

AluminumOxlde(AI03f), % 30.6

Iron Oxide (F!23% 8.9

85.9
Sum of S102. A1291 Fe2ft % .03.ra.

Sulfur Trioxw (S032. % 0.6 ,a.0 mx.

Moisture Content. % 0.1 3.0 max.

LaIs on tgnition. % 1.4 12.040omaz.

*ANSI/ASTM C618"4

Copies To: Above (1)
dgr 6/2

Amount Retained n 3lS2 SWe% 5.2 34 mal.

with Portland Cement -

at n8 dam. % of conrortfal 75 mi.

wiMHmeOt ? day,. 2O 1050 wao min.

WaSluW equird. % of Control 95.6 105 max.
+.02

Autoclae Exoanelon. % -. 0.8 max.

Spcii Grvt 2.29

_____________II____________ __________
___ - - 4
___-

___-II- 4

~L 1)j~M~~
Raba-.Ki tr Consultants, Inc.

Donald T. Fetzer
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'C
Report of
Fly Ash Analysms

Monier Resources, Inc.
Attn: Mr. Buddy Briscoe

Consulting Geotechnical. Materials and Environmental Engineers
Geologists. Scientists and Chemists

LI
Consuftars. Inc.

P-O. Box 690287. San Antonio. TX 78269M207
12821 W. Golden Lane. San Antonio. TX 78249(51 2) 699:9090

Report No:

flamt-.

SA0880- 1015

3/9/97
WgW • - - II I II

Laboratory No: 8-9531

Belews Creek Plant Fly Ash Quality Assurance

4th Quarter - 1986
Simple:

IC .

Ichemlal Analysis iResullts s

Silicon Dioxide 4Si02). % _0._S

Aluminum Oxide (A.203). ,. 27.9
Iron Oxide (Fe203. %5 6.7
Sum of SiO2. Al203. Fs2O3. % 85.1 70.0/50.0 min.
Calcium Oxide (CaO). % 1.7
Magnesium Oxide (M9O). % 0.9 5.0 max.
Sodium Oxidel 4N20). % 0.37
Potassium Oxid IK20). % I -.A38
Sulfur Trioxide. IS03). % • 0. 5.0 max.
Moisture Content. % 0.2 3.0 max.

Losu on Ignition. % 2.1 1____L0 m_.
Available Alkalies (as Na2l).% 1.50 max.

Availw~e Sodillum tat K•2)). 56

*ANSI/ASTM C18-40
Copies To: Above (1)
dgr 3/9

Physa MAWayss Remilts Some

Amount Retained on 325 Sievw. 21.8 af max.
Poazolanic Activity Index

with Portland cement
at.28 days. % ot control 87.4 75 min.
with lime st 7 days, psi 11D 800 amin.

Water Required. % of Control ,9.1 105 max.,
Au to cve Soundness. - .03 0.8 m ax.
Specific Grawv 2.31
Multiple Factor. % 255 max.
Oryinb Shrinkage. % 0.03 max.
Reactivity with Cement Alkalies

Reduction of expansion. % 75 min.
Mortar expansion. % ,0.020 max.

Fineness

Blaine air permeability. cm2/cm3  ,_ _

Wagner turoidimetric. cm2/g -

C RABA-KISTNER CONSULTANTS, INC.

By
Donald T. Fe~er

San Antonio I El Paso I Auslin



;Report of
Fly Ash Analysis

Consulaing G."Ochn'cal. Mater&l-S and Envroanmental Engineefrs
Geologists. Scoentisls and Chemists

ILI
Raba-Khtner
Corisultants. inc

P 0. sox 690267. San Antonio. TX 71269-0287
12021 W. Golden Lane. San Antonio. TX 76249

(St 12) 6•9.9090

S..SAORRO-1015

Monier Resources, Inc.
Attn: Mr. Buddy Briscoe

*.partI
.-- n
IIU. i i ...... "r uw-- --

6/2/87Oaw:

8-9667
Laboratorv No:

Belews Creek Plant Fly Ash Quality Assurance
-.Uuww

A e4: 10,7 Mnm.,h* ,•j..w, I.n
SMONhl: X* L 1! U df*Ub~ ~

Slsicono•.id*(Sig .%53.7

Aluminum Oxid&IAli&. % 33.2

Iron xlde(F.2O, % 6.2

Sum of SjO2, N2i0. Fe2Ot. %• 93.1 -0.0150.0 mn,.

Sulfur Trqlde(S03). % .0.5 S.O max.

Moisture Content. % 0. 3.0 max.

3.1
Loss on Igniti .% , 120.0 max.

~i

Amountm Retned on 325 Sle %•, 22.7 34 max.

Pozzolanft Activity Indexwith poItland cement

alt 126 dy. % of control 75 min.

with lime at 7 daym, pd 800 amin.

Wateer Rulred. % of Comml 105 max.

Autoclave Expension, % . 0.8 max.

0seciflcGrawly

"ANSI/ASTM C618,00

Copies To: Above (1)
dgr 6/2

Raba-Kistnor Consultants. Inc.

ev AQr~e -;aL i'
0"40onald T. Fetzer



+' Report of
Fly Ash Analysis

Monier Resources, Inc.
Attn: Mr. Buddy Briscoe

Geologists. Stienlisjs ino Cnmems~s

L4
G i;Z ta . inc.

P.O. Box 690267, Sin Antonio. TX 78269.0287
12821 W. Golden LAnM. San Antonio, TX 78249

(5W)2 6999090

. ....... A0880-1015
n ll rl SA080-01

5/28/87
-W-

L.boawy No: 8-9635

Belews Creek Plant FlyA sh Quality AssurancekMg
.

.wi ....

semph:
1st Quarter - 1987 Composite

Silion Dioxidse! %59,~___

Aluminum OxWe(AI2t %.

Iron Oxide(@O320 % ........

Sum of08102, A203 Fe20k % irO.OiJf.

Sulur Tdoxkle (SOj % - mSUM

moisture Content. % - U0 mx.

Loss oegnItW, % 12,.O• mat.

ANSIIASTM CGI840

Copie To: Above (1)
dgr 5/28

Amount RewWi~don 328S4ew.,% 34 max.

Pawkwet Aclift hide=
With -wan -oe
at 28dam % ofContio 91.7 nfn

wit ,,lmea a y pI6 840 600mvM

Waia sqred,% ofControl 92.9 loS max.

Amax

0 ~*

a - a ~

Raba.Kistn7r Consultants. Inc

Donald T. Fet-r
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I.wv
TECHNICAL DIVISION

TECHNICAL DIVISION
SAVANNAH RIVER LABORATORY

ME M0 RAN DUM

Keywords: Saltstone Pore Solution
Analyses

Pennsylvania State
Univ. Saltstone
Progress Report

DPST-87-530 /-q--

APPROVED for Release for
Unlimited (Release to Public)

6/23/2005

cc: E. S. Occhipinti, 704-S
H. D. Harmon, 773-A
E. L. Wilhite, 773-43A
E. G. Orebaugh, 773-43A
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 ••-.

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 hydration 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 N03-, N02-, Na+ 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 incorpor-
ated in the hydrated silicate phases.



> ThBLB V

RESULTS OF C•EDIIAL A -L-S3S OF POIR FLUIDS EPRESD PUC
MMIX 4-4" AT VARIOO3 AGES (9/L)

A102

Ca+2

Fe+3e

K +

Mg+2.

Na÷

3

N02

OH-a

pH

7d

17.7

9.0

1.6

6,000

0.1

77,000

203.6

800

1170

42,000

(150

175,000

26,000

14,258

13.8

2Id ~It

6.3

29

3.5

7,000

1.2

85,000

230.7

1.000

1380

43,000

(150

205,000

25,000

16,315

13.98

26.9

94.6

1.74

7,400

11.5

91,000

169.6

675

661

33,800

(150

177,000

25,500

227

12.13

O0d

1.33

92.05

2.21

6,500

1.96

60,000

76.6

736.1.

739

27.000

(150

122,700

24,000

3,794

13.3

a - Calculated values.

Error estimated to be ±5S except where indicated (0) the error was estimated
to be .20%.

- 13 -



TABLE IX

SumuNT or CONm mB IDUTI 3! Br X u )IM R FWO IOMIC SPECIES In
PORE FLUIDS OF US REFEUCZ MIX AND SLA-COUTMIN HIKM

Uafai,~i M1 Slm.-Cont•nf ntrw Mi vYA

C-S-He

N-C-S-H$

Ca(No3 ) 2 2H20

C4 ACH1 1e

C3 A"Ca(N0 3 ) 2 "9H2 0

C3 AO.2FO. 8 H6 -C3FS3 *

C3 AH6*

CaCO3

Na2CO3 10H20

N-C-S-HS
Substituted C-S-HO

Ca(N0 3) 2 2H2 0
A1 (Nj),-9HjO

C4A'5i 12
CAACH,110

M 6i 2(co3,0o3 ) (OH) 6 '4 2 0

C3 Ao. 2FO. 8 H6 -C3 FS3e

C3 AH6 *

CaC0 3

Na2 CO3 10H2 0

eCement ohmistry notations were used in these
formulae; A - A1 20, C-CaO, ~ - CO.2 F - F02 O3 . H
- H2 0. K - K2 0, N ! 1a2 0. S - SL 2O and S303 .

- 17 -
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MEMORANDUM

RECORDS ADMINISTRATION

R0 7 250E48 u
Keywords: Saltstone EP and TCLP

Results
Saltstone Toxicity
Saltstone Nonhazardous

Waste Form

Saltstone Compositional
Range

DPST-87-869

cc: G. T. Wright, 773-A
E. S. Occhipinti, 704-S
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

APPROVED for Release for
Unlimited (Release to Public)

4/14/2005

December 10, 1987

TO: H. F. STURM, JR., 773-43A

FROM: C. A. LANGTON, 773-43A C4L

SRLRECORD COPY

EP TEST RESULTS FOR SLAG 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/i 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
Fly ash
Cement or

Ca(OH)2
Salt solution

10 - 40 wt%
10 - 40 wt%
0 - 10 wt%

40 - 55 wt%

(components =
100%
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(REV 2-83,

E. I. DU PONT DE NEMOURS & COMPANY
a..o.uAfto

-ý---- r7

SAVANNAH RIVER LABORATORY

AIKEN. SOUTH CAROLINA 29808-0001

(TWX 8 .77?t.2670 TL 803-725-6211.WU AUGUSTA GAI cc: R. Maher, 703-A
L. M. Papouchado, 703-A
D. L. McIntosh, 773-A
E. S. Occhipinti, 704-S
H. F. Sturm, Jr., 773-43A

December 18, 1987

SRL
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 meeting all state
and local performance criteria.

G. T. Wright
Research Manager
Interim Waste Technology Division

GTW/HFS/tyb
Attachment
7293
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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) 2 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

Ca(OH) 2  3 wt%
Salt solution

(29 wt% salt) 47 wt%

(Additional 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 solution2 composition 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. 1 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 setting 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. Ingredients for these mixes are listed in
Table 2.
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H. F. STURM, JR. -3- DPST-87-869

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 leaching 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) 2 , 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) 2 and all mixes
containing up to 10 wt% Ca(OH) 2 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 system
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.

o 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 criteria and qualify
as nonhazardous waste forms:

Grade 120 slag, 25 (±15) wt% / -

Class F fly ash 25 (±15) wt%
Type 1I portland cement or

Ca(OH)2 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 Expected 2' Salt Solution Composition and
the Composition of the Solution Used in the EP Samples

Expected Long-Term Average
Salt Solution

Experimental
Salt Solution

H20
NaNO2

NaOH
Na 2 CO3
NaAI (OH) 4
Na 2 SO 4
NaCI
Na 3 PO 4
Na2 C2 0 4

71 wt%
14.1

3.5
3.8
1.5
3.3
1.7
0.11
0.12
0.28

71 wt%
14.2

3.5
3.8
1.5
3.3
1.7
0.1
0.1

0.3

Ag
As
Ba
Cd
Cr
Hg
Pb
Se

8.5
3

11
5

161"
1.2
2
7.9

x 10-4 ppm
x 10-4

x 10-2

96 ppm
85

110
101

1790
94

102
103

r
x
x
x

10- 2

10-8
10-1

Methanol
Isopropanol
NaB4
Phenol
Phenylboric acid
Benzene
Biphenyl
Diphenyl amine
Terphenyl

-- * wt%

0.05

3
2
8
4
5
6

x 10-2 wt%
x 10-3
X 1O- 2

x 10-2
x 10-3
X 10"3

*Increased to 1400 ppm max

**Not listed (

Not included because expected concentrations are
less than 10-4 wt%



TABLE 2

Slag Saltstone SamplesIngredients in Extracted by EP Test

Mix
No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

Slag

26 wt%

24

10

10

27

10

27

40

37

40

24

24

25

18.5

10

33.5

10

33.5

18.5

<10

38.5

Clas's F
Fly Ash

26 wt%

24

27

27

10

40

10

10

10

10

24

24

25

18.5

33.5

10

33.5

10

18.5

18.5

10

Ca (OH) 2

3

0

10

0

10

0

0

0

0

0

0

10

0

0

0

0

10

10

8

0

0

wt%

Type II*
Cement

0 wt%

5

0

10

0

10

10

10

0

0

10

0

10

8

10

io

0

0

0

0

0

Solution
(29% Salt)

45 wt%

47

-53

53

53

40

53

40

53

53

42

42

40

55

46.5

46.5

46.5

46.5

55

41.5

51.5



TABLE 3

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

Maximum Guideline 3 Guideline
Observed Value to

In EP for EP Extract Doping Comp
Leachate Leachate Ratio Factor Fa

osite
ctor

Arsenic

Barium

Cadmium

Chromium

Lead

Mercury

Selenium

Silver

(mg/L)

<0.5

0.137

<0.02

0.588

<0. 5

0.00929

<0.5

<0.5

5.0

100.0

1.0

5.0

5.0

0.2

1.0

5.0

>10*

>30

>50*

8.5

>10

21

>2

>10*

looox

1000X

1O0X

loox

1000x

'Qoox1000X

>104

>7 x 103

>5 x 104

8.5

104

3 X 104

2 x 103

104

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



TABLE 4. Summary of EP extract
results for the cement
system (above) and the
Ca(OH) 2 systems.

ELi6SH MALIS% EP Crpga

20
21
9

10
2
8
4

It
16
15
13
7

14
6

Avg.

Std. Dev.

40
38.5
37
40
24
40
10
24
33.5
10
25
27

18.5
10

27.0

18.5
10
10
10
24
10
27
24
10
33.5
25
10

18.5
40

19.3

0
0
0
0
5

10
10
10
10
10
10
10
8

10

6.6

4.57

41.5
51.5

53
50
47
40
53
42

46.5
46.5
40
53
55
40

47.1

5.57

<0.05
<0.05
<0.05
<0.05
0.113
0.160
0.223
0.238
o.286
0.288
0.307
0.353
0.389
0.588

11.58 9.95

....-, (Cemant-•.er'tinina6: the boundary of the intersection of the asymmetric
ellipsoid given by:

{ [(SLAG-27.0yi 1.58]? + [(FLYASH-1 9.3)9.9512 +

[(CEMENT-6.6y4.5712 + [(SALT-47.1 )/5.57]2 ) - 8.7

Lde.w

mix No~ SLAn FLyASH SALT~ % f C

1
5

12
17
18
19
20
21
9

10
3

Avg.

Std. Dev.

26
27
24
10

33.5
18.5
40

38.5
37
40
to

27.7

26
10
24

33.5
10

18.5
18.5
10
10
10
27

18.0

3
10
10
10
10
8
0
0
0
0

10

5.5

4.84

45
53
42

46.5
46.5
55

41.5
51.5
53
50
53

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

t 1.26 8.61

..4 ?,,•lnzani.: the containing eliopsoid is:

([(SLAG-27.0)i 1I.2611 + [(FLYASH-18.0)/8.61j•.

[(CAOH.5.54.84J2
. ((SALT.48.Sy4.74]) } < 6.8



ATTACHMENT I

EP RESULTS



ENVIRONMENTAL & CHEMICAL SCIENCES, INC.
P.O. Box 1393 9 Aiken. South Carolina 29802 * (803) 652-7450 * (803) 652-2206

CLIENT:
DATE:
JOB NO:

Savannah qiver Plant - C. Langton
October 16, 1987
7292

SAMPLE TYPE:
COLLECTED BY:
DATE RECEIVED:

Saltstone
Client
9/21/87

EP TOXICITY:

ECS 1.0. SAMPLE [.0.

12700
12701
12702

12703
12704

12105
12706
12707
'2708
12709
12710
12711
'2712
12713
!2? 14
127!5
12715

12717
12718

12719
12720

3 812
2 812

4 812
5 812
6 912

8 812
9 812

10 812
TI 812

12 812
'3 512
14 8!2

'5 812
16 812
! 1 ?12
18 812
!9 8U2
20 812
2i 812

As

mg/L

'0.5
(0.5
(0.5
(0.5
(0.5
(0.5
(0.5

<0.5

(0.5

<O.5
(0.5
(0.5
<0.5
(0.5

(0.5
(0.5

(0.5<0.5
(0.5

<0.5
<O. 5

Ba Cd
mg/L mg/L

<0.05
(0.05
<0.05
<0.05
0.077
<0.05
(0.05
(0.05
<0.05
<0.05
(0.05
<0.05
(0.05
(0.05
<0.05
0.073
0.!37
0.051
(0.05
(0.05
(0.05

<0.02
<0.02
(0.02
<0.02
<0.02
(0.02
<0.02
<0.02
(0.02
(0.02
(0.02
<0.02
(0.02
<0.02
<0.02
(0.02
(0.02
<0.02
(0.02
(0.02
(0.02

Cr

'0.05
0.113
0.057
0.223
(0.05
0.588
0.353
0.160
<0.05
(0.05
0.238
(0.05
1.307
0.389
0.298
0.286
(0.05
<0.05
(0.05
(0.05
(0.05

Hg
mg/L

0.00147
0.00127
0.00134
0.00536
0.00108
0.00280
0.00602
0.00139
0.00300
0.00168
0.00167
0.00085
0.00208
0.00929
0.00225
0.00544
0.00300
0.00122
0.00!17
0.00089
0.00d44

9b
mg/L

(0.5
<O.S
(0.5

(0.5
'0.5
<0.5
(0.5
(0.5
(0.5
<0.5
(0.5
<O.S
(0.5

CO.;
(0.5
(0.5
40.5
10.5<O.S

(0.5
(0.5

Se
mg/L

<0.5
<0.5
<0.5
(0.5

(0.5
(0.5
(0.5
(0.5
<0.5
(0.5
<0.5
<0.5
(0.5
<0.5
'0.5
<0.5
40.5
(0.5
(0.5
(0.5
<A.;
O. 4

4g
mg/L

(0.5
<0.5
(0.5
(0.5
<0.5
(0.5
<0.5
<0.5

<0.5

(0.5
(0.5

<0.5
(0.5

<0.3

"0.5
(0.5(0.5
(0.3

A-OrC e-0. .Y: . (- r...-- . . boratory Director

Henry J; ,an 44 Ph.D.

HJK/kr "



ATTACHMENT 11

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: R. J. Pryor
G. T. Wright
R. R. Beckmeyer
H. F. Sturm

November 25, 1987

TO: CHRIS LANGTON

FROM: DICK POSTLES

RE: Cr CONTENT OF SALTCRETE FORMULATIONS

You all have measured 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) 2-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 criteda on Cr.

For i. (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 5 40%
10 ! FLYASH :s 40%
0 :5 CEMENT< 10%

40!5 SALT < 55%

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

is an aooroximate 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 all
contained within it are good. (Only one of the experimental points (MixNo.6: 10, 40.
10, 40) requires the upper bound to be as large as 8.7. The remaining 13 are
bounded by :-5.]



Fi,,L. (Ca,,-2- _containina_): the containing ellipsoid is:

{ [(SLAG-27.0)/11.26]2 + [(FLYASH-18.0)/8.61 ]2 +

[(CAOH-5.5)/4.84]2 + [(SALT-48.8)/4.7412 } _< 6.8

with the basic constraints as above except: 0 _ Ca(OH) 2 , 10%

and the corresponding processibility constraint:

(-0.3255*Ca(OH) 2 + 0.7935*SALT) >_ 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.



~rATACMENI

1. Generalities:

The data attached in Table 1 show that there is essentially no discrimination power in
the Ca(OH) 2 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 composition; and
so higher-order discriminants are derivable, in addition to the "global" bound.

2. Higher-Order Discriminants - Cement Data:

Cr < 0.113 ppm: 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.

-N= The discriminant analysis above was effected by the same technique" described
in:

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

3. Global Discriminants:

Expressions of the form "X1[(xi-ai)/bi]2 = c27 generate an ellipsoid in the "centered"

variables "x,-ai" with intercepts on the coordinate axes "± b/c". Setting the "ai" equal

to the observed component centroids and the "bi" equal to the observed standard

deviations gives the left-hand side of the expression:

{ [(SLAG-27.0)/11.58] 2 + [(FLYASH-1 9.3)/9.95]2 +

[(CEMENT-6.6)/4.57]2 + [(SALT-47.1)/5.57]2 } <_ 8.7.

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

THE CEMENT DATA

MIX NO, LAG% LYA%

20
21
9

10
2
8
4

11
16
15
13
7

14
6

Avg.

Std. Dev.

40
38.5
37
40
24
40
10
24
33.5
10
25
27

18.5
10

27.0

11.58

18.5
10
10
10
24
10
27
24
10
33.5
25
10

18.5
40

19.3

9.95

CEMENT

0
0
0
0
5

'10
10
10
10
10
10
10
8

10

6.6

4.57

SALT%

41.5
51.5
53
50
47
40
53
42

46.5
46.5
40
53
55
40

<E0.5m

<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

47.1

5.57

THE C A(OLHQ}Q2 _-TA

MIX NO,,

1
5

12
17
18
19
20
21
9

10
3

Avg.

26
27
24
10

33.5
18.5
40
38.5
37
40
10

27.7

FLYASH

26
10
24

33.5
10

18.5
18.5

10
10
10
27

18.0

3
10
10
10
10
8
0
0
0
0

10

5.5

SALT! EP C pM

45
53
42

46.5
46.5

55
41.5
51.5
53
50
53

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

Std. Dev. 11.26 8.61 4.84



23; 198.
iOTE:
40TE:

NOTE:

NOTE:

1

2
3
4

NOTE%
NOTE-

19
20
NOTE;
NOTE.

NOTE:

SAS(R) LOG OS SAS 5.16 MVS/XA JOB T6476SAZ STEP STEP PROC SAS 13;33 MOND

COPYRIGHT (C) 198q,1986 SAS INSTITUTE INC.,. CARY, N.C. 27511, U.S.A.
THE JOB T6476SA3 HAS BEEN RUN UNDER RELEASE 5.16 OF SAS AT E. I. DU PONT DE HEMOURS A COMPANY (02398001).

CPUID VERSION z FF SERIAL 171474 MODEL 3090

SAS OPTIONS SPECIFIED ARE;
NEWS SORT:7 LEAVE=600K

0NmMM*M NmW SAS HEWS MNWNNNMMNMXWMM

PROBLEMS ENCOUNTERED EXECUTING THIS VERSION I.F
SAS SOFTWARE SHOULD BE DIRECTED TO PAIGE RABI;H
(EXTENSION 51244).

DATA ; INPUT SLAG FLYASH CEMENT SALT
CSQ z ((SLAG-27.0)/11.5a)*M2 + ((FLYASH-19.3)/9.95)M*2 ;
CSQ z CSQ + ((CEMENT-6.6)/4.57)KN2 + ((SALT-47.1)/5.57)M*2 ;
CARDS

DATA SET WORK.DATAI HAS 14 OBSERVATIONS AND 5 VARIABLES. 433 OBS/TRK.
THE DATA STATEMENT USED 0.04 SECONDS AND 332K.

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

SAS INSTITUTE INC.
SAS CIRCLE
PO BOX 8000
CARY, N.C. 27511-8000

AY* NOVEMBER

cesmoueLI - CmwoTvtw 0 133Ci

OBS SLAG

1 24.0
2 10.0
3 40.0
4 24.0
5 10.0
6 33.5
7 40.0
8 38.5
9 37.0

10 40.0
11 10.0
12 27.0
13 25.0
14 18.5

FLYASH

24.0
27.0
10.0
24.0
33.5
10.0
18.5
10.0
10.0
10.0
40.0
10.0
25.0
18.5

SAS

CEMENT

5
10
10'
10
10
10

0

0
0

10
1010

8

SALT

47.0
53.0
40. 0
42.0
46.5
46.5
41.5
51.5
53.0
50.0
40.0
53.0
40.0
55.0

CSQ

0.41314
4.42955
4.31224
1.68211
4.75700
1.75380
4.36327
4.L6958
4.82707
4.49069
9.46157
2.54913
2.53634
2.65071



4IE
ACT E:
NOTE:

NOTE:

NOTE:

1
2
3
4

NOTE:
NOTE:

16
17
NOTE:
NlOTE:

NOTE:

SAS(R) LOG OS SAS 5.16 MVS/XA JOB T64765A2 STEP STEP PROC SAS 10:37 WEDNESDAY, NOVEMBER 25,. 198

COPYRIGHT (6) 1984,1986 SAS INSTITUTE INC., CARY, N.C. 27511, U.S.A.
THE JOB T6476SAa HAS BEEN RUN UNDER RELEASE 5.16 OF SAS AT E. 1. DU PONT DE NEMOURS & Cb-IPANY (02398001).

CPUID VER5IONH FF SERIAL z 171474 MODEL : 3090

SAS OPTIONS ýPECIFIED ARE:
NEWS SORT=7 LEAVE=600K

WMMMMNNNNNNXXNN SAS NEWS NNNNNMNMMM)4X

PROBLEMS EHCOUNTERED EXECUTING THIS VERSION OF
SAS SOFTWARE SHOULD BE DIRECTED TO PAIGE RABON
(EXTENSION 5124').

DATA ; INPUT SLAG FLYASH CAOH SALT ;
CSQ = ((SLAG-27.7)/11.26)XM2 + ((CILYASH-18.0)/8.61)**2 ;
CSQ = CSQ + f(CAOH-5.5)/4.84)xM2 t ((SALT-48.&)/4.74)Kx2 ;
CARDS ;

DATA SET WORK.DATA1 HAS 11 OBSERVATIONS AND 5 VARIABLES. 433 OBS/TRK.
THE DATA STATEMENT USED 0.04 SECONDS AND 332K.

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

SAS INSTITUTE IlNC.
SAS CIRCLE
PC BOX 8000
CARY, N.C. 27511-8000

-twL.s 2

c- ( z _Lo,,t , pi,1 cc
OB5 SLAG

1 26.0
2 10.0
3 27.0
4 24.0
5 10.0
6 33.5
7 18.5
8 40.0
9 38.5

10 37.0
11 40.0

FLYASH

26.0
27.0
10.0
24.0
33.5
10.0
18.5
18.5
10.0
10.0
10.0

SAS

qAOH

3
10
10
10
10
10

8
0
0
0
0

SALT

45.0
53.0
53.0
42.0
46.5
46.5
55.0
41.5
51.5
53.0
50.0

CSQ

1 .79562
5.21320
2.51676
3.51611
6.81171
2.22854
2.64866
4.85981
3.39908.
3.62194
3.41199



SAS(R) LOG OS SAS 5.16 MVS/XA JOB T6476SA2 STEP STEP PROC SAS 8:55 WEDNESDAY, NOVEMBER 18;, 198;

jOTE; COPYRIGHT (C) 198a,1986 SAS INSTITUTE INC., CARY, H.C. 27511, U.S.A.
iOTE: THE JOB T6476SAa HAS BEEN RUH UNDER RELEASE 5.16 OF SAS AT E. I. DU PONT DE NEMOURS I COMPANY (02398001).

NOTE: CPUID VERSION = FF SERIAL 171474 MODEL 3090

4OTE: SAS OPTIONS SPECIFIED ARE:
NEWS SORT=7 LEAVE=600K

MMMMMNMNNkNMMM SAS NEWS N

PROBLEMS ENCOUNTERED EXECUTING THIS VERSION OF rAL&3
SAS SOFTWARE SHOULD BE DIRECTED TO PAIGE RABON
(EXTENSION 51244).

1
2
3
4
5
6
7

10
11
12
13
1415
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
5;
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PROC MATRIX ;
NOTE ENTER MATRIX Xl OF GOOD POINTS (EP CR<zO.I60)
XI = 24 5 /

40 10 /
40 0 /
38.5 0 /
37 0 '

40. 0 ; PRINT XI;
NOTE ENTER MATRIX X2 OF BAD POINTS ;
X2 10 is /10 10 ./

27 10 /
24 10 /
25 10 /
18.5 8 /
10 10 /
33.5 10 ; PRINT X2 ;

NOTE COMPUTE MEANS XBAR, NORMALIZED CROSSPRODUCTS S_, COVARIANCES 5;
COLI z NCOL(XI) ; ROWI HROW(XI) ; ROW2 NROQ(X2) ;
XIBAR J(ROW1, COLl, 1) ;

DO L=I TO ROW1 ; DO K=1 TO COLl ;
X1BAR(L,K) z SUM(X1(.K))$/ROWI 3

END ; END ; PRINT X1BAR.;
X2BAR J(ROW2, COLI,. 1) ;

DO L=I TO ROW2 ; DO K=l TO COLl ;
X2BAR(LK) zSUM(X2(,K))/ROGW2 ;

END ; END ; PRINT X2BAR ;
51 z (XI-XIBAR)'M(X1-XIBAR) ; PRINT 51 ;
52 = (X2-X2BAR)'M(X2-XZBAR) ; PRINT 52 ;
S (51*S2)#/(ROWI÷RQW2) ; PRINT S ;
SDET DET(S) ; PRINT SDET ;
B ItlV(S) ; PRINT B ;
CHECK= BNS-I(COL1) PRINT CHECK ;

NOTE GET COEFFICIENTS OF AXIS WHICH PROVIDES MAXIMAL SEPARATION 5
A = Bx((XlBAR(l,))'-(X2BAR(l,)')) ; PRINT A ;

NOTE COMPUTE VALUES FOR EACH POINT ALONG THIS AXIS ;
DI = XIXA ; PRINT D1 ;
D2 = XZMA ; PRINT D2 ;

PROC IML WILL REPLACE PROC MATRIX AFTER VERSION 5.
THE PROCEDURE MATRIX USED 0.19 SECONDS AND 854K AND PRINTED PAGES 1 TO 3.
SAS USED 854K ME11ORY.
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ENTER MATRIX XI OF GOOD POINTS (EP CR<=0.160)

X1 COLE COL2

ROWi 24 5
ROI2 40 10
RON3 40 a
ROW4 38.5 0
ROW5 37 0
ROW6 40 0

rAeIL 'I

(co.Jr'*)

ENTER MATRIX X2 OF BAD POINTS

X2 COLE COL2

ROWE 10 10
ROW2 10 10
ROW3 27 10
ROW4 24 10
ROW5 25 10
ROW6 18.5 8
ROW7 10 10
ROW& 33.5 10

COMPUTE MEANS XBAR.

X1BAR

ROW1
ROW2
ROW3
RO114
ROWS
ROW6-

X2BAR

ROW1
ROW2
ROW3
ROW4
ROW5
ROW6
ROW7
ROWS

NORMALIZED CROSSPRODUCTS

COL1 COL2

36.5833 2.5
36.5833 2.5
36.5833 2.5
36.5833 2.5
36.5833 2.5
36.5833 2.5

S-, COVARIANCES S

COL1

19.75
19.75
19.75
19.75
19.75
19.75
19.75
19.75

COL2

9.75
9.75
9.75
9.75
9.75
9.75
9.75
9.75
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Si

ROW1
ROW2

S2

ROWi

ROW2

S

ROWI
ROW2

SDET

ROW1

B

ROWI
ROW2

CHECK

ROWI
ROWZ

SAS

COLi

197.208
-28.75

COLI

574
2.5

LOLl

55.0863
-1.875

COL 1

354.545
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COL2

-28.75
87.5

COL2

2.5
3.5

COL2

-1.875
6.5

COL1

0.0183333
0.00528846

COLI

-4.3021E-16
-2.7756E-17

COL2

0.00528846
0.155372

COL2

4.3368E-18
-2.0817E-16

GET COEFFICIENTS OF

A

ROW1
ROW2

AXIS WHICH PROVIDES MAXIMAL SEPARATION

COLI

0.27027
-1.03742

COMPUTE VALUES FOR EACH POINT ALONG THIS AXIS
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DI

RGWI
ROW2
ROWS
ROW4
ROW5
ROW6

D2

ROWI
ROW2
ROWS
ROW'.
ROW5
ROW6
ROU7
ROWS

COLL

1.29936
0.436571

10.8108
10.405S
9.99998
10.8108

COLi

-7.67152
-7.67152
-3.07694
-3.88775
-3.61748
-3.29939
-7.67152
-1.32018
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DIRECT GROUT STABILIZATION OF HIGH CESIUM SALT WASTE:
SALT WASTE ALTERNATIVE PHASE MI FEASIBILITY STUDY (U)

Christine A. Langton,
Westinghouse Savannah River Company

Savannah River Technology Center,
Aiken, SC 29808

SUl1MMARY

The direct grout alternative is a viable 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 fully 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 900 C will not meet the integrity
requirement. However, the disposal vault may meet this requirement.
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BACKGROUND

Direct disposal of the cesium in grout is one of the alternatives identified in WSRC-RP-
98-00166.2 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 capabilities and a shielded cell for the grout
production equipment. The test plan for this effort is presented elsewhere. 3

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 Ci/gal).4

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.5

Table 1. Compositions of the Reference Salt Solution and the Direct
Grout, High Cesium Salt Solution."'4

Component
Reference Salt

Solution
(Molard

Direct Grout
High Cesium Salt Solution

(Molar)
NO; 2.04 2.49
NO% 0.62 0.581

OH 1.17 2.181
CO•' 0.15 0.181

AIOz 0.41 0.355
SO4-' 0.15 0.169

F 0.0015 0.0361
CA- 0.023 0.0282

C204"-i 0.025 0.0136
P04 ' 0.01 0.009

Na+ 4.94 6.44
KI _ 0.0168

Cs 20 n Ci/g 0.000165
Hg 0.012 mg/L 33 mg/IL
Cr 161 mg/L 161 mg/L
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Class C Requirements for Low-Level Waste Disposal7

In addition to the minimum requirements for Class A, B, and C wastes, NRC has
structural stability requirements for Class B and C waste.7 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:
* The waste should be a solid form or in a container or structure that provides stability

after disposal.
" The waste should not contain free standing 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 inherent in

the disposal environment.
" The waste or container should remain stable if exposed to moisture or water after

disposal.
• The as-generated waste should be compatible with the solidification medium or

container.

NRC identifies the following 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 equivalent.
" 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.

* Free standing liquids (less than 0.5 volume per cent per Method described in
Appendix 2 of ANSI/ANS 55.1).

* 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 I 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
Solution

(,&.)

Direct Grout
High Cesium Salt Solution

(O/l)Inaredient
NaNO 3  173.4 211.6
NaNO 2  43.1 40.09

NaOH 46.7 87.24
Na2CO31-120 18.5 22.44
NaAIO 2H20 40.6 34.48

Na2SO4  20.9 24.00
NaF 0.62 1.52
NaCI 1.35 1.65

Na2C20 4  3.44 1.82
Na3PO4  2.9 -

Na 2PO412H20 - 3.42

KNO3  -_1.69
CsNO3  0.643*

HgCh 0.338- 0.338**
Na2CrO4  0.623 * 0.623***

Cs spiked at 0.0033 M Cs using CsNO3. This is 20 times more than the
concentration projected for the direct grout case.
Hg spiked at 250 ppm as HgCI2 In direct grout solution prepared for this feasibility
study.
Cr spiked at 1830 mg/L as Na2CrO4.

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

Cement Type MIl 4 wt %
Fly ash Class F 25 wt %
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 in the direct grout saltstone containing the high
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 following properties:

Set time
Bleed water
Processing (flowability of grout -subjective evaluation)
Compressive strength (28 days)
LeachingTCLP for Cr, Hg, Cs
Radiolytic gas generation
Durability Evaluation (limited testing modified ANS 16.1 soak test).

Curing
The curing was conducted at ambient temperature, 45*, 700 and 90e 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 24.50 C and the other at 900 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 tad/hour for 185 hours in a Co-60 source. The
dose accumulated in the 185 hr irradiation experiment is equivalent to an approximate 34
year dose at a nominal Cs-137 curie loading of 250 Ci/m3 . Given the nominal density of
the direct grout, 1617 kg/mi3, this corresponds to 7.242 E-4 Watts/kg, or a dose rate of
261 mad/hr. Experimental details pertaining to the Co-60 irradiation, gas analyses, and
dose calculations are given elsewhere.9
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(grout plus moisture). Given a nomiinal moisture content of about 25 wt. %, a G(H2)
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 240 and 900 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 by a linear increase in pressure. This is similar to the profile observed with
CST irradiation.9 Although the G(H 2) was similar for the two samples, the sample cured
at 900 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 900 C.

Phase Determination
X-ray diffraction analyses of specimens cured over the entire temperature range indicate
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 900C at the time the samples were removed from the molds. Samples
cured at 70°C and lower did not show any signs of cracking. 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 required to understand the cause of
the cracking.

11
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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-Molding. No Cracks Were Observed in the Other Samples.
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RECOMMENDATIONS

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 1TP 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.)

Leaching experiments on direct grout cured over the temperature range 24 to 900 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 performance requirements for direct grout should be determined.

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

Tests should 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.
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ATTACHMENT I

BNFL Response to Questions and SRTC Program Review
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*)BNFL
Memorandum

To: SRTC Date- 22 September 1998

Fron:. Graham Jonsson Your ref:
Ext +44 19467 72477 Our,&. (Amk,' ý I'sO.S
Fax: +44 19467 72490

Subject: Saltstone Immobilisation Programme

To all at SRTC

SALTSTONE IMMOBILISATION 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
a review of the proposed SRTC development programme is given.

SECTION 1

Q1:Does the Saltstone formulation require changing based on the Inclusion. of the Cs in
order to meet TCLP requirements ?

Al:The inclusion of Cs into the wasteform 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
effect on metal solubilities. However the longer term effects of the elevated temperatures on
metal retention within the system should be part of the forward programme as it is outside of
the current scope of experience.

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 effects of heat upon the overall
cement system that Is the major point to establish.

Q2:If the formulation does need changing to meet TCLP would this be adequate, or
would an alternative additive be required ?
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A2 : As stated in Answer I it is not cerain how:the microstructure will be affected by being
exposed to high temperatures (greater than 80°C )over extended periods of time. It is not
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. Alternatively different cement systems can be evaluated for
suitability.

Q3: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 7

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

Q4:What effect will the higher Cs loading have on the bulk temperatures in the long
term ?

A4: The Cs loading will govern 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 900C. This can be substantiated
by additional modelling studies in the U.K.

QS:If curing heat or radiolydic 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:WMI gas generation be a concern and if so how will It be addressed ?

A6: The porosity and permeability of the cement microstructure 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 elevated temperatures.

Q7:What tests would be required to demonstrate short and longer term gas generation
wil not be a problem ?

A7: 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 will be specific to the
waste acceptance criteria (WAC) governing disposal.

8e z4' t, L GZ C W 00 + ano bS A MO TON 03 1 S 3JIS t m. 12:9 1 8 6/6 0/-Z Z



22 Setember 1998

Section 2 : Proposed SRTC development programme

Set:

This is normally undertaken to establish throughput requiremeats 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 importa~at 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 undergone partial
setting. This can lead to cracking and loss of product integrity.

Bleed water:

Again bleed water is normally associated with plant througbput 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 time bleed water must not
be present will be very specific to this particular project.

Processing:

The proposal is to have a subjective test. Experience in the U.K. indicates that this kind of
evaluation is not suitable ,and it is suggested that actual methods to evaluate grout
procesability / 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 undetaken. 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 profile
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. It is recommended that
additional testing is undertaken t9 establish any likely affects of the higher heat loading on the
overall cement nicrostntcture.

Radiolytfe gasgeneration:

The wasteform needs to be exposed to the cumulative radiation dose that the wastefonm 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 dealing
with any gas generated upon the cement microstructure.
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The curing temperatures will need to reflect the actual core teaperatures which the matrix
will experience and therefore any tests will need to be able to reflect thesc tmpratures as
opposed to simply curing at the temperature under assessment.

General comments:

The overall programre is focussed mainly on passing the necessary WAC. However 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
cemeat/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 changes occurring 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
Research and Technology
Sellafield
Seascale
Cumbria.
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RESULTS AND DISCUSSION -

Processibility, Set Time and Bleed Water
Processibility was evaluated by visual observation. The direct grout slurry was compared
to thereference 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 slurry 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

Compressive strength was determined for samples cured for 28 days at 24.5, 45, 70, and
900 C. The relative humidity of all of the samples except those cured at 900 C was
maintained at 100 %. The samples cured at 900 C were cured in the presence of excess
water/water vapor. However, cracks were observed on these sampleswhen 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 obviously drier than
the inner core.

Consequently the 900 C samples experienced some drying. Drying shrinkage is probably
not the only explanation for the observed cracks since other samples cured at 90 C in
sealed containers showed no drying and were also found to be cracked after curing.

Even though the direct grout and reference saltstone 900 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.

8
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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 %

70 3,475 3,675
4,250

1 90 3,600 3,925

9
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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 900 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 ugfg) 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 (Kd= 2 for Cs).10

Table S. TCLP Results for Direct Grout and Reference Saltstone Cured between 24
and 90PC.

Sample Sample ID Curing TCLP Results
Description Temperature Cr Hg Cs

(°C) ( 0mL) (ug)

980072A 24.5 < 60 < 0.020 < 40
98IA5B 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
98SL45A 45 < 60 < 0.020 932

Direct Grout 980068A 70 <60 < 0.020 807
980069A 90 < 60 < 0.020 882

TCLP
Regulatory 5000 0.2 NA
Limit* (5 _m/L) II

* Limit for disposal of treated characteristic waste.

Radiolytic Gas Generation
Two samples (approximately 65g each) of direct grout were irradiated in an air sealed
systems containing approximately 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 & value of 0.02 to 0.03
molecules per 100 eV. These G values are based on the total mass of grout irradiated

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-Molding. 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 properties, no formulation change is required. This statement assumes that
pouring strategies,' raw materials temperatures and specifications, 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 900 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 interconnected.

Most of the cracking observed in samples cured at 90°C is attributed to drying shrinkage
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 cracki'ig) or 2) take credit for the structural integrity of the
vault (waste form container).

13



eMaiL for David Chew Fw: RAI #38

Sterling Robertson/WSRC/Srs To David Chew/WSRC/Srs@srs

07/12/2005 04:02 PM
cc

bcc

Subject Fw: RAI #38

APPROVED for Release for
Unlimited (Release to Public)

----- Forwarded by Sterling Robertson/WSRC/Srs on 07/12/2005 04:02 PM -----

Timothy Chandler/WSRC/Srs

SR S 07/12/2005 04:01 PM

To Christine Langton/SRNL/Srs@Srs

cc Sterling Robertson/WSRC/Srs@Srs

Subject RAI #38

Chris,

Based upon a review of the old Operating togs and Engineering catc sheets, the following facts can be
discerned:

1. The proportions of the cement, stag, and fly ash (premix) have been essentially 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 stag 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 II cement = 3 wt% (-1 wt%,+ 2 wt%)
Stag = 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



APPROVED for Release for
Unlimited (Release to Public)

6/6/2005

WSRC-TR-2005-00074
Revision 0

KEY WORDS: Performance Assessment
Low-level Radioactive Waste Disposal

SPECIAL ANALYSIS:
REVISION OF SALTSTONE VAULT 4 DISPOSAL LIMITS (U)

PREPARED BY:
James R. Cook

Elmer L. Wilhite
Robert A. Hiergesell

Gregory P. Flach

MAY 26,2005

=niLý

Westinghouse Savannah River Company
Savannah River Site
Aiken, SC 29808

Prepared for the U.S. Department of Energy Under
Contract Number DE-AC09-96SR18500

SRNL



.f.

May 26, 2005 A-9 WSRC-TR-2005-00074

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
T102 100 to 300
T103 300 to 550
T104 550 to 1,000
TI05 1,000 to 1,800
T106 1,800 to 3,400
T107 3,400 to 5,600
TIO0 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 A-4. Saturated Hydraulic Conductivities (cm/sec)

T101 TZ02 T103 T104 TI0S T106 T107 T10O

Horizontal conductivity:
Nati/Back 1.003-04 1.003-04 1.003-04 1.00Z-04. 1.003-04 1.003-04 1.003-04 1. 00-04
Drain Rot 1.00-01 9.99Z-02 9.973-02 9.90Z-02 9.713•02 9.303-02 8.63Z-02 7.463-02
Drain Vex 1.003-01 1.003-01 1.002-01 1.003-01 1.003-01 1.003-01 1.003-01 1.00Z-01
Drain Top 1.003-01 9.99Z-02 9.93Z-02 9.15Z-02 9.289-02 8.253-02 6.583-02 3.66R-02
Concrete 1.003-12 5.203-12 1.293-11 3.16Z-11 7.643-11 1.983-10 4.193-10 1.003-09
Saltatone 1.003-11 3.00E-11 5.50Z-11 1.00Z-10 1.803-10 3.409-10 5.603-10 1.003-09

Vertical conductivity:
Drain Dot 9.52Z-02 6.453-02 2.703-02 8.943-03 3.343-03 1.41Z-03 7.253-04 3.93Z-04

Drain Top 8.89Z-02 4.21Z-02 1.293-02 3.783-03 1.363-03 5.699-04 2.91Z-04 1.579-04

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
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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 Salistone 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 mn2 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 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 to a
potential member of the general public to limit doses from all pathways to no more than 25
mremin 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/m2/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 single event. To meet the assessment requirement addressing impact on water
resoumes in the Order, SRS uses the Safe Drinking Water Act Maximum Contaminant
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 contributions 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
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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 I 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 root) 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 fiame, 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 ' 6Sn 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 analysis, and none by the radon emanation analysis. The greatest fraction of
a limit would remain 0.038 for '26Sn 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 10 0 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.

b 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 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, 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 1,000 years (i.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 root; resulting in a total of 50 cm of
shielding between the residence and the saltstone.

Fig. 1-1. Resident Scenario Conceptual Model
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DIFFUSION COEFFICIENTS

Effective diffusion coefficients for Cs+ 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 N02-.
The experimental configuration consisted of a Cs+ sink separated
from a Cs+ source by a thin, 4mm, membrane or wafer of cured
saltstone.

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 cm2/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.
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TABLE I

CMCS4CITIONS OF MIXTURES EVLUATED FOR DURABILITY

I I

[arjestar
H-l0*

CAursnt
Sate l~at Blended Class

Z-58 B75
C

Fly Ash
Class F

B74
B83

ESP
B73

slag
NeBc63B63

Extender
Attap.u1gite Chabazite

C86 1 C84

Solution
32 wt %
E34

Mix

84-40 62.5 37.5
Refer-
ence _

84-41 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. Each mix was also assigned
a log number. Proportions are reported in wt%.
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-TABL II

CESIEM DIMSION COEFFICIN FOR Cs+ IOW HRUG

SLTSTONE WSRM FCRM

PSU D H20 Permeability Porosity Median
mix Cs+ KH20 Pore Radius

# w/Ctotal* (cn2 /sec) (Darcy)** (%) (nm)

84-40 0.41 2.1 x 10-9 <io-8 40.0 10.8

84-41 2.9 1.1 x 10,7 1.72 x 10-3 64.6 125

84-43. 1.8 1.5 x 10-7 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 10-8 <10- 8  42.5 16

84-46 1.1 3.9 x 10-7 2.21 x 10-5 54.9 200

84-47 0.48 4.0 x 10-8 1.78 x 10-7 40.6 10.5"**

*CtotaI = total cm~entitious solids; portland cement + granulated blast

furnace slag + Class C (high calcium) fly ash.
**i darcy = 10-3 cm/sec

***58 day data are reported for 84-47. 28 day data is reported for the other
sanples.



- TABLE III

SALTSTONE TEST MIXES RANKED IN TERMS OF DIFFUSION
COEFFICIENTS FOR Cs+

INGREDIENTS
MIX NUMBER (Solids)

40

45

47

44

43

41

46

42

Reference Mix
Class H cement
Class C fly ash

Type I cement
Newcem (slag)
Class F fly ash

Ref Mix
2 wt % zeolite
(chabazite)

Type II cement
Class F fly ash

Type I cement
Class P fly ash

Class H cement
Class F fly ash

Class H cement
Class C fly ash
2% clay (attapulgite)

Class H cement
ESP ash

QUALITATIVE
RANKING

very good

good

good

average

average

average

bad

very bad
(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 10-8 cm/sec; the partially saturated hydraulic
conductivity was I.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 10-8 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, they are higher than values previously reported for
saltstone. 1 ,''3 Western Company of N. America reported a
permeability of <I0-11 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 collapsed the fine surface structure and resulted in low
values. 2

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 10-10
cm/sec at 100 psi head pressure. Again these specimens
contained less solution and therefore less water than the
current reference mix. 1

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. 3

200 psi hydrostatic pressure was applied during this
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 Hydraulic conductivity of the current reference saltstone
(42.5 wt% salt solution; 57.5 wt% blended cement) is about
2 x 10-8 cm/sec.

o Hydraulic conductivities of cement-based waste forms is in
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 I-Ray Phase Identification - R4-45.

Age (Days)

Phase 7 28 56 90 180

unreacted cement * decrease with time

unreacted fly ash *

(quartz + mullite)

unreacted slag * * * C *

lime **

bonding substituted * * *

compound C-S-H

AI(N0 3 )2 "91%0 large quantity

Ca,(NO3 )2 2 "L 2 0 ** * increase - >

Others:

C3AH6, C3 FH6  *

.Na2C03 -10%0 . • .

CaCO3 ** ** * increase

*Identified. **Unidentified.

appreciable reaction of the fly ash spheres and buildup of CSH structure.

Some reticular network C-S-H is still apparent at this age. Figur e 7 is a

micrograph of 84-40 cured for 180 days. Agair the overall integrity of the

structure is evident. A plerosphere (spheres within fly ash spheres) appears

very well reacted externally and bound into the surrounding matrix.

34-41., Figure 8 illustrates. the morphology of 84-41 at 7 days.

Micrograph 8(a) is a secondary electron image whereas 8(b) is a back-scattered

image, which 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 elemental maps for Ca and Si, respectively. It is evident from

this series of micrographs that the agglomerated parts are cement (high Ca.

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

13
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side (right side) of micrographs (ab). It shows precipitated crystals

embedded ini 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 magnifications 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. Figure 9(c) 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.

34-45. 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 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-) sphere which remained attached to the 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 represented in Fig.

14. Figur'es 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 high degree of integrity obtained with this composition at

180 days.

4) Cointanint 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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2-38 WSRC-RP-92-1360

TAi 2.3-. We&gptrcent of lalistow canvonnts (Hechoft 1I)

Salatone Nominal Blend Range
Component (Wt%) (Wt%)

Lime Sourcle 3 0 to 10

FlyAsh 25 10 to40

Slag 25 10 to 40

Salt Solution 47 40 to 55

'Either Portland Can 11 cement or Ca(OH)r

Rev. 0
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3-60 WSRC-RP-92-1360

T"bl 33-1 S&ummy of hydrauic opedws mwumed In the near-field model

Effective Resdual
Sporwsity, Moisture a

Material (cm ) f8. Content, e, (_Uy' _"

Backfil 1.0~1O 0.4 105 pOM

Clay 7.6 x 10' 0.39 0.115 8.2 x 104 1.33

Oravel 0.5 0.38 0.010 8.2 x 10"2 3.70

Concrete 1.0 x 10" 0.08 0.064 7. x I07  1.57

Saltstone 1.0 x 10" 0.46 0.368 7.4 x 10' 4.41

"Fitting parameter for van Genuchten and Mualem expressions for moisture
characteristic curves.

t A Stone's orrelation curve was used to describe the moisture characteristic curve for
the bwAcU

'Saltstone, ooncrcte1 gravel, and backfi properties not required for fractured saltstone

Rev. 0
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PHYSICAL PROPERTIES MEASUREMENT PROGRAM (U)

SUMMARY

This report smmarizes the work performed by Core Labortoes (Carrollton, Texas)
under subcontra No. AA46362N for the measurement of hydraulic and mechanical
propeties of dIe materials used for Eviromental Restomion and Waste
facilities at tie Savannah River Site (SRS). The scope of the work includes the

of porosity, permeability to water (saturated hydraulic Conductivity),
Capillary pressure, relative permeability, and mechanical properties of ten field samples..
The samples in top soil, gravel, Dixie clay, Grace clay, sand, Burma Riad backfill,
Turner Road backfill concrete for B-Area vault, concrete for Saltstone vault, and
Satsto. The Core Lab final report detailing sample prpraimo test proees,
results, and QA is attached.

An analysis of the Core Lab results was made by WSRC persomel The water-air two-
phase flow pmperies (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. The analytical expressions
are used for grom••dwa moe lin.
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SUEARY OF PERMEABILITY TO LIOUID TEST RESULTS

Westinghouse Savannah River Company

Cum
Sa mple 

Tesum 
r R a

Turner Road
Backfil1 - 1
Turner Road
Backfi Il - 2*

Concrete from
Saltstone Vault-lB
Concrete from
Saltstone Vaul t-5B
Concrete from
Saltst. Vault-7B*

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

Saltstone - 1
Saltstone - 3A
Saltstone - 4*

ulative
t Ting
daXL _

Lengtho
-'2N-

Viscosity,
- -CO

36.8

35.8

24.0

37.7

38.0

36.9

37.5

37.5

16.0
16.0
12.0

7.59

7.59

6.24

5.77

5.05

5.46

5.35

4.44

4.29
4.35
4.74

11.76

11.76

11.05

11.13

11.10

10.76

10.68

10.72

11.07
11.26
11.30

0.988

0.988

2.39

0.988

0.988

0.988

0.988

0.988

2.39
2.39
2.39

Delta
Pressure,

50.0

50.0

50.0

50.0

50.0

50.0

50.0

50.0

50.0
50.0
50.0

Incremental
Flow Rate,

1 .6e-03

2.6e-03

5.3"-07

1. 6-05

9.9e-06

5.0e-09

8.3e-09

l.Oe-08

2.4e-08
2.0e-08
1.3e-08

permeability
to Liquid,

3.le-01

4.8o-01

2.4e-03

1.30-03

7.4e-01

1.2e-06

1.3e-06

6.6e-06
5.4e-06
3.7e-06

Hydraulic
Con~ductivity.

3.0e-07

4.7"-7

1. le-lO

2.3*-09

1.30-09

7.2e-13

1.26-12

1.2e-12

3.4e-12
2.80-12
1.9e-12

Porosity,

45.5

42.7

17.4

18.9

16.8

18.1

19.3

18.6

44.6
41.6
40.6

*Sample selected for Gas-Water Relative Permeability Tests

2-2
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American Concrete Institute (ACI) 2000 Excerpt enclosed following response. Section 2.1 and 2.2.
Clifton and Knab 1989 Excerpt enclosed 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, 3.3.1.2 and A-1.3

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 Excerpt enclosed following response. Abstract of book included for reference.

*Excerpt Locations:
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 following the response.
4. Other

APPROVED for Release for
Unlimited (Release to Public)

7/15/2005



ACI 201.2R-01

Guide to Durable Concrete

Reported by ACI Committee 201

n A

jIn tern atiionar

american concrete institute
PO. BOX 9094

FARMINGTON HILLS, MICHIGAN 48333-9094

TAh1Ar'k- Lkws. gma.IBou.B



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 publications
is available without charge.

American Concrete Institute
P.O. Box 9094

Farmington Hills, MI 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 follow-
Ing programs are administered by ACI to fulfill the grow-
ing demand in the industry for certified workers:

Concrete Ratwork Finisher

Concrete Flatwork Technician

Concrete Field TestIng Technician-Grade I

Concrete Strength Testing Technician

Concrete Laboratory Tpsting Technician-Grade I

Concrete Laboratory TeOsting Technician-Grade II

Concrete Construction Inspector-In-Training

Concrete Construction Inspector

Concrete Transportation Construction
Inspector-In-Training

Concrete Transportation Conistruction Inspector

This document may already contain reference to these
ACI certification programs, which can be incorporated
into project specifications or quality control procedures.
If 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 ACI documents occasionally find
Information or requirements that may be subject to more
than one Interpretation or may be Incomplete or 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 of the document containing the
problem and specific section in the document,

2. Concise description of the problem;
3. If possible, suggested revisions for mitigating the

problem.
The Institute's Engineering Staff will 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 ACI documents.

ISBN 0-87031-053-4

Was= _;1umummm.
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ACI Committee Repots, Guides, Standard Practices,
and Commentaries am 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 reconurudations and who will accept re-
sponsibility for the application of the material it contains.
The American Concrete Institute disclaims any and all re-
sponsibility for the stated pninciples. The Institute shall
not be liable for any Iow; 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/Egineer to be a part of the contract
documents, they shall be restated in mandatory language
for incorporation by the Architect/Engineer.
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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 224.1 R, 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 redsistant 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 (wic), 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.

:1: -s. == 07A * M 0* I ftWT
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It is 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 (Hannan 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 ift 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 vulnerable 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.

1.4.4.3 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 mineral 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
no extcrnal ,sourc of moisturc. At a tWmperattmr of 50 F (10 C),
most well-proportioned concrete will reach this strength 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 MNa). 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).

1A.6 Constrmction 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. Timing 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 slipperiness when the concrete is
not sufficiently mature.

For lightweight concrete, do not wet the aggregate 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 Department 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 pressur on one side is more vulnerable than otherwise,
because the pressures tend to force the aggressive solution into
the concrete.

Umeq~s~,og~e.iSMiOO
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Table 2.1-Effect of commonly used chemicals on concrete
Rate of attack

at ambient Inorganic Organic
temperature acids acids Alkaline solutions Salt solutions Miscellaneous

Hydrochloric Acetic
Rapid Nitric Formic - Aluminum chloride -

Sulfuric Lactic

Ammonium nitrate
Ammonium sulfate Bromine (gas)

Moderate Phosphoric Tannic Sodium hydroxide* > 20% Sodium sulfate Brlmite liquo
Magnesium sulfate Sulfate liquor

Calcium sulfate

Ammonium chloride Chlorine (gas)
Slow Carbonic __ Sodium hydroxide* Magnesium chloride Seawater

10 to 20% Sodium cyanide Soft water

Calcium chloride
Oxalic Sodium hydroxide < 10% Sodium chloride AmmoniaNegligible - Tararic Sodium hypochlorite Zinc nitrate (liquid)

Ammonium hydroxide Sodium chromate

The effect of potassium hydroxide is similar to that of sodium hydruxide.

Table 2.2-Factors Influencing chemical attack
on concrete
Factos dint lciier or aggravate

auack Factors at mitigate ar delay attack

I. Hii•-`profijiydi to: I. Dense concrete achieved by:
i. igh water absption i. PLro mixture proportioning*
!!. Permeability ii. Re ed unit water content

iii. Voids mii. Increased cementixtommaterial
content

iv. Air entrainment
v. Adequate consolidation

vL Effective curinsgt

2. Cracks and separaopns due to: 2. Reduced tensile stress in concrete
i. Stress concentaions by: t

ii. Thermal shock i. Using tensile reinforbemnt of
adequate size, correctly located

ii. Inclusion of poizolan (to
reduce temperaure rise)

iii. Provision of adequate
contraction joints
content

3. iansitisga litquila penetration 3. Stmetural design:
due to: i. To minimize areas of contact
i. Flowing liquidl and tuemdukce

ii. Ponding ii. Provision of menbranes and
iii. Hydraulic pressure protectlve-barier systern.(sy to

reduce penetration
Smmxturproportionsad th5e tiall mixing and processing of fresh concret

determine its homogeeitly and dersity.t Poor curins proc • res toslt in flaws and cracks.
*1taeistance to crackdng depends on i•tench and stnin capecity.

4Move4es of water-csYnias deeterris substanesa •msses reactions that depend
on both the quantity and velocity of aow.
'Concete that wW he fqmly expd to ics know to produci rqald desnorim
toon shoukl be potctd w•h a chemcafly n lt protcive-baier sysem.

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 sunmmarized in Table 2.1. Provided that
due care has been taken in selection of the concrete materials
and proportioning of the concrete mixture, the most important
factors that influence the ability of concrete to resist deterio-
ration are shown in Table 2.2. Therefore. Table 2.1 should be
considered as only a preliminary guide.

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 magnesium,' 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 western 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.

t'Many of these sabtemd omr as minerals, and the minenrad noam ohm used
in reports of sulfate atack. The following is a list of such names" and th* genalcompostion:

anhydrite

Oassaima

dumashse

CaSO 4  tssadt
Ca504 - 107120~ ish
W04 -~ ZH10 ircaite

144504 - H2o Slauberiie
'OW4 -7Ky0 assbeisnbe

Cs&sl0co00o4XoI -1 2H20

N42SO4. -WHI
K2S04
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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.

2.2.2 Mechanisms-The two best recognized chemical
consequences of sulfate attack on concrete components are
the formation of ettringito (calcium aluiminate trisulfate
32-hydrate, CaOA120 3-3CaSO 4.32H 20) and gypsum (cal-
cium sulfate dihydrate, CaSO4.2H 20). 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)2, 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 suffer 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 oil 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).

2,2.3 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 concrete 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. AC 308.1, ACI 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 C3 A is permitted and Type It 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 sulfate attack. Therefore, ASTM C 150 provides that in
Type V cement the C 4AF + 2C 3A 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).

CopWt0n1 Am~wt wdme O rwu."M
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Recommendations for the maximum wlcm 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 recommendations 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 aggressive
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 determine potential sulfate
exposure-To assess the severity of the potential exposure of
concrete to detrimental 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-
pies for sulfate analysis is given in Appendix A. The extract
should be analyzed for sulfate by a method suitable to the
concentration of sulfate in the extract solution. 2

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 sulfate resistance by demonstrating an expansion
< 0.10% in one year when tested individually with portland
cement by ASTM C 1012 in the following mixtures:

For fly ash or natural pozzolan, the portland-cement
portion of the test mixture should consist of a cement
with Bogue calculatedC 3A3 of not less than 7%. The fly
ash or natural pozzolan proportion should be between 25 and

21f the am=* of sulfate determned In the firs anaysis is outside of the opimum
con-a-alion rnage lt the analytical pWcadue 4ed, the exra-t solution should
eithr be concemirated or diluted to king the falfm content within the MaWe
ae to the anlytical method. and the analytis should be Vepeaed on the

3Th C1A should be calculated foe the sum of the portland cement plus calcium
sufte in me cemmt Some =&iensg addition. if prems In sf re mpon con
diao die calulated pt le compounds mCay be
foundin ASIM C i o.
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Tablo 2.3--Requirements to protect against damage to concrete by suffate
attack from external sources of sulfate

Sevaity ofpotental Waer-soluble solu- Sulfate (S04)* in wi/C tW Mass. CCMe ntitioUs
(.pomsum he mulfate (SO4) watr. ppm max.S material requirements

, No s •ecial reqire-. No special mquire-ctalexpon O.~to.10 o to130 wm or sfa merens for sulfate
resistune tesistance

Clot I eqiKoM > m0.100W 0.20 > 1 C ad0"tyiv lc
.... ____ equiva

Cass 2.expomu 0.2Dto 4 2.0 1310o to-C 10100 o.41 C ISOType Vor
equivalent

C 150 Type V plus
-ust) expose 2.orgrener to.1uorgrenter poC S an or sing,

Seawster exposum - - Sm Sectiom 2.4 See Section 2.4
*Sulfate eipreed as SO0 is related to ulfaic expesed. SO0. a given in reports of chmnical analysis of peallami cements a
leUoWS: SO03% ' 1.2 - SO4%.
tACI 318, ChO wr 4, Inndudes requlu for specdal exposr codtions such = smel-nfrc cncrete that may be exposed
t chiodes. l -oncete tikey tobe s etedte lepomse condtions, the maximunm Wan hulW be dW spedfied In ACI
318. Chap•te 4, if it is lower than dia stated in Table 2.3.
ftl5e values we applicable to nornalweiht concrete. They am also applicable to alnuctural lighaweigt concrete excep tdat the

maimnm In .M ratios 0.450, 0S. and 0.40 should be Melced by specifled 28 day compressive stsength of 26. 29. &W 33 MW
t37% 425k w 470;) respectvely.

Ild.2s I exposure, equivalents am describel In Sections 22.5. 2.2.6. and 2.2.9. For Class 2 exposure, equivalents •e de-
scribed In Sections 2.2.. 2.2.7. ad 2.2.9. Por Clasa 3 exposurm pa, olan and slag reconmendation e described a Section
2.2.5,.2.8, and 22.9.

35% by mass, calculated as percentage by mass of the
total cementitious material.

For silica fume, the portland-cement portion of the test
mixture should consist of a cement with Bogue calculated
C3A

3 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 C3A3of
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 content4 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-
turem. The reported aluminum-oxide content4 of the slag
used in the project should be no more than 2.0 percentage
points higher than that of the slag used in qualifying test mix-
tures.

2.2.6 7Tpe H1 Equivah:t for Class I Exposure
a A. ASTM C 150 Type III cement with the optional limit

of 8% max. C3A; C 595M Type IS(MS), Type IP(MS),
Type IS-A(MS), Type IP-A(MS); C 1157 Type MS; or

.I]UC 3A should he calculated I e die sawn ob peutlad c lue e a l .ia s .sul-
te In the cemen. Sme peoemrC additions. If present in sufficient propaion& can

ditort fte cadlated Boge value-. Formuls tat calt 8o- c-fons may

4Andayn In aeoene wish ASrM C 114.
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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 < 0.10% at 6 months.

2.2.7 Type V Equivalent for Class 2 Exposure
A. ASTM C 150 Type MI 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
pouzlan, 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 l-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

Not br AFdr.. 0112es 09:18. Iat
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meets the following requirement when tested in accordance
with ASTM C 1012:

Expansion < 0.10% at 18 months.
2.2.9 Proportions and unifonnity 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, or 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 toud 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,
or 2.2.8:
s Fly ash--reported calcium-oxide content3 no more

than 2.0 percentage points higher than that of the fly
ash used in the test mixture;

* Slag-reported aluminum-oxide content5 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; Idorn 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; ACT 233R; ACI 234R). Some pozzolans,
especially some Class C fly ashes, decrease the sulfate resis-
tance of morars in which they are used (Mather 1981b,
1982). Good results were obtained when the pozzolan was a

3A@Mlynd in naordace with A97hM 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 concern, 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 cement or admix-
ture.

2.4-Seawater exposure
2A.1 Seawater in various locations throughout the world

has a range of concentration of total salts, it is less dilute in
some areas than in others. The proportions of the constitu..
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 (ks) is given by;

= b3/12s. 3

Presuming that this equation is valid for concrete, then cracks
with widths of 1 mm, spaced I a apart, would give an equivalent
permeability of 8 x 10"11 m2 compared to an intact permeability of
around 1 0 "-LO m2. 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 hat; 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.

The water used in irrigation can be a potential 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 (3CaO*Al 2 03"3CaSO,*31H20):

2 (3CaO-Al 2O3"12H20) + 3 (Na 2SO,'lOH2O) -- > 3CaO'A11 O3"3CaSO4 "31H 20 +
2AI(OH) 3 + 6NaOH + 17H20 (4

Ettringite has a considerably larger volume than the reactants.
At low concentrations of sulfate ions, ettringite decomposes to a
low sulfate form 3CaO'A1 203"CaSO,,12H20. 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)1

Another process involves the replacement of calcium hydroxide
(Ca(OH) 2 ) in concrete by gypsum (CaSO,,2H20):
Ca(OH) 2 +' Na 2SO"1OH2O -- > CaSO4 "2H2 0 + 2NaOH + 8H20 (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, gypsum is gradually leached, leaving a porous
concrete with a higher permeability. In flowing water and given
sufficient time, calcium hydroxide may be essentially compl4ely
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 involving magnesium sulfate. In
addition, magnesium sulfate can attack the calcium silicate
hydrate (3CaO*2SiO 2"nH20) formed by the hydration of portland
cement. The reaction is of the pattern (25):

3CaO'2SiO 2"3H.zO + 3MgSO4 + 6H20 -- > 3(CaSO,'2HlO) + 3Mg(OH) 2
+ 2SiO2  (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, ASTH C 150 includes a Type
V (sulfate resistant) cement which sets a maximum of 5%, by mass,
on C3A and a Type II (moderately sulfate-resisting) for which the
C3A 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)z 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 grainulated blast furnace slag. These mineral
admixtures react with the Ca(OH)2 produced by the cement
hydration to produce additional calcium silicate hydrate which
reduces the capillary porosity and thus permeability. Also,
decreasing the C&(OH) 2 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
iurability 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 CaO and Fe2O3 contents. Based -ft the ASTN
C1012 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 ASTH 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 basis for
,redicting the service life of a concrete exposed to a sulfate
*nvironment, 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 I

I

Water
soluble.
sulflate. (a)
soi]L, percent

I

I

Soluble
(SO4 ) in
water, ppm

II
I

cement II
I

Water-
cement
ratio,
maximum(b)

Mild

Moderate
(Includes

Seawater).

Severe

Very
Severe j

0.00-0.10

0.10-0.20

0. 20-2. 00

Over 2.00

i 0-150

150-1500

1500-10,000

Over 10,000

Type II
IP (MS)
'Is (MS)

(c)
Type V

(d)
Type V
+ Pozzolan
or Slag (e)

0.50

0.45

0.45

(a) Sulfate expressed as S04 is related to sulfate expressed as S03
as in reports of chemical analysis of cement as S03 X 1.2 - SO,.

(b) A lower water-cement ratio may be necessary to prevent corrosion
of embedded steel.

(c) Or a blend of Type I cement and a ground granulated blast-furnac
slag or pozzolan that has been determined by tests to give equivalent
sulfate resistance.

(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
equivalent 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.
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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. In
the first, the US Bureau of Reclamation 132), continously
immersed concrete specimens in a 2.1% NaSO4 (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% NazSO4
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
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 concreteg> with Types I-I and V pctbMand cements showed
a life expectancy of less than 50 years when exposed to a 2.1%
Na2SO, solution. Some concretes containing certain fly ash and
qround blast-furnace slag mineral admixtures had estimated
ervice lives of 150 years or more. Ak .1% solution of Na2SO, is

a very. severe environment (table 2) and'If concrete was. exposed
to a lower level of sulfates the life e*pectancy would be

*expected 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 extrapolating
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 0.19M 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:

XM(cm) = 0.55CA(%) [Mg] + [SOJ] t(yl 7)

where CA% is the percentage by weight of tricalcium aluminate
(3CaOAl 2 0 3 ) in the cement, [Mg] and [SOj] 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% CA, 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% C3A 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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28 Thermochemical Principles Chap. 1 Sec. 1.6

Example 1.2 derived p

The second dissociation step for carbonic acid corresponds to the reaction HCOi = H+ + CO3--.
for which K, = 1)I0"31 at 25*C. Using thermodynamic data tables we compute AI-,° =
3550 caVmol, 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 K2 at 50C (323.15 K). predicted where Ai
from the integrated van't Hoff equation, compare to the empirical value at 50C? The van't dard state
Hoff equation is tion (1.91

3M501 the molah

-log K, = 10.33 +-4$5 (- ! I.93) pressure,
4.576 623.15 2.15) a a mgas is am,

from which we find of the gas
nored at c

-log K2 = 10.33 - 0.20= 10.13 fect on re

This is in fair agreement with -log K2 = 10.18 at 50*C computed from the empirical temper- ocean (av

ature function in Table A 1. 1. The disagreement reflects the fact that the heat capacity of the re- of indush

action is not zero, as assumed in the calculation. If we refine our estimate by including the heat in sedime

capacity correction term of the expanded integrated van't Hoff equation, the predicted value a vironmen

for K2 at 500C is of pressut
discussed

-log K = 10.33 - 0.20 + 0.04= 10.17 dIsfu

in excellent agreement with the empirical value the Prani

Example 1.3

Consider the reaction- where K,

AgCl(c) =Ag + C- (1.94) 1 bar.If ii

for which K,,=,1-9-13 and AHW = 15,650cal/mol at 25°C. Silver chloride is also known as the ibility wh

mineral cerargyrite. 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 O*C? The van't Hoff equation leads to

For aream

-log KP = 9.75 - 156 3.0 1 29 1" (1.95)

and -log Kv= 9.75 + 1.05 = 10.80

This is in exact agreement with the empirical value, indicating that the assumptions inherent Integratic

in the van't Hoff equation are valid (AH,* is constant and ACp°, = 0).

1.6.3 Effect of Pressure in which

Substituting the quantity (- RT In K.0) for AG, in the expression

Alr " (1.96) In • ,.

In these e



IChap. 1 Sec. 1.6 Effect of Changes in Tand Pon the Equilibrium Constant 29

derived previously, we obtain

+ CO-,
• ° =_ _,(lJ7)

K: Givenlil' r R

rediletd where AL,\ is the molar volume change of thle reaction with all reactants and products in their stal-
'ie vant dard states (cf. Millero 1982). Note the similarity of this expression to the van't Hoffequation. Equa-

tion (1.97) shows that the effect 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

(1.93) pressure favors reaction products when A V' is negative and reactants when AV' is positive. When a
gas is among the reactants or products, the effect of pressure is accounted for by writing the activity
of the gas as its panial pressure. For reactions without gases, the effect of pressure can usually be ig-
uiored at depths less than 300 u ( 1000 f1). In following discussion, we will consider the pressure ef-
fect on reactions in more detail. Important environmental applications are to reactions in the deep

4 temper- ocean (average deep-ocean pressure is 200 bars (Stuntm and Morgan 1981) and to geologic disposal

of the re- of industrial wastes by deep-well injection. Deep-well injection is typically into saline groundwaters
g the heat in sedimentary formations at temperatures of 20 to 150'C, with pressures from 50 to 300 bars (En-
ted value vironmental Protection Agency 1990a, 1990b). We will limit discussion in this section to the effect

of pressure on reactions, which is usually less important than the coincident temperature effect as

discussed previously.
If the molar volume of a reaction is independent of pressure (does not change with pressure in

the P range of interest), Eq. (I.97) may be integrated to yield

K2 AV,*P-1
In (1.98)

K, RT

where KP and K, are the equilibrium constant at P and at the reference pressure. which is usually
I bar.

(1.94) If instead A,", is a function of pressure, we may define the standard partial molar compress-

.wn as the ibility which for single species i equals

,ectrodes.
ny natural ", kaP T  (1.99)
to

For a reaction we have

(1.95) v.
1t,-95 -1, (1.100)

is inherent Integration of Eq. (1.97) now leads to

In __- AVT(P - I) AKr-(P - (.0.1 + R (!.101)KI RTl 2RT

in which AK, is independent of pressure. At elevated pressures (> 100 bars) this simplifies to

KE A ViP A 0 /,2  p(
In - A . .R (1.102)K R RT 2RT RT(

(1.96) I In these expressions AV', is in crn3/mol. R = 83.15 cm3 bar/imol K, and AK, is in cnil/bar mol.



in Thermochemical Principles Chap. 1 Sec. 1.(

MIolar volumes of iniierals are proportional to the size of molar formulas and may be com-

puted by dividing a mineral's gram fornmula weight (g/tool) by its density (g/cni3). Values for mm-
erals aitr tabulated by Naumov et al. (1974). Robie et al. (1978), and Helgeson et al. (1978). and may
also be lound in any edition of the Handbook of Chemnistro 0(ad Physics (CRC Press).

Naumov ct al. (1974). Helgeson ct al. (.1981). Millero (1982). and Tanger and H-elgeson (1988)
report molar volume data for aqueous species at 25'C. The last two references also give V0 data for
aqueous species from 0C up to 50'C and 350TC. respectively. Molar compressibilitics of minerals
are available in Birch (1966). Mathieson and Conway (1974). and Millero (1982). Millero (1982)
also lists values of AV, and A-k for aqueous species from 0 to 50'C. Molar volumes and compress-
ibilitics vary as a function of temperature and ionic 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 equals
zero at all temperatures. This assumption leads to molar volumes of -0.4 cm 3 /mol for Li' and
36 ciW/mol for I-, for example. Molar volumes of ions increase with increasing temperature. AV" is
negative for most ionization and dissolution reactions so that pressure generally increases the
progress of ionization reactions and the solubility of minerals.

Molar compressibilities for minerals range from 0 to -4 x 10-9 cruX/bar inol and can be as- we find
surned equal to zero up to about I kb pressure. Values for ions K° aregenerally in the range -5 to that inc
-10 x 10-3 cm 3ibar mol. AK' for completely ionic reactions is small, but for dissolving minerals it I
may be large. Table I

In a column of freshwater the pressure increases above atmospheric pressure by about I bar . of -AV
for every 33.5 ft of depth, or by 30 bars for 1000 ft (305 tn) of depth. Pressure gradients are higher effect iý
in saline than in fresh groundwaters. Pressures measured in groundwater at depth generally range P
between hydrostatic pressure (that of a column of water) and lithostatic pressure (that of the rock effect o
alone). Measured hydrostatic pressure gradients in sediments range from I bar/I 5 ft (roughly equal takts an
to the lithostatic pressure gradient) to I barf7O ft of depth. In sediments of the Palo Duro basin of' face ,v
north Texas for example, the pressure gradient is I bar/42 to 58 ft to a depth of 5500 ft, where hydro- ture of
static pressure is 130 bars and the temperature 38*C (Langmuir and Melchior 1985). solve II

The effect of p)ressure on reactions involving only solid phases can be assumed to be negligi- V° (cee
ble. For example. consider the reaction 46.27 c

tile (3.A
A12 0A + SiO 2 = AI 2SiOQ (.103) temper

(corundum) (quartz) {sillimanite) c{-omprt

V' (cmW/mol) 25.57 22.69 49.92 less re,
compr(

The molar volumes lead to (AGi'aJ P)7 = V" = 1.66 cm 3/mol, fromwhich we conclude that an in- atively
crease in pressure slightly favors corundum and quartz over sillimanite. Given the conversion factor
I cm-3 bar = 0.02390 cal, we obtain

(oLG°8IaP)r = 1.66 cm 3/mol x 0.02390 cal/cm 3 bar
= 0.0397 cal/tool bar

Thus, an increase in P of 100 bars increases AG,' by only -4 cal/mol. This is a negligible effect.
When a gas is among the reactants, changes in pressure are generally important. For example,

given tie reaction at 25°C,

CaCO3(calcite) = CaO(lime) + CO,(g) (l.i04)

V, (cruX-/tool) 36-934 16NA 24,460
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coin- I TABLE 1.2 Effects of pressure and ionic strength on equilibrium
, hl- constants for some reactions as a function of the molar volumes of

dmtf I the reactions

I
1988)

ita for
nerals

,1982)
1press-
be irm-

equals
.i' and
AV"is
;es the

be as-
-5 to

erals it

it I bar
higher

y range
he rock
iy equal
)3asi of
: hydro-

negligi-

(1.103)

at an in-
)n factor

:ffect.
-xample,

(1.104)

A 1,z KIK, at 25°'"

Reaction (crn'/mol) and I WOO bars

112O (I) = It' + Ot11- -22.2 2.36
CHICOO I = HI' + CH3COO- - 11.2 1.4

(K, acetic acid)
H2CO3 = 11' + IACO1 -27.2 3.2
(K1 carbonic acid)
HCO. = il' + C2- -25.2 2.7
(K2 carbonic acid)

CaSO, (anhydrite) = Ca 2- + SO- -48.9 5.8

Source: Based in part on Stumrnm and Morgan (19St).

we find AV' = 24,440 cm-3/mol. or 584 cal/mol bar. The (+) sign and large magnitude of AV', show
that increasing pressure strongly favors calcite formation relative to lime and CO2(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 pressure as indicated by Table 1.3. The
effect is reduced at the ionic strength of seawater.

Pressure generally increases the solubility of minerals. An accurate evaluation of the pressure
effect on solubility may require that we consider both molar volumes and comnpressibilies of reac-
tants and products. in the following problem we compare the solubility of celestite (SrSO 4) in a sur-
face water at I 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 interest is SrSO 4(celestite) = Sr 2÷ + SOP-. To
solve the problem we need molar volumes and compressibilities for celestite and the ions. We adapt
V' (celestite) = 46.25 cm 3rMol from Robic et al. (1978). A nearly identical molar volume of
4 6 .27.cni'mol derives from the molecular weight (183.678 g/mol) divided by the density of celes-
tite (3.97 g Cm3; Palache et al. 1951). V°(celestite) can be assumed to be independent of pressure and
temperature. Molar volumes for the ions at 75 0C are obtained from Tanger and -lelgeson (1988). The
compressibility of celestite is read from a plot given by Millero (1982). K' values for the ions are
less readily available. We will use those given by Millero (1982) for 50'C. The comhparatively 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 solubility will turn out

TABLE 1.3 Effects of increases in pressure and ionic
strength at 25?C on the solubility product of calcite (CaCO3)
at P versus at 1 bar pressure, expressed as KIK,

P (bar) Pure water 0.725 'M NaCI (seawater)

(500 3.2 2.8
1000 8.1 6.7

Note: AV* = - 58.3 crnOiool for the reaction CuCO, = Ca- + COt- at 25"C.

Source: Based in part on Sturnm and Morgan (1981).
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to be small, thus our use of 50'C K` values for Sr 2' and SO2- is a good ;approximjation. Chosen V'
and K' values are given below.

SrSO,(celestitc) = Sr"' + SO42 (1.1)5)

V* (ctn3 /mol) 46.25' -18.27 +14.09

Ko (cm'/mol bar) -0.08 x 10-1 -8.35 x I07" -6.87 x 10--

The V° and _k' data lead to AV¢ = - 50.413 cnit/mol, and Ak' = 1.514 x 10-- cno/tool bar.
Substituting into Eq. (1. 101) or (1. 102). we can determine the effect of pressure on celestite solu-
bility'. The result is log (K,,/K ) = 0.1364 - 0.0037 = 0.133, where the lirst term in the difference re-
flects the contribution of AV,' and the second the small, opposite effect of AK°. At I bar pressure and
250 C, K,,(celestite) = 2.32 x 10-1. For 75°C, Ks,(celestite) = 7.45 x 10', computed from the tern-
perature function given by Langmuir and Melchior (1985). Overall results are summarized here.

Overall percent increase
T(fC) P (bar) K,P(celestite) above I bar and 25'C

25 I 2.32 x 10- 0
75 1 7.45 x 10-' 221%
75 180 (AV,) 1.02 x 10-6 340%
75 180 (LAV, and AK•) 1.01 x 10-' 335% ¶
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As shown, the increase in temperature from 25 to 75*C has more of an effect on solubility (+221%)
than does the increase in pressure from I to 180 bars, which separately increases solubility by 36%.
As evident from this example, 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 pressure
correction due to AK' is minor and usually of an opposite sign to that due to AV, 0.

Aggarwal et al. (1990) have proposed a simpler model given by

(Kp, T A V- (pli10(/'7,\
In ( - ) = - kRT ýK' 4 In~~~~ ), (1.106(1.106)

to estimate the effect of a change in P and Ton the equilibrium constant. Their equation requires
only AV' for the reaction, the compressibility . and density (p',:) of water for reference con-
ditions (usually at I bar pressure and 25'C), and water density at P' and 71 d o . Reactions are
written in isocoulombic form so that reaction heat capacity and the term (AV 0/RT K71,o) are both con-
stant, independent of temperature. The necessary properties of wate'r have been published by Haar
ct al. (1984). The reader is referred to Aggarwal et al. (1990) for details of this approach.

STUDY QUESTIONS

1. Know the following definitions and how they relate to each other:
(a) open and closed systems as they relate to mobile and less mobile substances
(h) 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

PROBL

In all
activil
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Concrete Science

Vangi S. Ramachandran

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 ingredi-
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

I



2 Analytical Techniques in Concrete Science and Technology

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 specifications 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 (7500 C) firmly bound water from the clay
is lost. In the calcining zone (750-1000*C) calcium carbonate is dissoci-
ated. In ithe burning zone (1000-14500 C) partial fusion of the mix occurs,
with the formation of C3S, C2S and clinker. In the cooling zone (1450-
13000 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, generally
polar compounds, are added to facilitate grinding.
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2.1 Composition of Portland Cement

The major phases of portland cement are tricalcium silicate

(3CaO-.SiO 2), dicalcium silicate (2CaO*SiO 2), tricalcium aluminate
(3CaOoAI 20 3 ), and a ferrite phase of average composition
4CaO°AI20 3-Fe2O 3. In a commercial clinker they do not exist in a pure
form. The 3CaO*SiO 2 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 3CaO*SiO 2 is triclinic. The 2CaO-SiO 2 phase occurs
in the 1j form, termed belite, and contains, in addition to Al and Mg, some
K20. Four forms, a, a', I0 and y, of C2S are known although in clinker
only the (1 form with a monoclinic unit cell exists. The ferrite phase,
designated C4AF, is a solid solution of variable composition from C2F to
C 6 A2F. Potential components of this compound are C2F, C6AF2, C4AF,
and C6 A2F. In some clinkers small amounts of calcium aluminate of
formula NCSA 3 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 IT-moderate sulfate resistant or moderate heat of
hydration; Type r--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 l.(11

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 cement
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 cmI2 g % of Type I Cement*

(- 3 S C 2S ( 3 A C4AF I day 2 days 28 days

General purpose 50 24 11 8 1800 100 100 100

Moderate sulfate 42 33 5 13 1800 75 85 90
resistant-moderate
heatt of hydration

1II High early strength 60 13 9 8 2600 190 120 110

IV Low heat 26 50 5 i2 1900 55 55 75

V SufFate resisting 40 40 4 9 1900 65 75 85

*Al4! 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:

3CaO°Si0 2 + xH20 --> yCaO-SiO 2,(x+y-3)H 20 + (3-y)Ca(OH) 2

or typically

2[3CaOSiO 2] + 7f1-20 -> 3CaO.2SiO2.4H 20 + 3Ca(OH) 2

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)2. In
a fully hydrated cement or C3S 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. 1771

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 pm 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 protection 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.

Thxee types of alkali-aggregate reactions are mentioned in the
literature, viz., alkali-silica reaction,178 14 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 90% silica. The alkali-carbonate reaction is different from the alkali-
silica reaction in forming different products.811H5 3l 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-sificate reaction was proposed by Gillott.18 41 The rocks that pro-
duced thds reaction were graywackes, argillites, and phyllites containing
vermiculites.

The preventive methods to counteract alkali-aggregate expansion
include replacement of cement with pozzolans or blast-furnace slag and
addition of some chemicals, such as lithium compounds.I•]-1lA9

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 containing 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.1901 The
large ice crystals can feed on the small ice crystals, even when the larger
ones are under constraint.

Length Changes During Freezing of Hydrated Portland Cement.
The pore structure of hardened cement 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 0.33C/rmin 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 limited 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[911 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 lower. 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 spaciing factor.)

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.1 921 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% NaCI. 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, Po83 ), formed in larger pores will be
Pocaos/Pug, which will be larger than Po(8s1/PofsL) 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, have to be considered.

In concrete, the pores of the aggregate may be such that the pore
water m-ay readily freeze. Larger pores, equivalent to air-entrained bubbles
(diameter > 10 nm) may not exist-in the aggregates. Thus, the tendency to
expand clue 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( 941 and porous particles,[951

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

8.3 Sea 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 safety
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, MgCI2, MgSO4, CaSO4, and possibly KHCOy3

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 cthinical
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 C0 2, MgCl2, and
MgSO4. Carbon dioxide reacts with Ca(OH)2, finally producing calcium
bicarbonate that leads to the removal of Ca(OH) 2. 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 2 and sulfate are present only in small amounts they can
cause deleterious reactions. These compounds react with Ca(OH) 2 to form
soluble CaCl 2 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)2 to form ettringite; this
reaction is slowed down in the presence of NaCI[(96 and may not occur if
Ca(OH)2 is converted by CO2 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 C3A > 3%.L971 Tricalcium aluminate, in combination with high
C3S content, shows an even lower resistance to seawater than C 3A alone
(Fig. 14). This is probably also due to the large amount of Ca(OH)2

liberated by the hydration of C3S. 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) 2 with the reactive Sio 2 and A120 3
from the fly ash and the low level of Ca(OH) 2 that is generally 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 modem 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:
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AT ANODE Fe -- Fe2+ + 2e'

AT CA' -IODE h0 2 + H20 + 2e-- 2(OH)"

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 pHvalues. 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[9 8l refer to
this layer, or film, as y-Fe2O 3. 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 10-3 to 10-1 pm. 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.['°°ll0 1 J

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 CI
ion concentrations enhance Fe solubility[10 2] even 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
CO2 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
weight 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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hydroxyl ion in the cement paste modifies this value. Thus, some re-
searchers have placed a limit on the ratio of chloride to hydroxyl ion[ 021 1031

such that corrosion will occur if the ratio of Cl- to OH- is as follows:

CI
-> 0.6

OH

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[1011 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 phenomenon 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.['141 However,
there are situations where chloride contents are high and corrosion rates
are much higher than would be expecte4 from possible diffusion rates of
oxygen. It has been postulated.1041 that in these cases there are strong
localized reductions in pH in crevices where iron is converted to Fe(OH) 2
through the prior conversion to chloride. These reactions involve hydro-
gen evolution.

Several methods of corrosion prevention 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 shownl' 051 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 durability was exhibited by the
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 alkalinity of concrete can be progressively reduced, resulting

in a pH value below 10.
The process of carbonation of concrete may be considered to take

place in stages. Initially, CO2 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)2 into the solution. The reaction of Ca(OH)2 with
CO2 takes place by first forming Ca(HCO3 )2 and finally, CaCO3 . 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 2. At relative humidities below 40 percent, no menisci exist and the
pore water is predominantly adsorbed water and does not effectively
dissolve the CO 2. 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 relatively 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[l061-[1091 have 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, CO2 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 I 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 authors1 1091 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-ý
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%. 1

It has been clearly shown[1 071 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
shown[1071 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 Delayed/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. 110] 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.0"I I] 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 III cement is more vulnerable to
deterioration due to the delayed ettringite 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 rewetting and migrates into cracks to react with the
local Al-bearing materials to cause expansion.f121
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A set of parametric simulations were performed to assess the effective permeability
as a function of crack width and fraction for the degraded vault and saltatone
(Sect 42.2). The crack frato is the total portion of the vault and saltstone whkb
comists of open crack space. At a constant crack fraction there can be many closly-
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.

3-1.35 Summary of Degradation Scenarios

The discussions above addr mechanisms of degradation that may alter the
integrity of the cover system, and the permeability of the saltatone monoliths and vaults,
but the timing and extent of degradation are not readily predictable due to enormous
uncertainties in conditions over thousands of yearL 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 simplicity,
vault cracking was idealized as follow.

" cracks that fully penetrate the vault and saltstone develop at closure,
" the cracks are v*rtical,
" the crack spacing is 3 m, and
" average crack aperture is .005 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-penetrating
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. Fob this RPA, cover degradation was addressed by considering two scenarios:
1) an intact upper moisture barrier cover over the entire time pcriod'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 computation. 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 pa through this zone. The actual case will. likcly be bounded by these two
cases. Initially, (soon after loss 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. 18) 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.
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In summary, four facility degradation scenarios were addressed in this analysis and
are listed below.

1) Thw intact scenario, where all systems (Le., cover, vault&, and saltstonc) wereastmdnondegraded.
2) Th• degraded cov scenario, where all systems except the upper moistire

banrier were assumed to remain intact.
3) The degraded vault/autatone scenario, where all systems except the vaults and

saltatone were assumed to remain intact
4) The degraded vault/altstone 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.MA Non-Radioectm Comtituaib

The non-radioactive comtituents 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 NaNO3, NaNO2, and NaOI-L Lesscr amounts of
Na2CO 3, NaAI(OH) 4, Na2SO4, and tracvel compounds (silver, mercuiy, chromium)
are also expected to be in the solution.

In considering the elements and compounds that comprise the chemical component
of.the saltatone feed solution, sodlum stands out as the moet 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
term of impact on water quality, in the list are nitrate and nitrite. Nitrate levels above
45 mg/L (or 10 mgIL a N) are unacceptable, according to U.&EPA DWS (40 CFR 141),
which the State of South Carolina presently plans to se to evaluate groundwater
protection compliance at disposal sites. A separate standard for nitrite does not exist,
and the nitrate and nitrite concentrations (as nitrogen) were assumed to be additive, with
respect to evaluation of compliance.

Leaching studies 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 50L The
ANS 16.1 leach procedure was used on the block to determine the leachability of
contaminants. Nitrate, nitrite and sulfate leach rates-for thcse large blocks agreed well
with leaching tests on smaller samples. Chromium conccntrations were low and only
observed in a few of the Icachates 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 rasons, averaging of spatial properties.
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 avcrain The subsurface is treated as if it consists of five materialtypes: 1) the
backfill or native soil; 2) day;, 3) gravel; 4) concrete; and 5) the saltstone waste form.
Each of thesc matedals arc treated as if they are homogeneous and isotropic.

Hydraulic properties for each material type are assumed to be adequately desribed
by the folnowing hydraulic parameters: saturated hydraulic conductivity, effcctlvc
porosity, and moisture characteristic curve. The moisture characteristic curve descnibes
the nonlinear relationship between the matrix potential or pressu head, the moisture
content, and the hydraulic conductivity. Details and references for the data and
expressions used to quantify the hydraulic properties for each material type in the near-
field model are provided in Appendix A.1.2. A summary of hydraulic properties assumed
is provided in Table 33-1.

In addition to hydraulic properties, assumptions to allow quantification of mass
transport are necessary in the near-field model Specifically, contaminant-specific
sorption coefficients, diffusion coefficients, 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.121. 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.

3.3.11.2 Igraded Vault and Saltstone

Two scenarios were addressed for vaults and monoliths assumed to be degraded (Le.,
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 covta is tofth e 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. 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 also provide a set of results that form an
envelope around the possible results. Results of sensitivity analyses are discussed in this
section and Sect., 4.21.
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The conceptual model of a degraded vault and saltstone waste form assumes, as
discussed In Sect. 3.1.3.5, that: 1) all monoliths and vaults in the facility arc fractured,
2) fracture occur every 3 tn. 3) all fractures open simultaneously, 4) the fractures are
assumed to open at closure of the facility, when remediation of cracks will no longer be
routine, 5) Uranspo is assumed to be diffusive (constant diffusion coefficient) out of the
intact sWltaoc matrix and into the fracture where transport Is assumed to be dominated
by advectlon (Le., the fracture case results are independent of the hydraulic conductivity
of the saltstone), 6) the clay is assuned to sit immediately on top of the saltatone, and
7) the base of the saltatone 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
saltatone, for the vault is conservatively neglected as a barrier to transport. Thus, this
case addresses flow and transport through the fractured wdtstone. 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 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 saltstonc matrix would then control the concentration in the
fracture. Therefore, 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 epoxy 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.

Detai of the various submodels that were used to adapt a model for flow and
tranport in fracture to which semi-analytical solution techniques could be applied, are
provided in Appendix A.1.3. Some of the critical assumptions, however, are noted here
since they are fundamental to the conceptual approach and the resulting analytical
model One of the primary underlying assumptions 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 assumption of saturated flow
is assumed to be reasonable. These assumptions are discussed in more detail in
Appendix .L1-3.

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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AA.13 Flow and Mass Transpot Through Fiuctmrmd Vaults

A suite of semi-aalytical and analytical models were used to model flow and
transport through the degraded vault and waste form. The degadation scenario is
defined in Sect. 3.1.3.5. Th c Moceptual models and assumptions for flow and transport
for the degraded scenario were briefly discussed in Sect. 3.3.1.2 and 3.4.12. This section
includes a description of the submodels comprising the conceptuilizatlon of the
degradation scenario, the two solutions used to analyze these submodcls, and discussiow
of the assumptions and limitations inherent in these models.

As is the case with most analytical models, simplified representations of the system
are ecessary to fit within the limitations (boundary conditions, etc.) of the mathematical
models. ThIse simplified reprcsntations are intended to err on the side of conservatism
In several areas. This conscrvatism yields models that overpredict flow and transport
rates, providing bounding estimates of release out of the disposal faclity. Given the
number of uncertainties simply involved in defining the degraded condition of the vault
(delradatioa rates; size, frequency,, and alignment of frazturcs etr4 this approach is
deemed appropriate. The intent is to provide a bounding estimate of performance to
provide reasonable assurance that fractures in the saltstone will not cause the releases
to emceed 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 ease of use enables numerous runs
to be made in Leos than the time it would tak. to make a single run with a large
numerical modeL Sensitivity analyses can easily be conducted that test combinations of
inputs to Identify critical parameters and ranges of critical values. The ability to make
numeous rum 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. Scnastivity analyses are discussed in Sect. 4.2.

Two semi-nalytical model used to address fracture nlow and transport ame discussed
in the following sections. The first section discusses the model used to estimate the
effective flow rate through the fractured saltstonc as a function of the height of perched
water above the vault, hydraulc conductivity of the clay in the cla/grvel drainage layer
above the vault, and fIacture The second section discusses the model
used to estimate the release rate from the vault given the firactur flow rate estimated
in the previous solution and initial irventory, distribution coefficients, and diffusion
coefficients in the intact saltstone matrix.

Flow and transport through fractures in the sltstore is modeled as if the vault does
not caist around the saltstonea Degradation calculations have shown that the majority
of changes due to chemical attack and rebar corrosion will be to the vault surrounding
the saltstone. Thus, for conservatism, It is assumed that the day in the clay/gravel
drainage layer is placed on top of the saltstone and the base of the saltstonc is in direct
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contact with the backfill with no credit for any attenuation that may occur = water
passcs through the vault. The simulations only address flow and transport through
fractures in the saltstone.

The first step in the process outlined in Sect. 3.4.1.2 (Demonstrate presence of
perched water on vault roof) was accomplished in the intact vault near-field calculations
(Appendix A..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
neceuary input for the following flow and transport simulatiom.

AL3.1 Detcainatioa of Flow Rat• MTm Fmaturcs in Sablsne

One approach to determining the permeability of cracked concrete is to use an
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 vaulL This is due to the relatively large permeablty 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 salttone reflects the physical properties of the soil and characteristics
of the cracks in the salttone, while being independent of the hydraulic conductivity of
the intact saltatone matrix. The approach adopted for this assessient accounts for the
effects of the material around the vault and entrance and exit head losses. A brief
summary of the approach is provided below with further details regarding the approach
in Walton and Seitz (1991, pp. 5-4 to 5-6).

For the case of steady-state saturated flow through a crack, a simplified case of an
analytical model by Yates (19") can be applied. Figure A.1-12 is a comparison of the
modeled system with the more realistic condition of the degraded vault. The backfill
refers to the day layer above the vault in this figure. The bask assumptions governing
the simplified representation arm: 1) steady-state saturated flow, 2) constant bead at the
top of the perched water and at the ntrancc to the crack; 3) head losses through the
crack and at the crack exit am small compared to head losses at the entrance (if the
additional laies are considered, the flow rate would be slightly 1e); 4) symmetry
boundaries apply at the center of the crack and half the distance between cracks- and
5) the cracks in different pours are open .and directly aligned.

Inputs required for the modiflied analytical model are: ) the distance between the
cracks, 2) the crack half-width (one4udf of the aperture); and 3) the depth of perched
water (distance to 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.e, saturated flow rate) can be approximated by
multiplying the result from the semianalytic model by the saturated hydraulic conductivity
of the clay In the claylgravel drainage layer (see Sect. A.1.2) above the vault (assuming
a unit gradient through the backfill).
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Fig. A.1-12. Comparison of more realistic system and modeled representation of flow
rate through backfill (clay in this case) and fractured vault.
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After normalizing variables and applying the appropriate simplifications (ie,
bomogeneous soig, equally-spaced fracfuis) to Yate's solution, the dImcnsionless flow
rate, 3, is calculated using

-zo

X- [ 4(q V-) -zl

where

xO

00

V L,(2PI, +2p~jp~j)v cosh[ E] 'P

7 - the half-width of the crack,
z. - the depth of perched water, and
x. . half the distance between the fracture center lines.

The coefficients for V. are defined as follows:

2 2
- tanh[c1 x 0 1]

2Z..

P, 2pj (I4'P~j) + 2p2j (1 p~j)

Flow through fractured concrete vaults and salistone 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) based on the values in Table A.1-4 was 780 cm/year
(dary 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 aL 1983) finite difference
code have demonstrated excellent agreemet (Walton and Seitz 1991).
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Tabke A.1- Input vahle ammed fx fnow caulabonts

Parameter Assumed Value

Crack width O.005 cm'

Czack spacing 300 cm'

Depth of perched

Water on roof 61 cmh

Saturated hydraulic

Conductivity of clay 0.24 cm/yea?

a Sect. 3.1.3.5
b Appendix A.1.2
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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
around the saltstone and the assumption of aligned fractures In the different layers of
saltstone is likely to result in inflated flow rate. Reduced flow would be expected in the
case where fractures are not aligned. Flow rates will also be reduced if cracks in lower
pours of saltatone are filled by a subsequent pour. Although flow rates are the greatest
source of uncertainty in these degraded vault calculations, it is assumed that neglecting
the vault and considering open, aligned fractures in the saltstone represents an upper
bound of the flow rate through fracturs.

A.3..3 Determination of Release Rate frho Vault

A number of semi-analytical models have been developed for transport through
fra ed porous media. Of available methods, the solution of Rasmuson and Ncretniks
(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 gmeralize the results from the analysis. Note that their published model
cstimates 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 kached from (rather than into) a fractured
porou medium.

The saltstone is envisioned 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 more permeable than fie adjacent saltstone matrix, all fow i
assumed to ocu-thrmugh the fracture Thus, this solution Is sko independent of the
hydraulic conductivity of the intact salt•tone matrx. Contributions from the intact
Watitone are considered in the intact modeling (Appendix A.1.2).

This assessment is limited to the case of no disprsion 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
toruu network, with a significant, but unknown, amount of dlspersion 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 fractured
vault.
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The analytical solution used for this assmssment is, with slight modification, (Le., by
ignoring dispersion) from Rasmuson and Neretnieck (1981).

(sinh2 + sln2l))

cosh2.l - €02l.

If C>0 then,

=--•c - 1 Y) [exp - ]

y + (-8H,) sin (CA) 8H2) -J-
2;2 Xf

If C<O then,

act-- -exp (-• )

where the solution depends upon these dimensionless variables that follow-.

C (2D.O)gr. - dimensionless contact time,
a C.,, = dimcusionlea concentration,
p 4 Xqt - dimensionleu radioactive decay, and
6 - (yz)/(mUý - bed ength parameter.

The above variables are derived in turn from these variables

0 - t-z/Ut
C( - concentration in fractures,
a = volumetric distribution cocfficient (moisture content * retardation factor),
I, - decay rate - In 2 02'a,
r. - effective radius of spherical biock: (= 0.5 S for cubic blocks and 1.5 S for

slabs),
S - fracture spacinm
U - vocity in frWatures,
.D. =apparent diffusion cocfficient,
z - thickness of vault,
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z. = total distance along fracture from top or upgradient portion of vault,
- fracture porosity,

4-. - matrix porosity,
m
y - (3Da)/ro, and
t - time.

Values for the independent variables are listed in Table A-1-5. The velocity in'the
fracture, U6 was predicted using the approach discussed in Appendix A. 13.2. The crack
spacing, S, is discussed in Sect. 3.1-35. The apparent diffusion coefficient, D., is simply
the effective diffusion coefficient from Sect. 2.4 (5 x 10- cn2/s) divided by the radio-
nuwlide-specific retardation coefficient for saltstone. The porosity values for the fracture
and saltstone, 40 and 4o., 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-infinite 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 due
to variation in aperture, sensitivity analyses addressing changes in crack width can be
uwed 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
(Appendix A-1.2) to the releases predicted from this anali

A2 GROUNDWATER FLOW AND MASS IRANSPORT MODEL AND
SIMULATIONS

This section of Appendix A provides details o( the conceptual model adopted for
simulating Glow and mass transport through the saturated hydrologic zoes beneath the
Z-Area SDF (Sect. Al21), and details related to simulation of'the model using the
PORFLOW-3D computer code (Sect. A.2)-

A.2l Cnceptual Saturated Flow and Trnspor Model

Based on the piezometric data at Z-Area (Sect. 2-1.7), it is apparent that the
groundwater flow field is highly variable within and among the hydrologic units in the
vicinity of Z-Area. A three-dimensioaal representation of the groundwater flow system
was chosen to allow the divergent lateral flow to be simulated (Fig. A2-1).

Rev. 0.



APPROVED for Release for
Unlimited (Release to Public)

NUREG/CR-5542
EGG-2597
RW, CC

Models for Estimation of
Service Life of Concrete Barriers
in Low-Level Radioactive
Waste Disposal

Manuscript Completed: July 1990
Date Published: September 1990

Prepared by
J. C. Walton, L E. Plansky, R. W. Smith

Idaho National Engineering Laboratory
Managed by the U.S. Department of Energy

EG&G Idaho, Inc.
P.O. Box 1625
Idaho Falls, ID 83415

Prepared for
Division of Engineering
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555
NRC FIN A6858



Abstract

Concrete barriers will be used as intimate parts of systems
for isolation of low-level radioactive wastes subsequent to
disposal. This workreviews mathematical models for estimating
the degradation rate of concrete in typical service environments.
Tf-emodels conisidcred. cover sulfiat t1. aitack•; .rein forcement
corrosion, calcium hydroxide, ,leiaching, c arbonation,
frech~lhan, dand cracking. Additionally, fluid flow, mass
transport, and geochemical properties of concrete are briefly
reviewed. Example calculations included illustrate the types of
predictions expected of the models.

FIN No. A6858 - Performance of Concrete Barriers in
Low-Level Waste Disposal

()C

9
Aiii



RESPONSE TO RAI COMMENT 40
ROADMAP TO REFERENCES

REFERENCED DOCUMENT *EXCERPT LOCATION REMARK
Dicke 1992 Entire document enclosed following

response
MMES 1992 (Saltstone PA 1992) Excerpts enclosed following response. Sections 3.2.3.5, 3.3.1.2, A. 1.3 and

Appendix B.3.

*Excerpt Locations:
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 following the response.
4. Other

APPROVED for Release for
Unlimited (Release to Public)

7/15/2005



i 4 'e116 ?"PA.~

APPROVED for Release for
Unlimited (Release to Public)

6/23/2005

WSRC-RP-92-30W (--

RADIOLOGICAL
PERFORMANCE ASSESSMENT FOR THE Z-AREA

SALATONE DISPOSAL FACILITY (U)

Prepared for the
WESTINGHOUSE SAVANNAH RIVER COMPANY

Aiken, South Carolina

by

MARTIN MARIE1rA ENERGY SYSTEMS, INC.
EG&G IDAHO, INC.

WESTINGHOUSE HANFORD COMPANY
WESTINGHOUSE SAVANNAH RIVER COMPANY

December 18, 1992

Rev. 0



is

3-18 WSRC-RP-92-1360

A set of parametric simulations were performed to assm the effective permeability
as a function of crack width and fraction for the degraded vault and saltatonc
(Sect. 42.14 The crack fraction is the total portion of the vault and saltstone whch
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 slz=s. Note that if the cracks become filled with porous material, the
permeability will be much lower than open cracks.

3.1.3.5 Summary of Degradation Scenarios

The discussions above address mechanisms of degradation that may alter the
integrity of the cover system, and the permeability of the saltstone monoliths and vaults,
but the timing and etent 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-rnchanical stresses, which is beynd the scope of this analysis. For simplicity,
vault cracking was idealized as follows.

" cracks that fully penetrate the vault and saltstone develop at closure,
e the cracks are vertical,
* the crack spacing is 3 m, and
" average crack aperture is .005 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 fuly-penetrating
cracks has not been established, and 2) the new design incorporates measures to
minimize cracking.

The importance of the c€ver 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 Oeriod-
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 likely be bounded by these two
cases. Initially, (soon after loss of institutional control), the cover will be non-degraded.
Erosion is conscrvatively 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.
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In summary, four facility degradation scenarios were addressed in this analysis and
are listed below.

1) The Intact scenario, where all systems (Le, cover, vaults, and saltstone) were
amm d nondegraded.

2) The degraded cover scenario, where all systems except the upper moisture
barrier were assumed to remain intact.

3) The degraded vault/atutone scenario, where all systems except the vaults and
saftstone were assumed to remain intact

4) The degraded vault/ultstone and cover scenario, where all systems except the
clay and gravel drain in contact with the vaults were assumed to be degraded.

These sceamrios were shown schematically in Fig. 3.1-2.

3.1A Non-Radkoacive Constituents

The non-radioactive constituents of the feed have been described in a previous
section (SOCt. 2.3.12). As stated previously, excluding water, the most abundant chemical
components in the feed solution are NaNO3, NaNO2 , and NaOI. Lesser amounts of
Na2CO3. NaAJ(OH) 4. Na2SO4. and trace-level compounds (silver, mercury, chromium)
are also eTected to be in the solution.

In considering the elements and compounds that comprise 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 (TC S). 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
4 5 mg/L (or 10 mg/L as N) are unacceptable, according to US.EPA DWS (40 CFR 141),
which the State of South Carolina presently plans to use to evaluate groundwater
protection compliance at disposal sites. A separate standard for nitrite does not eaist,
and the nitrate and nitrite concentrations (as nitrogen) were assumed to be additive, with
respect to evaluation of compliance.

Leaching studies 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 50FL The
ANS 16.1 leach procedure was used on the block to determine the leachability of
contaminants. Nitrate, nitrite and sulfate leach rates for these large blocks agreed well
with leaching tests on smaller samples. Chromium concentrations were low and only
observed 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



A -4

3-59 WSRC-RP-92- 1360

Numerical simulation requires, for practical reasons, averaging of spatial properties.
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 relies heavily on
such avertging. The subsurface Is treated as if it consists of five material types: 1) the
backfill or native soil; 2) clay, 3) raVe; 4) concrete; and 5) the saltitone waste fotm.
Each of these materials are treated as if they are homogeneous and isotropic.

Hydraulic properties for each material type are assumed to be adequately described
by the following hydraulic parameters: saturated hydraulic conductivity, effective
porosity, and moisture characteristic curve. The moisture characteristic curve describcs
the nonlinear relationship between the matrix potential or pressure head, the moisture
content, and the hydraulic cnductivity. Details and references for the data and
expressions used to quantify the hydraulic properties for each material type in the near-
field model are provided in Appendix A.I.1. A summnary of hydraulic properties assumed
is provided in Table 3.3-1.

In addition to hydraulic properties, assumptions to allow quantification of mass
transport am necessary in the near-field model Specifically, contaminant-specific
sorption coefficients, diffusion coefficients, and radioactive decay constants are required.
Disperalties, 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.121. 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.

> 3.3.1.2 D.eraded Vault and Saltstone

Two scenarios were addressed for vaults and monoliths assumed to be degraded (Le.,
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 backf llsoil and the clay
layer on top of the vault root 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
saltswne 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 also 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.
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The conceptual model of a degraded vault and saltstone waste form assumes, at
disussed In Sect. 3.1.3.5, that- 1) all monoliths and vaults in the facility are fractured,
2) fracturer occur every 3 m, 3) all fractures open simultaneoasly, 4) the fractures are
assumcd to open at closure of the facility, when rcmedlation of cracks will no longer be
routine, 5) tramport is assumed to be diffusive (constant diffusion coefficient) 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) the base of the saltatone 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
salttone, for the vault is conservatively neglected as a barrier to traspor Thus, this
case addresses flow and tramport 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
beneath the vaults.

This simplified model is considered to be a bounding case on release from fractured
vaults 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 salitstone matrix would then control the concentration in the
fracture. "therefore, 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 epoxy 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.

Detaffi of the various submodels that were used to adapt a model for flow and
transport in fracturm to which semi-analytical solution techniques could be applied, are
provided in Appendix A..3. Some of the critical assumptions, however, are noted here
since they are fundamental to the conceptual approach and the resulting analytical
model One of the primary underlying assumptions is that the fratures 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 A1.2.1) 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 reasonable. These assumptions are discussed in more detail in
Appendix A.1.

For the fractured ststone, effective flow rates and subsequent transport were
estimated based on the methods described in Appendix A.-.3.
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A.1.3 Flow and Man Tanport Through Fractmixd Vaults

A suite of semi-analytcal and analytical models were used to model flow and
transport through the degraded vault and waste form. The degradation scenario is
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 3.4.12.. This section
Includes a description of the submodcls comprising the cooceptulzation of the
degradation scenario, the two solutions used to analyze these submodck, and discussions
of the assumptions and limitations inherent in these models.

As is the case with most analytical models, simplified representations of the system
are necessary to fit within the limitations (boundary conditions, etc.) of the mathematical
models. Tbhse simplified representations are intended to err on the side of conservatism
In se.veral 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 uncertainties simply involved in dcfinin the degraded condition of the vault
(degradation rates size, frequenc, and alignment of fracturs; etc.), this approach is
deemed appropriate. The intent is to provide a bounding estimate of performance to
provide reasonable assurance that fractures in the saltstone 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 case of use enables 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 easily be conducted that test combinations of
inputs to identify critical parameters and ranges of critical values. The ability to make
numerow run also allows a wide range of conditions and asuimptions to be tested that
may not be possible when using a numerical code. In this regard, the 'tunnel visiona that
sometimes occurs when a limited number of run are made with a numerical model can
be mfiximi- d Sensitivity analyses are discussed in Sect. 42.

To semi-analytical models used to address fracture flow and transport are discussed
in the fMllowing sections. ITe fintr 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 characteistic. The second section discusses the model
used to estimate the release rate from the vault given the fracture flow rate estimated
in the previous solution and initial inventosy, distribution coefficients, and diffusion
coefficients in the intact saltstone matrux

Flow and transport through fractures in the salutonoe is modeled as if the vault does
not •e•st around the saltstone. Degradation calculations have shown that the majority
of changes due to chemical attack and rebar corrosion will be to the vault surrounding
the 8altstone. Thus, for conservatism, It is assumed that the day in the day/gravel
drainage layer is placed aon 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 attenuation that may occur as water
passes through the vault. The simulations only address flow and transport through
fractures in the saltstone.

The first step in the process outlined In Sect. 3.4.1.2 (Demonstrate presence of
perched water on vault roof) was accomplished in the intact vault near-ficld calculations
(Appendix A.12). 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 following flow and trasport simulations.

AL3.1 Determination of Flow Rate .uough mturc ia Samtatone

One approach to determining the permeability of cracked concrete is to use an
analogy of parallel plate* to provide an estimate. However, for the case of underground
vaults, permeability ofthe soil surrounding the vault can also have an impact on flow rate
of the vault. lhds 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 refects the physical properties of the soil and characteristics
of the awks in the sultstone, while being independent of the hydraulic conductivity of
the intact salutone matrix. The approach adopted for this asses•ment accounts for the
effects of the material around the vault and entrance and exit head losses. A brief
summary of the approach is provided below with further details regarding the approach
in Walton and Seitz (1991, pp. 5-4 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
modeled system with the more realistic condition of the degraded vault. The backfill
refers to the clay layer above the vault in this figure. The basi assumptions governing
the simplified representation are: 1) steady-state saturated flow;, 2) constant head at the
top of the perched water and at the Intrance to the crack; 3) head losses through the
crack and at the crack emt are small compared to head losses at the entrance (if the
additional losses are considered, the flow rate would be slightly les); 4) symmetry
boundaries apply at the center of the crack and half the distance between cracks; and
5) the cracks in different pours are open and directly aligned.

Inputs required for the modified analytical model are: 1) the distance between the
cracks, 2) the crack half-width (one-half of the aperture); and 3) the depth of perched
water (distance to constant head bounday). The solution provides a dimensionless flow
rate; that is, the ratio of the flow through the crack to theflow through the backfill An
estimate of the maximum flow rate (Le, saturated flow rate) can be approximated by
multiplying the result from the semianalytic model by the saturated hydraulic conductivity
of the cay In the clay/graV l drainage layer (see Sect. A.1.2) above the vault (assuming
a unit gradient through the backfill).
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After normalizing variabes and applying the appropriate simplifications (iLe,
homogeneous soil, equally4paced fractures) to Yate's solution, the dimensionless flow
rate, C3,, is calculated using

X- V-)-Z

where

Zo
go - -Z

V 1.(2p,_, +2p~p2j)n. - cosh Ej] p

V - the half-width of the crack,
z, - the depth of percbed water, and
Xo - half the dtance between the fracture center.ines.

The coefficients for V, arc defined as follows
2 2

p1., - tanh C t(X--I)]
p2 - tanh [•]

2n -1

2c.o

p0 -2p 1j (1 +1pj) +2pa (1 +. p:).

Flow through fractured concrete vaults and saltitone was predicted based on the
parameter values listed in Table A.1-4. The predicted velocity in each fracture (assuming
all flow occur through the fracture) based on the values in Table A. 1-4 was 780 cm/year
(dawcy 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 PORPLO-2D (Kline et al. 1983) finite difference
code have demonstrated emcellent agreement (Walton and Seitz 1991).
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Tab AA-4. Input valucs awmed 6wx flow cacubhow

Parameter Assumed Value

Crack width 0.0O5 cm'

Crack gpacing 300 cm'

Depth of perched

Water on roof 61 cni

Saturated hydraulic

Conductivity of clay 0.24 cm/ye6a

'Sect. 3.1.3.5
&Appendix A.1.2
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Note that the assumption of saturated flow is conservative for predicting contami-
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
simulationks suggests saturated flow is likely to occur. However, neglecting the vault
around the saltstone and the assumption of aligned factures in the different layers of
saltitone Is likly to result in inflated flow rates. Reduced flow would be expected in the
cae where fractures are not aligned. Flow rates will also be reduced if cracks in lower
pours of saltstome are filled by a subsequent pour. Although flow rates are the greatest
source of uncertainty in these degraded vault calculations, it is assumed that neglecting
the vault and coniderfin open, aligned fractures in the saltstonc represents an upper
bound of the flow rate through fractures.

A.1L3 Deofminati of Release Rate fixx Vault

A number of semi-analytical models have been developed for transport through
fractured porous media. Of available methods, the solution of Rasruson and Ncetnieks
(1981) is perhaps most appropriate for application to releame rates from massive concrete
waste forms. This solution allows a decaying source term, which is required for leaching,
and the solution is gimvn in terms of dimensionles paranetes, which can be used to
interpret and generalize the results from the analysis Note that their published model
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 fratured
porous medium.

The saltstone is envisioned as a large fractured monolith, with blocks of intact
comnvc separated by fractures. Advection dominates mass transport in the fiactures,
while diffusion controls mass trawsport laterally from the porMo matrix to the fractures.
Figure A.1-13 illMustrates this conceptual model in a schematic form. Partitioning of
compounds between solid Wnd liquid phases i also considered. The vec•ty through the
saltstone fractures. s deteraned using the methods described in Sect. A.1.3.Z Since the
crack is significantly more permeable than tie adjacent salttone matrix, l flow is
assumed to occur through the fractures Thu, this solution Is also independent of the
hydraulic conductivity of the intact salstone matrix. Contributions from the intact
saltstooe are considered In the intact modeling (Appendt A.1.2).

This assessment 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
tortuou network, with a significant, but uniknown, 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 FlowfTransport Boundary

/ /
No Flow/Transport Boundary

FiF. A.1-13. Schematic of conceptual•model of releAse from fractured
vault,
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Tie analytica solution used for this assessment i* with slight modification, (Le., by
ignoring dispersion) from Ruamuson and Ncretnieka (1981).

O. (A) .( (s -nh 2 . * si n2 l) ) - 1t
cosah2A - cos2).

Hinh2X + 8in2l)H2 (A) - (cosh2l. - Cos2XL

If > tben,

a Cr.=..c~c . z Y) [exp {1P)]I
C.:

-+ exp (-8H,) sin (CII 6H2 n)
2 fJ

If C<O then,

ace - exp (-p)Ct.

where the solution depends upon these dimensionless variables that follow-

(2D.O)/r.2 - dmensionless contact time,
aCIAC, - dimensionless concentration,
p - t - aimisiones radiactive decay, and
6- (-fz)(mUa - bad length parameter.

The above variables are derived in turn from these variables

o - t-z/UO'
q - concentration in fractures,
a - volumetric distribution coefficient (moisture content retardation factor),
• - decay rate - In 2/tla,
ro - effective radius of spherical blocks (=0.5 S for cubic blocks and 1.5 S for=Jab,).
S - fracture spacing
Ut - velocity in fractures,
D, - apparent diffusion coefficient,
z - thkknessofvauk,
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z. - total distance along fracture from top or upgradient portion of vault,
- fracture porosity,
- matrix porosity,

m
(3D13)/r. 2, and

t =time

Values for the independent variables arc listed in Table A-1-5. The velocity in the
fracture, Ub was predicted using the approach discussed in Appendix A.1.3.2 The crack
spacing, S, is discussed in Sect. 3.13-5. The apparent diffusion coeTficit, D., is simply
the effective diffusion coefficient from Sect. 2.4 (5 x 10"' cm2/s)' divided by the radio-
nuclide-specific retardation coefficient for salistore. The porosity values for the fracture
and saltstone, 4C and 4,,, 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-infinite 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 due
to variation in aperture, sensitivity analy•es addre ing 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 concentratiom, 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
(Appendix A-1.2) to the releases predicted from this analysis.

A.2 GROUNDWATER FLOW AND MASS TRANSPORT MODEL AND
SIMULATIONS

This section of Appendix A provides details of the conceptual model adopted for
simulating 0low and mass transport through the saturated hydrologic zones beneath the
Z-Area SDF (Scot. A.2.1), and details related to simulation of'the model using the
PORFLOW-3D computer code (Sect. A.22).

A2-1 Concqptu Saturated Flow and Tranxpact Model

Based on the piezometric data at Z-Area (Sect. 2.1.7) it is apparent that the
groundwater flow field 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).
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Qutot OQtion: The MNITEQ code outputs the following-

9 lEcho of the data file Input
* progres of the Newton-Raphson iterations
* full speciation of the input water composition
o charge balance and ionic strength for the aqueous composition
e saturation state of the water with respect to minerals in the data base

Thm user can also specify that the thermodynamic data base be printed. Debugging
printing options are supported.

B.3 VAULT DEGRADATION C)MPUTER CODE

L Code Description - Concrete Dcgrdlation and Steel Reinfoeinent Corrnoskm

Purpoe 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 processe modeled include:
(1 concrete attack by sulfate and magnesium, 2) concrete leaching (both concrete and
geologically controlled), 3) carbonation, and 4) rebar corrosion.

Development History The current model consists of analytical solutions for
concrete degradation processes. These solutions were selected as the best available
means of predicting long-term concrete barrier performance.

Code Attnrbutes: The code is written in Mathematica 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 predict 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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Computer Requirements The code was developed on an Apple Macintosh llcx and
has also been run using a NEXT workstatiot. The code will run on any workstation,
mainframe or PC that runs Mathematica. The degradation code will run on any system
running the Mathematica software package. The Macintosh verion 1.2.2 recommends
a minimum of 4 megabytes of RAM.

Retriction: The code has been developed in the Mathematica software package
and is therefore restricted by the purchase of the software.

IL Code Seleckx Basi

Genera Critiue: 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 assessment 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 (tern of years) than is needed for performance
assessments (thousands of years).

Code Verification: The Mathematica version of the code has been verified against
the results of Walton et al. 1990.

odeBenchmarlng The code is made up of analytical solutions, therefore the
benchmarking process does not apply.

Cde Validation: The code is made up of analytical solutions, therefore the

validation process does not apply.

fIL Thborctical Fawwwok

Governing Eguation and Assumotions:

Sulfate and Magmesium Attack. 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
(C3A) and portlandite [Ca(OH)2 j 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

Gypsum
Ca(OH) 2 + S0 4

2
- + 2H2O > CaSO4 2H20 + 20H'

Monosulphoaluminatc:
3CaO- A1203 -620O + CaSO, + 614 ==> 3CaO- A120,(CaSO4) 12H20

Ettringite:
3CaO • AI20 3(CaSO4)• 121120 + 2CaSO4 + 20H20 = => 3CaO - A120 3 3(CaSO.)
-32H120

An example of a reaction between cement paste and magnesium sulfate is

Brucite:
3CaO 2SiO2 + 3MgSO 4 • 7H20 = => 3CaSO 4 • 2H20 + 3Mg(OH) 2 + 2SiO 2 +

2H2(

The low solubility of Mg(OH)2 causes the reaction to proceed to completion, making the
attack more severe.

The depth of sulfate and magnesium attack is described by the equation

x = 0.55 C. (Mg•2+ +SO4')t

where

x = depth of deterioration (cm),
C. = weight percent of C3A in non-hydrated cement,
Mg2 = concentration of magnesium in the bulk solution (mol/L),
S,0,2" = concentration of sulfate in the bulk solution (mol/L), and
t = time (years).

Assumption: The rate of attack is proportional to sulfate and magnesium concentration
in the solution and CA 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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Concrete-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 tint components to be leached followed by calcium
hydroxide. The leaching of calcium hydroxide from the cement is described by

Ca(OH)1 =-> Ca2÷ + 20H"

The equation that descrnbes, concrete controlled leaching is

x -- [2D1 {(Cl- )/C,}q

where

x = depth of leaching (cm),
A, = intrinsic diffusion coefficient of Ca2 + in concrete solid (mol/cm3),
q - concentration of Ca2' in concrete pore water (mol/cm3),
CAW - concentration of Ca2+ in the groundwater or soil moisture (moi/cm3),
C. = bulk concentration of Ca2' in the concrete solid (mol/cm3), and
t - time(s).

Assumptions: The rate of calcium removal from the exterior of the concrete is assumed
to be rapid relative to the movement of calcium ions through the concrete.
Therefore, diffusion controls the transport rate of the calcium.

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.

Ocoloav-Controlled Leaching of Calcium Hydroxide. Geology-controlled leaching
occurs as a result of the diffusion being controlled by the geologic material surrounding
the concrete. The resulting equation is

x = 2 phi [(C, - c Q I C[i ((Rd DE t) / pi'V 2

where

x = depth of leaching (cm),
phi = porosity of the geologic material (cm3 voids/cm 3 total),
qt - concentration of Ca2+ in concrete pore water (mol/cm3 ),
C•. - concentration of Ca2* in the groundwater or soil moisture (molcm3),
Cb = concentration of Ca2' in the bulk concrete (solid+pore) (mollcm3),
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R4 = retardation factor for CO2 in the geologic material,

DE - effective dispersivity/diffuivity of Ca2÷ in geologic material (cr 2ls), and
t = time(s).

Assumptions: Diffusion into the surrounding geologic material controls leaching.
Leaching is highest in low calcium concentration environments.

Limitations: Parameters for geologic material are needed (R& DE, phi).

oncrete Carbonation. Carbonation is typically thought of as the reaction between
calcium hydroxide and carbon dioxide as represented by

Ca(OH)2 + C02 ==> CaCO3 + H20

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 CO2 in the
ambient medium. If diffUsion in the concrete is too slow, an equilibrium is reached
where the diffusion of CO2 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) 2 + C012 => CaCOI + 20H-

The relationship between carbonation depth and groundwater concentration,
portlandite in the concrete, and intrinsic diffusion coefficient of calcium is:

x - [2D), (c,./c. t]b

where

x = depth of carbonation (cm),
Di = intrinsic diffusion coefficent of Ca2 in concrete (cm2/s),
CE, - concentration of total inorganic carbon in the groundwater (mol/cm 3),
C. =bulk concentration of Ca(OH) 2 in the concrete solid (mol/cm3 ), and
t - time (S).

Assumptions: Concrete is saturated with water.
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Limitations: 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 orrxosion/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 pass oxide layer may undergo attack by corrosive agents as the concrete
deteriorates. Historically, 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 breakup of the passive layer
and initiation of corrosion and (b) corrosion rate subsequent to breakup of the passive
layer. An empirical correlation for the time to passive layer breakup is

(129 ;2-2/(WCR (?4)

where

t time to onset of corrosion (years),
TI = thickness of concrete over the rebar (in.),
WCR - water to cement ration (by mass), and
Ca = 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 qxygen diffusion. The percent of reinforcement remaining at any time is given
by

% remaining = 100[(409.4 sDCt)/(pi d2 delta x)J
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where

s - spacing between reinforcement bars (cm),
DI - intrinic diffusion coefficient of O2 in concrete (cm 2/s),
C,,, - concentration of oxygen in the groundwater (moVcmn "
delta X = depth of reinforcement below surface (cm), and
t - time(s).

Assumptions:. The corrosion rate is limited by oxygen diffusion.

Limitations: Applicable only if oxygen diffusion controls corrosion.

Initial Conditions: Not applicable.

Numerical Techniques: Not applicable.

IV. Code In 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 Mathemnatica
and the file is evaluated as needed.

Q atput Qptions; Output can be in the form of numeric values, tables, two- or
three-dnensional plots, and contour plots. Mathematica allows many forms of output
to be displayed within the package and exported for use in other graphics packages.

1L4 SATURATED/UNSATURATED FLOW AND TRANSPORT CODE

L eneal Code Descziption

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, vault stnrcture, and salttone waste formn The
code was then used to model the release of contaminants from the waste form, migration
through the vault structure, surrounding sods and underlying formations. The simulation
results generated by the PORFLOW-3D code were then post-processed to obtain
predictions of

" water pathlines and travel times to the aquifer,
" contaminant plume distributions in the vadose zone,
* contaminant fluxes to the aquifer, and
e contaminant plume distributions in the aquifer's saturated zone.
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Concrete Degradation Notebook

The following information was taken from "Properties of Concrete" (3rd edition), A.
M. Neville, 1981, J. Wiley and Sons, Inc., NY, 779 p.

APPROXIMATE COMPOSITION LIMITS OF PORTLAND CEMENT

Species %
CaO 60-67
S102 17-25
A1203 3-8
Fe303 ' 0.5-6
MgO 0.1-4
Alkalis 0.2-1.3
S03 1-3

Typical %
63
20
6
3:
1.5
2
2

MgO, T102, Mn203, K20 and Na2O are minor compounds and usually amount to
no more than a few percent of cement by weight. The term alkalis refers to Na2O
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 concern in this task because
C3A is the only compound needed.

MAIN COMPOUNDS OF
Tricalcium Silicate
Dicalcium Silicate
Tricalcium Aluminate
Tetracalcium Aluminoferrt

PORTLAND CEMENT
3CaO SiO2
3 CaO Si02

3 CaO A1203
te 4CaO A1203 Fe203

C3S
C2S

C3A
C4AF

BOGUE'S EQUATION

C3S = 4.07(CaO) - 7.60(S!02) - 6.72(AI203) - 1.43(Fe203) - 2.85(SO3)
C2S = 2.87(SiO2) - 0.754(C3S)
C3A = 2.65(AI203) .1.69(Fe203)
C4AF = 3.04(Fe203)
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Calculatebi Composition from Bogue's Equation Based on Typical Cement
Composition
C3S = 54.1 C2S = 16.6 C3A = 10.8 C4AF = 9.1

cao = 63; sio2 = 20; a12o3 = 6; fe2o3 = 3; mgo = 1.5; alk = 1; so3 = 2

c3s = 4.07(cao) - 7.60(sio2) - 6.72(al2o3) - 1.43(fe2o3) - 2.85(so3)
c2s = 2.87(sio2) - 0.754(c3s)
c3a = 2.65(al2o3) - 1.69(fe2o3)
c4af = 3.04(fe2o3)

Type II Concrete has the following compound percentages
Free

C3S C2S C3A C4AF CaSO4 CaO
MgO
Maximum 55 39 8 16 3.4 1.8
4.4
Minimum 37 19 4 6 2.1 0.1
1.5
Mean 46 21 6 12 2.8 0.6
3.0

The cement used will be Type II 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 ppm TDS. These specifications are listed in the Furnishing 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,
B, C, ...) 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+-Q.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 < 1J0A-7 crT/sec, and a distibution
coefficient for soluble anions (nitrate, chloride, iodine, etc) of < 1 0^-8 cmA2/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/Ubrary/MathPackages'graphics"']

vcms = 0.55 (*constant for mg/so4 attack equation [(cm/yr)/(M)] )
wtca = 8 (*weight percent C3A in cement [unitless] *)
mgson = 5.75 10^-6 (*sum of minimum mg/so4 in groundwater [mole/L or MJ')
mgsod = 1.50 10A-4 (*sum of median mg/so4 In groundwater [mole/L or M] *)
mgsox = 9.26 10A-4 (*sum of maximum mg/so4 in groundwater [mole/L or M] )

vcin = 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]*)
wcr = 0.43 ('water to cement ratio [kg/kg] *)
clgwn = 1.41 10A-5 ('minimum chloride concentration in groundwater [mole/L or M]*)
clgwd = 5.08 1OA.5 (*median chloride concentration in groundwater [mole/L or MI])
clgwx = 1.49 1OA.-4 ('maximum chloride concentration In groundwater [mole/L or M]*)

vcpr = 37.6 (* constant for % rebar remaining equation [37.6 cmA3/molej*)
sr = 30.5 (*rebar spacing in concrete [cm]*)
diox =1 10A-7 (*intrinsic diffusion coefficient for oxygen in concrete [cmA2/sec]*)
dion = 2 10A-6 (*intrinsic diffusion coefficient for oxygen in concrete [cmA2/sec]*)
ogw = 3.125 10A-4 (* oxygen concentration in groundwater [mole/L or MI])
dr = 2.54 (*rebar diameter [cm]i)

capw = 2.7 10A3 ('calcium concentration in concrete pore water [mole/L or MI *),
cagwn = 2.75 10A-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 concentrationlIn bulk concrete solid [mole/L]')
dica= 10A06 (*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 [mI/cmA3] )
decan = 1 10A-6 ('minimum effective dispersivity/diffusivity of Ca in geo. mat. [cmA2
decax = 3 10^-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 10-3 (*maximum total Inorganic carbon in groundwater [mole/L or M]')
chbcn = 0.72 (*minimum bulk concentration of Ca(OH)2 in concrete [mole/L or M]'
chbcx = 2.25 ('maximum bulk concentration of Ca(OH)2 In concrete [mole/L or M]

vcmi = 0.3937 (*converts cm to inches [0.3937 Inch/cm]')
vclc = 0.001 (*converts mole/L or M to mole/cmA3 [0.001 LIJcmA3])
vcfm = 35453 ('converts Cl from moles/L or M to ppm [35453 ppm/M]')
vcsy =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 comers after 5 years in 0.19 M Na2SO4 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 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 S04 concentrations (M) is provided
below. Concentrations were added after conversion from mg/L to moles/L for each
available samole. 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 composition. 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 passed 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 (2.81 E-6 to
1.56E-04 mole/Liter) with a mean and median of 3.66 and 2 ppm (3.81 E-5 and
2.08E-5 mole/liter), respectively. The sums of Mg and S04 range from 0.57 to
18.5 ppm (1.51 E-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
1.51 E-5 mole/Liter MgSO4

The cement specified by the Technical Specifications for Furnishing and Delivery
of Concrete for the Defense Processing Facility is Portland Cement conforming to
ASTM C 150, Type I0. This specifies that C3A be at or below 8%. This value will be
used in the calculations to follow.

8 % tricalcium aluminate (* Worse case scenario)
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Idmsn = vcms wtca mgson t
Idmsd = vcrns wtca mgsod t
Idmsx = vcms wtca mgsox t

tt = 1^Ottt

Plot3D[vcms wtca mgso tt,fttt,2,4),{mgso,mgsonmgsox),
Ticks->{LogScale[2,4,3],Automatic,Automatic),
Lighting->FalseShading->False, Epilog->

{Text[ColumnForm[("Time","(yrs)" )],(0.25,0.03)],
Text[CoiumnFo rm[{"S04+Mg",""j],(0.93,0.21 II,
Text[ColumnForm[{"Loss","(cm)"}),{0.01,0.60}]},
PlotRange->AIIl

,os s

20 0 0 0 •.o8

Time
(yrs) 10
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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 model 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 agents 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 corrosion 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 concentrations of CI 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 floor 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 soil/groundwater 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 vcm)A^1.22) / (wcr (vcfm clgwn)AO.42)

935.084

clinwd = (vcin (corw vcmi)^1.22) / (wcr (vcfm clgwd)AO.42)

545.833

cllnwx = (vcin (corw vcmi)A1.22) / (wcr (vcfm clgwx)AO.42)

347.364

clincfn = (vcin (corf vcmi)A.22) / (wcr (vcfm clgwn)AO.42)

1533.49

clincfd = (vcin (corf vcml)AI.22) (wcr (vcfm clgwd)AO.42)

895.14

clIncfx = (vcin (corf vcmQA1.22)/ (wcr (vcfm clgwx)AO.42)

569.66

clinwn = (vcin (corw vcmi)A1.22) / (wcr (vcfm clgwn)AO.42)

935.084

clinwd = (vcln (corw vcmi)A1.22) / (wcr (vcfm clgwd)AO.42)
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545.833

clinwx = (vcin (corw vcmi)A1.22) / (wcr (vcfm clgwx)AO.42)

347.364

clincfn = (vcin (corf vcmi)A1.22) / (wcr (vcfm clgwn)AO.42)

1533.49

clincfd = (vcln (corf vcmi)A1.22) / (wcr (vcfm clgwd)AO.42)

895.14

clincfx = (vcin (corf vcmi)A1.22) / (wcr (vcfm clgwx)AO.42)

569.66

clgw=.
wcr=.
clinw = (vcin (corw vcmi)A1.22) I (wcr (vcfm clgw)A0.42)

pItId8 = Plot3D [{clinw, GrayLevel [0.8]), {wcr,.4,.5),
{clgw,clgwn,clgwxl,
AxesLabel->{ColumnForm[{" Water/Cement")],
ColumnForm[(" ClIn ", I" groundwater")],
ColumnForm[{" Time to "," Onset of"," Corrosion "}] }]
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Onset of 8 0 0 " 0 0,0001g
CorrosionG0 0

4003 0.0001
0.4, * Cl i n

0.42 groundwater
• 0.44 0 .00005

Waer!Cement 0.4

0.48

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 concrete used in these
calculations is 2E-8 cmA2/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/Uter (4 to 10.1 ppm) with a mean and
median value of 2.41 E-4 and 2.47E-4 moles/Uter (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/jter (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 concentrations 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 #9. 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 vcsy ogw vclc t)/(PI drA2 corw)))
peremwn= 100*(1-((vcpr sr dion vcsy ogw vclc t)/(PI drA2 corw)))
peremfx=100*(1-((vcpr sr diox vcsy ogw vclc t)/(PI drA2 corf)))
peremfn=100*(1-((vcpr sr dion vcsy ogw vclc t)/(PI drA2 corf)))
peremcx=100*(1-((vcpr sr diox vcsy ogw vclc t)/(Pi drA2 corc)))
peremcn=100*(1-((vcpr sr dion vcsy ogw vclc t)I(Pi drA2 corc)))

prpltl = Plot[{perernwx,peremwn}, (t,tmin,tmax}, PlotStyle->{(RGBColor[1,0,0]),(RGBCoh
PlotRange->{0,100})Axes->{0,99.4},AxesLabel->{ColumnForm[{" Time"," (yrs)")],
ColumnForm[{" Percent","Remaining"," (%)"," "}]}]

prplt2 = Plot[(peremfx,peremfn), (t,tmin,tmax}, PlotStyJe->{{RGBColor[1,0,0},({RGBColorI
PlotRange->{85,100,Axes->{0,99.4),AxesLabel->{ColumnForm[{" Time"," . (yrs)")],
ColumnForm[{" Percent","Remaining"," (%)"," "@7}o
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Clear[diox]
peremw=100*(1-((vcpr sr diox vcsy ogw vclc t)/(Pi drA2 corw)))//N
diox = IOAtmp
Clear[tt]
t= OAtt

pltld3 = Plot3D [peremw, {tt, 2, 4), {tmp, -8, -6),
Epilog->{Text[ColumnForm[("Time","(yrs)"}),{0.25,0.025)],
Text[CoiumnForm[{"Diff.","Coef.","(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->{1 00,50)]
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rebar=Table[{N[t],N[dioxj,peremw),{tt,2,4,0.1 ),{tmp,-8,-6,0.1 }I;

OpenWrite["/Projects/SR/Sept9l/rebar"]
Do[Writer'/ProJects/SR/Sept91/rebar",
FortranForm[rebar[1ij,1 ]]],OutputFormrI "1
,FortranForm[rebar[[i,j,2]]],OutputForm[" "

,Fortran Fo rm[rebar[[I,J,3]]j],{i,1 ,20), {J, 1,201}
Close["/Projects/SR/Sept91/rebar"]

/Projects/SR/Sept9l/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) pH is approximately 13 due to presence of alkali metal oxides and hydroxides
These are the first components to be leached.

2) pH Is 12.5 and Is controlled by the solid Ca(OH)2 following leaching of alkali
metals.

3) pH slowly moves to 10.5 as calcium silicate hydrate gel phases begin to
dissolve

incongruently following loss of calcium hydroxide. 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 fromWalton
et al. (1990) is 2.7E-3 moles/Uter (2.7E-6 mole/cmA3).

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/LUler (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.

APPROXIMATE COMPOSITION LIMITS OF PORTLAND CEMENT

Species % Typical %
CaO 60-67 63
S102 17-25 20
A1203 3-8 6
Fe303 0.5-6 3
MgO 0.1-4 1.5
Alkalis 0.2-1.3
S03 1-3 2

MgO, T102, Mn203, K20 and Na2O are minor compounds and usually amount to
no more than a few percent of cement by weight. The term alkalis refers to Na2O
and K20 although other alkaline metals are present.

lchdcx = (2 dica vcsy (((capw vclc)-(cagwn vclc))/(cacsn vclc)) t)AO.5

0.5 (tmp + tt)
301.216 10

Clear[dica]
t=1OAtt

dica = 1OAtMp
Ichdcx = (2 dica vcsy (((capw vclc)-(cagwn vclc))/(cacsn vclc)) t)AO.5

Plot3D [Ichdcx, {tt,2,4},{trnp,.7,-5},
Epilog->{
Text[ColumnForm[{"llme (yrs)"}j,{0.15,0.1}],
Text[ColumnForm[{f"D (sq cm/s)"}],(0.92,0.16}],
Text[ColumnForm[{"Leach","Pene.","(cm)"}],(O.3,0.65}]},
Shading->False ,PlotRange->AII,
Ticks->{LogScale[2,4,3],LogScale[-7,-5,3],Automatic)}
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ccleach=Table[{Ichdcx,N[t],N[dlca]},{tt,2,4,0.1 },{trap,-7,-5,0.1 }1;

OpenWrlte["/Projects/SRISept9l/ccleach"]
Do[Write["/ProjectslSR/Sept9l/ccleach",
FortranForm[ccleach[[iJ,1]]],OutputForm[" "]
,FortranForm[ccleach[[iJ,2]]],OutputForm[" "I
,FortranForm[ccleach[[i,j,3]]]],{l,1,20},{j,1,20)]
Close[r°/Projects/SR/Sept9l/ccleach'l

/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 b, 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]
lchdgx = 2 phix (((capw vclc)-(cagwn vclc))/((capw vclc)+(cacsn vclc)))*
(((rdx decax vcsy t)/Pi)AO.5)

Idgpltl = Plot[(Ichdgx),(t,tmin,tmax),PlotRange->{0.0001,1.5),
PlotStyle->{(RGBColor[1,0,0jf},
AxesLabel->{" Time (yr)",
ColumnForm[(" Leaching","Penetration"," (cm)',})}

Leaching
Penetration

(CM)
1.4
1.2

0.8
0.
0.4
0.2

25'00 4000 6000 860o0 1 0o6me (yr)

gcleach=Table[(Npchdgxl,N[t]),(tt,2,4,0.1)]

((0.10576, 100.), (0.118664, 125.893), (0.133144, 158.489),

(0.14939, 199.526), (0.167618, 251.189), (0.18807, 316.228),

(0.211018, 398.107), (0.236766, 501.187). (0.265656, 630.957),

(0.298071, 794.328), (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.))

OpenWriter/Projects/SRPSept9l/gcleach"]
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/Projects/SR/Sept91/gcleach

Do[Write['/ProJectis/SR/Sept91/gcleach",
FortranForm[gcleach[[i,1]]],OutputForm[" "]
,FortranForm[gcleach[[i,2]]]]
,{i,1 ,21}]J
Closer"/Projects/SR/Sept91 /gcleach"]
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/Projects/SR/Sept9l/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 calcium carbonate, but increasing water contents slow the diffusion rate of
carbon dioxide through the concrete.



4/12/92 20

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/cmA3 (dry cement)." If
a porosity of 30% is used the density is 2.135 to 2.17 g/cmA3. The upper value will
be considered to be 3.15 g/cmA3 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/ftA3) in specification document.
This equates to a density of 2.33 to 2.38 g/cmA3 for the cement. The density of
cement paste is approximately 2.35 g/cmA3. 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 Podland Cement ranges from 60 to 67% with
a typical value of 63%.

The model used in this evaluation is valid only for water saturated concrete

20
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dcarbn = (2 dlco3 vcsy ((ticgwn vclc)/(chbcx vclc)) t)AO.5
dcarbx = (2 dlco3 vcsy ((ticgwx vclc)/(chbcn vclc)) t)AO.5

crbpltl = Plot[{dcarbn,dcarbx),{t,tmin,tmax},PlotRange->{0,15.0),
PlotStyle->{(RGBColor[1,0,0]),{RGBColor[0,1,0]}},
Axes Label->{ColumnForm[{" Time"," (yrs)"J],
ColumnForm[(" Depth of',"Carbonation"," Attack"," (cm)"," "w})]

Depth of
Carbonation

Attack
(cm)

14

12
10

8

6
4
2,

-m Time

2000 4600 6000 gooo 1looofrs)

Clear[dlco3]
dico3 = 1OAtmp
t = 1OAtt

dcarbx = (2 dico3 vcsy ((ticgwx vclc)/(chbcn vclc)) t)AO.5

Plot3D [dcarbx, (ft, 2,4),(tmp,-8,-5),
AxesLabel-> Column Form[{"Time","(yrs)")],
ColumnForm[U"D (sq cmls)"}],
ColumnForm[{"Depth","(cm)"}]},Ticks->
{LogScale[2,4,3],LogScale[-8,-5,4],Automatic),Shading->False,
PlotRange->AlI ]
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carbo=Table[fdcarbx,N[tJ,N[dico3]},{tt,2,4,0.1 },(tmp,-8,-5,0.1}];

OpenWrite["/Projects/SR/Sept9l/carbo"]
Do[Writer[/ProJects/SR/Sept91/carbo',
FortranForm[carbo[[i,J,1]]],OutputFormF" "1
,FortranForm[carbo[[i,J,2]]],OutputForm[" "el
,FortranForm[carbo[[i,J,3]]],{i,1,20),{J,1,20)]
Closer'/Projects/SR/Sept91/carbo"]
"/Projects/SRISept91/carbo"

/Projects/SR/Sept91/carbo
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ABSTRACT Cementitious waste forms (CWFs) are an important component of the strategy to stabilize

high-level nuclear waste resulting from plutonium production by the U.S. Department of Energy (DOE).

Technetium (99Tc) is an abundant fission product of particular concern in CWFs because of the high

solubility and mobility of Tc(VII), pertechnetate (TcO4 ) the stable form of technetium in aerobic

environments. CWFs can more effectively immobilize 99Tc if they contain additives that reduce mobile

TcO4- to immobile Tc(IV) species. The 99Tc leach rate of reducing CWFs that contain Tc(IV) is much

lower than for CWFs that contain TcO4-. Previous X-ray absorption fine structure (XAFS) studies

showed that Tc(QV) species were oxidized to TcO 4 in reducing grout samples prepared on a laboratory

scale. Whether the oxidizer was atmospheric 02 or N0 3 i mthe waste simulant was not determined. In

actual CWFs, rapid oxidation of Tc(LV) by N0 3" would be of concern, whereas oxidation by

atmospheric 02 would be of less concern due to the slow diffusion and reaction of 02 with the reducing

CWF. To address this uncertainty, two series of reducing grouts were prepared using TcO 4" containing
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waste simulants with and without N03-. In the first series of samples, referred to as "permeable

samples", the Tc04- was completely reduced using Na2S, and the samples were sealed in cuvettes made

of polystyrene, which has a relatively large 02 diffusion coefficient. In these samples, all of the

technetium was initially present as a Tc(IV) sulfide compound, TcSX, 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 MoS 3. From the EXAFS model, the stoichiometry of TcS, is Tc3Slo,

and TcS, is presumably the compound generally referred to as Tc 2S 7. The TcSx initially present in the

permeable samples was steadily oxidized over 4 years. In the second series of samples, called

"impermeable samples", the TcO4" was not completely reduced initially, and the grout samples were

sealed in cuvettes made of poly(methyl methacrylate), which has a small 02 diffusion coefficient. In the

impermeable samples, the remaining TcO4" continued to be reduced, presumably by blast furnace slag in

the grout, as the samples aged. When the impermeable samples were opened and exposed to

atmosphere, the lower-valent technetium species were rapidly oxidized to TcO4-.

MANUSCRIPT TEXT

Introduction Remediation of the sites used by the U. S. Department of Energy (DOE) for plutonium

production is one of the most expensive and complex remediation projects in the U. S.1,2 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 low-activity waste stream and to stabilize the waste residues in

high-level tanks.3-6 The long-term effectiveness of these measures to prevent the migration of

radionuclides is described by performance assessments that depend on the leach rates of the

radionuclides. 3
,5,

7
,s 99Tc is one of the radionuclides of greatest concern for leaching from CWFs because

of the high mobility and lack of sorption of Tc(VII), pertechnetate (TcO4-), the most stable form of

technetium under aerobic conditions.' 9

2



For soluble contaminants such as TcO4" or N0 3 , leach rates from CWFs can be modeled using an

effective diffusion coefficient, Doff = DnN.m where D. is the molar diffusion coefficient of the

contaminant in water and Nm is the MacMullin number, a characteristic of the porous solid that is

identical for solutes such as gases or anions that are highly soluble and not adsorbed by the matrix.'0' 11

Among potential CWFs, the effective diffusion coefficient of nitrate, Dý03-), varies from 1.3x10-9 cm 2

s"1 to 6.2x10" cm2 s-1.1'9'12 The Dff values for N03- and TcO4" are similar since their molar diffusion

coefficients are almost identical: 1.53x10s cm2 s-1 and 1.48x10"' cm2 sl, respectively.13' 14  The

leachability of technetium can be greatly decreased by reducing soluble Tc04- to relatively insoluble

TcQV) by the addition of blast furnace slag (BFS) or other reductants to the grout. The D.Mwrc) values

of reducing grouts are much smaller than in ordinary CWFs, 3x 10-" cm2 s-' to 4x1012 cm2 s-1, because

TcQV) has low solubility and is readily adsorbed by the grout matrix. 9"12 Reducing conditions are used

in actual CWFs to take advantage of this decreased leachability and create a more effective waste

form.
6,12

A previous research study showed that although TcO4 is reduced to Tc(IV) in reducing grouts, the

degree of reduction varied with experimental conditions.15 In some cases, Tc04- was initially reduced

to Tc(IV) but was later oxidized. Two species, N0 3 -and 02, are present in large quantities in or around

CWFs and are potentially capable of oxidizing Tc(IV) to TcO4". Whether N0 3- or 02 is responsible for

oxidizing Tc(IV) has a profound effect on the behavior of technetium in CWFs. If N03" is chiefly

responsible for the oxidation, Tc(IV) would be. oxidized throughout the entire CWF, increasing the

leachability of 99Tc in the entire volume of the waste. In this scenario, the rate of oxidation of Tc(IV) to

TcO4" would depend only on the reaction rate and the concentration of the reactants.

The scenario involving oxidation by 02 is more complicated. In this case, diffusion of 02 into the CWF

would result in the formation of an oxidized surface region in the grout in contact with oxygenated
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surface water. This surface region would have greater technetium leachability that would be similar'to

that of CWFs that do not contain reducing agents. However, the leachability of technetium in the bulk

of the waste would be unchanged since it would remain Tc(IV). As shown by Smith and Walton, the

thickness of the oxidized region depends mainly upon the rate of oxygen diffusion and the reductive

capacity of the CWF.16 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 99Tc, so

oxidation by 02 is of less concern than oxidation by N0 3".

Therefore, the primaiy concern raised by the rapid oxidation of Tc(IV) observed in the previous study

was the possibility that N0 3 rather than 02 was responsible for the oxidation. Rapid oxidation of

Tc(IV) by N03- would mean that all of the initially reduced technetium in actual CWFs would be

quickly oxidized back to TcO4-. In this paper, the evolution of 99Tc speciation in a series of grout

samples in containers with very different 02 permeabilities and with and without N03- was followed for

an extended period, using X-ray absorption fine structure (XAFS), to determine whether N03- or 02 was

responsible for oxidizing Tc(IV) species in these grout samples.

Experimental Sectionm

Procedures. Caution: 99Tc is a /f-emitter (Ema*= 294 keV, r12 = 2 x 165 years). All operations were

carried out in a radiochemical laboratory equipped for handling this isotope. Technetium, as

NH499TcO 4, was obtained from Oak Ridge National Laboratory and was purified as previously

described. 1 7 Where available, the standard deviation of measured and calculated values are included 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 chromium reduction in reducing
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grout samples and are similar to Saltstone, the CWF used to immobilize low activity waste at the

Savannah River Site. 12-S The dry grout components, consisted of 46% Type F fly ash, 46% BFS, and

8% Portland cement. 2 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

were assumed to have a density of 1.7 g cm' 3.19 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 and NO2 as

shown in Table 1. To the waste simulant was added TcO4 (0.02 mmol, 0.1 mL, 0.2 M NH4TcO4),

which was then reduced with Na2S (0.29 mmol, 0.1 mL, 2.9 M) in 1 M LiOH forming ,a very dark

solution with a blaclk 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 polyethylene (PE) bags. This first series of samples will be referred to as "permeable

samples" since 02 has a high diffusion coefficient of2.3x10-7 cm2 s-' in PS.20,21 The final composition

of the waste solution after addition of the Tc0 4" and Na2S solutions is listed in Table 1.

The second series of samples was prepared analogously to the first. To the waste simulant was added

TcO4 (0.012 mmol, 0.30 mL, 0.039 M NaTcO 4) and Na2S (0.05 mmol, 0.065 mL, 0.8 M) in I M LiOH

(same solution as above, which had oxidized from air exposure), forming a dark solution with a black

precipitate. The dry grout components were added, forming a slurry that was placed in a poly-(methyl

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 referred to as "impermeable samples" since 02

has a very low diffusion coefficient of 2.3x 10-9 cm2 s-1 in PMMA.22 The final composition of the waste

solution after addition of the Tc04- and Na2S solutions is also listed in Table 1. Samples A and C were

opened after 26 months and 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

Sample Tc Solution Final Solution Composition Dry grout
(mg) (mL) mixture

(g)

Permeable Samples

1.85 M NaNO3, 1.07 M NaOH, 0.57 M NaNO2,

1 2 1.5 0.23 M NaA1(OH)4, 0.16 M Na2CO3,
0.14 M Na2SO 4, 0.02 M NaC1, 0.02 M Na2C204, 3

0.008 M Na3PO4, 0.13 M Na2S

2 2 1.5 As Sample 1, but no NaNO3, NaN0 2  3

3 2 0.95 As Sample 1, but 0.05 M Na3 PO4  1.5

4 2 0.95 As Sample 2, but 0.05 M Na3 PO4  1.5

Impermeable Samples

A 1.2 0.66 2 M NaOH, 2 M NaCl 1.0

B 1.2 0.66• 2 M NaOH, 2 M NaNO3  1.0

C 1.2 0.66 2 M NaOH, 2 M NaNO2  1.0

The reductive capacity of the BFS was determined using a slightly modified version of the Angus and

Glasser method.23 The BFS (-0.5 g) was slurried in 5-10 mL of water to which was added 25.0 ml of

0.059 M (NH4)4Ce(SO4)4o2H 20 in 2 M sulfuric acid. After 1 hour, the solution was titrated with freshly

prepared 0.050 M (NH4)2Fe(SO4)2-6H 20 in 0.75 M sulfuric acid. The end point was determined using

0.25 ml of 0.025 M Fe(II) tris-(1,10-phenanthroline) complex. 24' 25 The reductive capacity of the BFS

sample was 0.82(1) meq g 1 as determined from the difference in the volume of Fell) 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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Na2S 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 Na2So9H 20. 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.19

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

content of the beam. All 99Tc samples were triply contained. X-ray absorption spectra were obtained in

fluorescence yield mode using a multi-pixel Ge-detector system.26 In all cases, the grout samples were

oriented at 450 relative to both the photon beam and the fluorescence detector. The cuvettes were

positioned horizontally as illustrated in Figure 1. The spectra were energy calibrated using the first

inflection point of the Tc K-edge spectrum of TcO 4- adsorbed on Reillex-HPQT anion exchange resin

defined as 21044 eV.

X-ray beam from Fluorescent photons
synchrotron to detector

104 mm

Figure 1: Geometry of a grout sample in semi-micro cuvette used in XAFS experiments.

Extended X-ray absorption fine structure (EXAFS) data analysis was performed by standard

procedures27 using the programs ifeffit2g and Athena/Artemis;29 theoretical EXAFS phases and

amplitudes were calculated using FEFF730. All fitting was performed in R-space (R range: 1 to 4.5 A; k

range: 2 to 13.3 A7'; 27 independent points31) on k3 weighted data. Kaiser-Bessel windows were applied

to both the R-space and k-space data, with widths of 0.1 A and I Al, 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 neighbors at 2.77 A.' Model two had an

additional shell of 6-11 S neighbors with a large static 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

occupancy). The model chosen as most appropriate was the one whose fit gave the lowest reduced chi-

squared, X2/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 of parameters for a given model. In this case, the numbers of degrees of freedom 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., TcO4", and TcO2o2H 20 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 done using the code '"fites" developed by C. H.

Booth.32 The fit used 4 parameters (amplitudes 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-ray absorption coefficients for Sample A were determined using Eq 1 where p is the sample

density (1.7 g crm" 3),19 wi is the wt. % of element i in the sample, and pt is the absorption coefficient of

element i (in cm2 g-1). 33 M 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 the elemental

compositions of BFS, fly ash, and Portland cement reported by Seme, et al. were used.5  The X-ray

absorption coefficients of sample A at the incident and fluorescent photon energies, ptot(E) and pý4t(Ef),

are 5.2 cm" and 7.5 cm- 1, respectively.
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t~tot=PY-w iuij (1)

Results and Discussion

EXAFS studies of initial technetium speciation. A prerequisite for investigating the long-term

behavior of technetium in grout is identifying which technetium species are present. While it is obvious

that TcO 4" will be present under oxidizing conditions,35 the species present under reducing conditions

are less obvious. The hydrous Tc(IV) oxide, TcO2.2H 20, results from the reduction of TcO4" in the

absence of other ligands both in solution and in grout samples.15'36 In addition, sulfide, either BFS or

added to the grout as Na2S, reduces TcO4" to a lower-valent technetium sulfide species thought to be

similar to TcS2.15 Interestingly, the reaction of sulfide with TcO4 in alkaline solution is a known route

to Tc2S7,37 which is generally believed to be the technetium species present in reducing CWFs.16,37

While these results appear to be contradictory, the inconsistency is largely due to the Tc(VII) oxidation

state implied by the stoichiometry of Tc2S7 -. If Tc2S7 is not actually a Tc(VII) sulfide complex but a

lower-valent disulfide complex, no contradiction exists between these previous studies. Although Tc2S7

is generally assumed to be a Tc(VII) compound, this assumption has never been examined.' 4

To identify the technetium sulfide species present in reducing grouts, the Tc K-edge EXAFS spectra of

the permeable samples were examined shortly after they were prepared. Only these samples contained a

single technetium species. All other samples, including these samples at later times, contained more

than one species. The permeable samples initially had identical 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

containing only one technetium species, all of these samples contain the same technetium species,

which will be referred to as TcS•.
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Table 2: Initial technetium coordination environment in the permeable samples'

Scattering Sample
Atom 1b 2 3 4 All datac

Nd 7.3(5) 7.6(6) 7.0(5) 7.4(6) 7.4(2)

2.378(2)S 2.379(5) 2.376(6) 2.381(5) '2.380(5)

0.0111(7) 0.0118(9) 0.0113(7) 0.0121(8) 0.0117(3)

N" 1.9(4) 1.8(5) 1.6(4) 1.7(4) 1.8(2)

2.774(2)Tc 2.771(4) 2.771(5)

0.007(1) 0.007(1)

2.779(5) 2.776(5)

0.007(1) 0.007(1) 0.0071(5)

Nd

Tc 3.80(4)
0.007g

0.7(2)

4.30(3)

3.83(3)

N d

R(AYe

0.6(2)

4.28(2)Tc

0.006(2) 0.005(2)

0.3g

3.83(3)

0.004g

0.7(2)

4.29(2)

0.004(1)

6(6)

4.48(3)

0.01(1)

0.6(7)

0.082

N d

S

0.3g

3.86(3)

0.4'

3.84(l)

a(A.2)f

11(11)

4.48(3)

0.02(1)

0.4(7)

6(6)

4.47(3)

0.02(1)

0.8(8)

0.096

0.7(1)

4.30(3)

0.004(2)

6(5)

4.49(3)

0.01(1)

0.5(8)

0.085

0.6(1)

4-30(1)

0.006(1)

5(2)

4.47(1)

0.012(4)

0.7(3)

0.102

AEo

Rh 0.078
a) 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%.
b) 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.
c) All data fit simultaneously using a single set of parameters.
d) N: number of neighboring atoms.
e) R- distance from the scattering atom to the technetium center.
f) &2: Debye-Waller parameter, the amount of disorder in the distance to the neighboring atoms.
g) Parameter determined from the corresponding parameter in the following shell.

h) R-factor = (yi(data) - y1(fit))2/y(Yi(data))2)12
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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 TcO 4" with excess sodium sulfide. Data is

shown as dots and the fits are shown as lines (Fit range: k = 2 to 13.3 k1; R = 1 to 4.5 A). Sample

numbers are indicated next to the traces.

The coordination environment of TcS. can be described by considering the first two and last three

coordination shells separately. The first two coordination shells, which comprise the largest features in

the Fourier transforms, consist of -7 sulfur neighbors at 2.37 A and 2 technetium nearest neighbors at

2.77 A. These distances and coordination numbers are similar to those of the molybdenum sulfide

complex, Mo3(p.3-S)(S2 )6
2-, shown in Figure 3, in which each molybdenum center has 7 sulfur and 2

molybdenum neighbors at 2.44 and 2.72 A, respectively. 38 The Mo 3(pt3-S)(Xt-S 2)3 core of this complex,

without the triply bridging sulfide, forms the building block of the MoS 3 structure, 39 which has an

EXAFS spectrum similar to that of TcSY.4°'41 The nearest neighbor environments in both compounds

are analogous; in MoS 3 , each molybdenum center has -6 sulfur neighbors at 2.44 A and 2 molybdenum

neighbors at 2.75 A. The similarities of the distances and coordination numbers of the first two
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coordination shells of MoS 3, Mo3S(S 2)6
2" and TcS, strongly suggest that the TcS. structure contains the

same triangular core, Tc3(Jt3-S)(±-SA2)3S6 as shown in Figure 3. Furthermore, the 2.77 A Tc-Tc distance

is typical for such a triangular complex composed of seven-coordinate metal centers; analogous

triangular complexes with six-coordinate metal centers have substantially shorter metal-metal

distances.42

Mo3(0 3-S)(S2 )6
2-- Tc3(g3-S)(S2)3S6 core Tc3 S2(S2 )4 ("TcSx")

Figure 3: Structures of Mo3( 3-S)(S 2)6
2", the proposed structure of the analogous Tc3(113-S)(S 2)3S6 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 give rise to the small features at higher R in the Fourier Transform.

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 Tc3(Wt3-S)(S 2)3S6 core. In addition

to the additional sulfuir atoms, each technetium has a next-nearest technetium neighbor at either 3.8 A

(-1/3 of the technetium centers) or 4.3 A (-2/3 of the technetium centers). The two different Tc-Tc

distances suggest that different ligands bridge the technetium centers. Since the presence of 7 first shell

sulfur neighbors requires that each technetium center has two sulfur atoms capable of bridging adjacent

technetium centers, possible identities of the bridging ligands are two bridging sulfide (or hydrosulfide)

ligands or an edge-bound disulfide similar to the bridging disulfide of the Tc3(Wt3-S)(ýt-S 2)3 cluster
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without the Tc-Tc bond. The Tc-Tc distance of two technetium centers symmetrically bridged by an

edge-bound disulfide ligand would be close to 4.3 A. In a similar copper complex, 43 two Cu centers are

separated by 4.03 A, but the Tc-S bonds in TcS, are 0.1 A longer than the Cu-S bonds. Moreover, the

S-S distance of the disulfide bridge, determined from the Tc-Tc and Tc-S distances, must be 2.0 A,

typical for a bridging disulfide.38' 43 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 bridging 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 1090. Although

few families of complexes exist in which the parameters for bridging sulfide and hydrosulfide ligands

can be compared directly, a M-S-M angle of 1090 is more typical of a bridging sulfide than of a

hydrosulfide, which generally have M-(SH)-M angles of _100,.44"4 For this reason, the 3.8 A Tc-Tc

distance is assigned to two Tc centers symmetrically bridged by two sulfide ligands. Overall, the

EXAFS data is consistent with a TcSx structure composed of triangular Tc3(t 3-S)(1i-S 2)3 clusters linked

by either bridging disulfide or by two bridging sulfide ligands as shown in Figure 3.

Although the assignments of the last two technetium scattering shells in the EXAFS spectrum of TcSx 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 X2 value. In addition, the resulting bond distances can be

interpreted in a chemically meaningful and reasonable manner. For 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 TcS. has a stoichiometry of Tc3S 2(S 2) 4 or Tc3Slo, which is almost identical to the

stoichiometry of TcS3.2 determined for "Tc2S7" prepared under similar conditions.37  Since the

conditions used to prepare grout samples are analogous to those used to prepare Tc2S7, it seems likely
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that TcS. and Tc2S7 are the same compound. However, the technetium centers in TcSx are clearly not

heptavalent. From the EXAFS model, TcS. would be a Tc(IV) compound, which is consistent with its

Tc-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 TcO4 ".17

Consequently, the technetium sulfide species present in reducing containing grouts, TcS., appears to be

Tc2S7 as previously suggested;1 6,37 however, the technetium centers in TcS. 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 squares fitting of the XANES spectra using the

XANES spectra of TcO2-2H20, TcO4", and TcS. 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.47'48 The

results for the evolution of technetium speciation in the permeable and impermeable samples is

addressed separately.

Permeable samples. As described in the previous section, the technetium speciation of all the

permeable samples was initially identical since all samples contained only TcS. However, as the

samples aged, their XANES spectra changed as shown in Figure 4, which also shows the deconvolution

of the XANES spectrum of a 45-month-old sample. The mole fraction of TcO 4" in these samples is

shown in Figure 5 as a function of the age of the sample. The scatter of the data shown in Figure 5 is

much greater than the standard deviation of the measurement and will be discussed below.

Unfortunately, this large degree of scatter results in a correspondingly large uncertainty in the rate of

oxidation of Tc(IV) in these samples. However, Figure 5 shows that N0 3 does not play a major role in

the oxidation of Tc(IV) in these samples since the degree of oxidation of all samples is approximately

equivalent despite the fact that samples 2 and 4 do not contain NO3.
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Figure 4: (left) Evolution of the Tc-K edge XANES spectra of sample 4 as a function of age. The age of

cement (in months) is given next to the corresponding spectrum (right) Deconvolution of the XANES

spectrum of a 45 month old sample. Data are shown as dots and the least squares fit is shown as a line.
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Figure 5: (upper) Evolution of the fraction of technetium present as TcO4- in the permeable samples as a

function of age. (lower) Evolution of technetium speciation in the permeable samples averaged over all

samples.

Permeable samples. In contrast to the permeable 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 TcO47 decreased, as shown in Figure 6, presumably from its reaction with the BFS in the

grout.' 5 The large increase in the amount of TcO 4" 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

fraction of TcO4" in these samples is the same at 26 months as when it was previously determined at 18

months, the fraction of TcO4" present in Samples 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

is present in the fraction of TcO4" in these samples and the fraction of TcO 4 varies little 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.
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Figure 6: (upper) Evolution of the fraction of technetium present as TcO4 in the impermeable samples

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 to be the same as previously determined at 18 months). lower)

Evolution of technetium speciation in sample B, which remained sealed throughout the experiment.

Discussion

The data from both series of samples show that TcS. in grout'is unstable towards oxidation. As noted

previously, both N0 3 - and 02 could oxidize the lower-valent technetium species present mi these

samples. Since the presence of N03 had no significant effect on the rate of oxidation of technetium in

these samples, atmospheric 02 is the likely oxidizing agent. In addition, oxidation by 02 rather than by

N03- helps explain the scatter in the speciation data observed in the permeable samples.
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The scatter in the data in Figure 5 is believed to result from a variation in the amount of 02 diffusing

into the samples, 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 spatial inhomogeneity of the

Tc speciation would result in the sort of scatter observed in Figure 5. Although the 02 diffusion 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 show that this is not the case;

instead, the technetium speciation varies somewhat along the length of the cuvette (Figure 7).

Interestingly, 02 is diffusing 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 Tc0 4 at the top of the cuvette

(Figure 7). In the case of the permeable samples, the variation in the rate of 02 diffusion is believed to

be caused by the ridged walls of the cuvette through which the XAFS spectra were obtained since 02

would diffuse more quickly through the thinner areas between the ridges.

0.8

0.6
O o

0.4
00

0
o 0 0

90.2 0

0 A A A A A AA A

1"0 20 30 40
Distance from top of sample (mm)

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
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samples shown in Figure 6. Although -20% of the TcO 4" in these samples was not reduced to TcS., the

amount of TcOj in these samples declined at later times, presumably due to reduction by BFS.

Furthermore, the technetium speciation in the impermeable samples 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 speciation among the different

samples. Since, atmospheric 02 cannot readily diffuse into these samples, technetium speciation should

not vary with position. However, the most dramatic evidence for 02 oxidation is the 40% increase in

the amount of Tce 4 observed in the initially sealed impermeable samples after 4 months exposure to

atmosphere.

One unexpected result is the appearance of TcO2,2H 20 in the permeable samples as they aged.

Formation of TcO 2-21120 cannot result from the hydrolysis of TcS& since it is stable to hydrolysis under

the conditions present in the grout samples. Rather, the observation of TcO2-2H 20 implies that the

oxidation of TcS. proceeds by initial oxidation to TcO2-2H 20, which is then oxidized to TcO4 as shown

in Eqs 2 and 3. This hypothesis is also supported by the evolution of the technetium speciation shown

in the lower panel of Figure 5. Initial oxidation of TcS. to TcO2-2H 20 is consistent with the potentials

for the reduction of SO 4
2

- to S2- (-0.67 V) and of TcO4" to TcO2-2H20 (-0.28 V) at pH 13. Although the

detailed mechanism is certainly more complex than this simple picture, the observation of TcO2 °2H20

in the permeable samples is consistent with the premise that oxidation of TcSx to TcO4 proceeds with

Tc02-2H20 as an intermediate.

Tc3S1o+ 1802 + 20HU -- 3TcO2°2H20 + 10SO2 + 4H 20 (2)

4 TcO2,2H 20 + 4 HO" + 3 02 -+ 4 TcO4" + 10 H20 (3)
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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 oxidized grout on the surface of a sample consisting mainly of reduced grout, based

on the reasonable assumption that oxidation of reducing grout proceeds by the shrinking core

mechanism as proposed by Smith and Walton. 16 The thickness of the oxidized region formed in the

initially sealed samples after exposure to atmosphere can be determined from the fraction of technetium

that is oxidized using the formula for the fluorescence yield from a sample of a given thickness. 49 '50 For

a sample 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, sTc is the fluorescence yield from the technetium K-shell,

IAT-c is the technetium absorption coefficient at the incident photon energy, pta(E) and pgt(Ef) are the

total absorption coefficients of the sample at the incident and fluorescent photon energies, and 0, ,, and

d are defined in Figure 8. Since the total fluorescence yield for a thick sample is given by Eq 5, the

contribution of a surface layer of thickness, d, to the total fluorescence signal is given by Eq 6, where Id

is the fluorescence from a surface layer of thickness, d, and Itt is the total fluorescence from the sample.

For the impermeable samples exposed to air, the average increase in pertechnetate content of 40 %, or

IL/ItOt=0.4 in Eq 5, corresponds to a 0.28 mm thick oxidized layer, using pti(E) and pttt(EF) 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 considered thick and the contribution to the fluorescence of the

oxidized layer on the opposite side of the sample can be ignored.

Id/0E cA RtTc(E) . I1 ex R]t~t (E) + Rto.(E f ).dj (4)
IdI0 2 ° -•Tc jitot (E) + ýttot (E f) siný sin sinO "

A .AQ~ P~(E). 0~E

Itot/10(E) oc A sLin) (5)
2 T)tot (E) + ptot (E f) si

sine
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-1 eIdto---t- "Lit E + It (f) d] (6)
'tot sin~ sinG i 6

from synchrotron to detector

10 ... ..... .. ......

10mm

Figure 8: Illustration 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 calculated from the fraction of TcO4- present in the sample can be

compared with the thickness of the oxidized region determined analogously using the shrinking core

model of Smith and Walton.16 The difference between the model employed here and the Smith and

Walton model is that here the effective diffusion coefficient of oxygen, Do02), is determined from the

MacMullin number and the diffusion coefficient of oxygen in water: DlJo 2) = Dmt(O2 /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

seconds), C0 2 is the concentration of oxygen in water at the surface of the grout (3.T7x1(Y 7 mol cnf3),

Dm(o2) is the diffusion coefficient of oxygen in water (2.Ox 10-5 cm2 s-), and Crd is the concentration of

reducing equivalents in the CWF in moles of electrons (3.7x10"4 Mol cm"3 for a CWF with a density of

1.7 g crn 3 composed of 27% BFS with a measured reducing capacity of 0.81 meq g-, all other grout
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components are 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 samples exposed to air for

120 days corresponds to a Nm of 1.6x103 or a D,.MNo3-) of 9.5x10-9 cm2 s-, which is within the range of

Df(No3.) reported for CWFs. The thickness of the oxidized layer determined from the XANES

experiment is consistent with the thickness of the oxidized layer anticipated from the shrinking core

model of Smith and Walton.

_8CojtDm(O.)

d -,. (7)

The effect of oxidation by 02 on an actual waste form, Saltstone, also can be examined using this model

to illustrate the difference between oxidation of reduced technetium species by 02 and NO3-. In

comparison to sample A, Saltstone has smaller DceWo3.),, ranging from 1.3x10"9 cm2 s-1 to 5x10 cm2 s

1, but a similar C, since Saltstone is prepared from the same BFS in similar proportions to those used

to-prepare Sample A. Using a D 0o3-) of 5xl0f9 cm2 s-1, the thickness of the oxidized region would be

17 cm after one 99Tc half-life (213,000 yr), and after ten half-lives, the oxidized 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 nM.7 Therefore, approximately 6% of the technetium in the waste form would be oxidized after one

99Tc 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 ignores 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 the rate of 99Tc leaching.* Cracking and flow of

surface water through the CWF could greatly increase the rate of oxidation and the leaching of Tc04- by

effectively decreasing the size of the Saltstone cell to the intercrack spacing,' 8 so this discussion is

intended only to illustrate the difference between oxidation by 02, which produces an oxidized surface

region with an increased D0 m99c), and oxidation by N03, which would result in an increased
22



D.a'(n,) throughout the entire volume of the waste. The results in this study indicate that the oxidation

of Tc(IV) species in these grout samples is due solely to 02, and that N0 3 -has no observable effect on

the speciation of technetium in these samples. While these results do not show that NO3 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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D.1 INTIODUCTION

One of the most important input parameter. to the flow models 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 representative
pollutant source term. The most representative 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 appendix provides an estimate 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 zone 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
thermodynamic properties of chemical compounds and mineral species, published salt-
stone properties, and sediment composition at the Savannah River Site were used as the
data base for calculations conducted by both contractom.

Kaolinite, quartz, and iron compounds were assumed to be the major constituents
in the sediments surrounding the Z-Area vaults with which 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 iodine-129, tin-126,
selenium-79, americium-241, and carbon-14.
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D.12 Badiound

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
evaluate the sensitivity of the MINT code to these high concentration. The code
was used to calculate appropriate activity coefficients and solubllties of the pore fluid
in the saltstone grout matrix at the time the feed solution and the dry additives were
mixed. Relts from the test runs showed that the MDIMTEQ 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 thought 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 saltstonc 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.

D.2 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
(46.3 pCi/mL). An estimated Kd of 880 mUg was calculated for technetium in the
saltstone. The reaction of pore fluids with the sediments did not influence the
technetium concentration.

Results, show that elemental 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 (TcS 7) which significantly reduces the
technetium concentrations in the pore fluid from 46,300 pCi/L to 24 x 10 pCi/L For
each 10 fold increase of HS" in the pore fluid the technetium concentration decreases
by a factor of 3,200. Results also show that a decrease of 1 unit in pH results in an
decrease in technetium 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/nL and the concentration of water in the hydrated cement is 0.177 g/g which
gives a calculated K~d of 0.2 for tritium in the saltstone. The tritium concentration in the
pore fluid is t6,000,O00 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 nitrogen (as NO;) in the waste water feed solution exceeds 150,000 mg1L.
The loss of water into the saltstone from hydration causes the nitrate concentration in
the pore fluid to increase to more than 200,000 mg/L The nitrate concentration in the
interstitial fluid within the vados rune will decrease primarily due to the dilution of the
interstitiall fluid by naturally occurring waters present in the vadose zone.

D.3 PORJB FLUID O0MPOSM'rON WITrrHN SALWrONE

The pmrtitioning of contaminants between the aqueous phase (pore fluid) and solid
matrix (hydrated cement) must be understood in order to understand the release of
contamin ts from a saltatone waste form. The term sorption decrbes the partitioning
processes and is mathematically represented by the use of a distribution coefficient (KN).
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) Adsoi•ption-

2) Precipitation -

3) Absorption -

The contaminant is partitioned between the solid surface and the
pore fluid. At low concentrations this adsorption can be linear
and reversible allowing the use of a Kd to represent partitioning.

The contaminant forms a separate 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 is independent of the solid concentration).
Typically 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 equilbrium can be mathematically represented by
a Kd (Smith and Walton 1992).

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 Ilead 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) estimatc: the composition of the pore fluid. In addition, the distribution of water
between pxore fluid and solid matrix can be used to estimate a distribution coefficient
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(Kd for tritium. The results of hydration calculations are summarized below.

D..1 Hydratim Calculation

The waltstone mix is composed of 3% Class H 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 waste form cures, water is taken up from the salt solution feed and incorporated
into the *-ment 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., nitrae, nitrite), are concentrated in the pore fluids. Table D.3-2 documents the
hydration of 100 g of the cement mixture. The compositions of the solid phases were
taken froom Table 4 of Malek et al (1985). The maximum extent of hydration was
estimated by assuming that

* SiO2 and T1O 2 do not consume water during hydration,
" A120 3 and Fe2P 3 consume 3 tool of water per mol of oxide,
" S03 reduces hydration by I mol of water per mol of oxide,
" NaIP and 20 dissolve into the pore fluid, and
* AIR other oxides consume 1 mol of water per mol of oxide.

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 satL 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
the pore fluid. The loss of free water results in an increase in the salt concentration in
the pore fluid to 34.6% (25.2 5(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 cement) is calculated to be 57.8 mL (72.9 g/1.26 g/mL). The
concentration of water in the pore fluid is 0.825 g/mL (47.7 S/57.8 mL). The
concentration of water in the hydrated cement is 0.177 g/g (20.5 g/ 115.8 g). A
distribution coefficient (K.) of 0.2 mL/g [(0.177 g/g)/(0.825 g/mL)J 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., exchange of 1H for 3H) are
small
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Table D-3-L CIomposilion of starting material for saltztone
kmnation In ucigh percent"

sio2
A•O3
"iO 2

Fe2 O3

MgO

C3O

MnO.

BaO

Na2O

K20

So3

S

LOI(H20))

Salt

Total

Hydration
factor

0

3

0
3

1

1

1

1

-1

-1

Formula6
weight

60.09

101.96

79.90

159.69

40.30

56.08

70.94

153.34

61.98

94.20

80.06

32.06

1&02

Slag

34.70

10.70

0.51

0.41

11.90

39.37

0-54

0.05

0.25

0.55

Fly
ash

52.17

27.60

1.98

4.36

0.61

0.96

0.01

0.10

0.26

1.53

0.33

Portland
Cement

21.10

4.66

0.23

4.23

1.21

64.55

0.16

0.02

0.11

0.34

2.50

Salt Feed
Solution

1.34

9.92 0.86 71.60

2EL40

100.32 99.83 99.97 100.00
•III . MM|

Composition of solids for Malek et al. (1985). Composition of salt feed solution for
Heckrotte (1988). Hydration factor and formula weights were used to calculate
hydration as described in text.

b g/MoL
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Table D.3-Z Summaty of salutn hydration cakulatti for a mitM 0 47%
salt Awd and 53% cement mbr. Compscd of" 47.17% each of slag and fly ash

xwd SAM of Porand emeL Normalimod to 100 g of cement mix"

Salt feed Cement Hydrated Pore

solution mix cement fluid

SiO2  42.14 42.14

2,3 18M32 28.03

TiO 2  1.19 1.19

Fe2 O3 2.49 3.33

MgO 5.97 863

CaO 22.66 29.94

Moo 0.27 0.34

BaO 0.07 0.08

Na 2O 0.25 0.25

K20 1.00 1.00

SOs 0.30 0.23

S 0.63 0.63

LOI(H 20) 63.49 4.72 47.71

Salt 25.18 25.18

Total 88.68 100.00 115.79 72.89

47% 53% 61.4% 38.6%

"Composmtiom are from Table D-1.
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Given that the initial tritium loading of the saltstone is 7,000 pCi/& the concen-
tration of 'H in the solid matrix and the pore fluid can be calculated. A total of
1,320,000 p•i of 3H occur in 188 g of saltstone (115.8 g hydrated cement + 72.9 g pore
fluid). The partitioning of 41 is given by.

Total f M, xC, + VxC,
C4 =q4X
Total q (K, x M, + V=,
C, inTowf/(NXdXM,+V),

= 16,000 pCiVmL = 16,000,000 pCi/L, and
c, = 3,3W0pC4k

where

Total is the total•9H (1,320,000 pCi),
M, is that mass of the hydrated cement (115.8 g),
C. is the concentration of 3H in the hydrated cement (pCi/g),
V3  is the volume of pore fluid (57.8 ml), and
Ci is the concentration of 3H in the pore fluid (pCi/mL).

D-3.2 CocWentration of Techium-99 and Nitrate in Saltatone Pore Fluid.

Previous screening suggested that technetium and nitrate are the two contaminants
most likely to determine the overall performance of saltstone. For this reason,
geochemicad 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 weiv 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 NaAI(OH) 4 was allowed to react via:

(1)
NaA(OH), ,• = AJ(oH), + NaOHq

AI(OH)30 refer to fully hydrated A1203 in the solid matrix and not to a particular pure
phase 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, CAHA, C-S-H gel, and CFlH6 was
assumed in the MINTEQ calculations.
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where

C = CaO,
A = AL2 3,
H -1H20,
S = SiO2, and
F - Fe2 0 3 (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 determined 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 prepration 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
expected-

The iluminum concentration of the pore fluid was buffered at extremely low
concentrations by equlih'rinm with the solid phases. As a result, the pore fluids are
essentially NaOH-NaNO3rNaNO 2 mixtures with a very high pH of 13.8 to 14.0 (see
reaction 1). The resulting composition for the pore fluid is presented in Table D.3-3.
Additionally, a NO; concentration is reported based on the stoichiometric oxidation of
NOj to NO3 .

Undeo oxidizing conditions, aqueous technetium occurs in the heptavalent oxidation
state as th• pertechnetate ion (TcO,). Many heptavalent technetium solids have high
solubilities leading to potentially elevated aqueous concentrations. In addition, as a
monovalenit 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 TcOO" as a
precipitated solid. Thermodynamic calculations using the MfNTEQ 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 reduced aqueous sulfur species such as sulfide. The aqueous sulfide reacts with
TcO4" to fxrm TcSr. The over all reaction is given by

(2)
6TcO4" + 28S, + 8 OH'= 3 Tc2%, + 7SO42" + 4H20
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Tmblis D.3-3. Calculated saltstone paic fluid compositin using MINTEQ,
the results of the, hydraton calculatlom adequilibdium with
ckadc, CrAHO C-S-H Wki and CsFH[. VAc is calculated by

Sequlim with TcZS.. #m dwamd in the tce

Species
Na+
CO3

2.

SO4
2.

NO;

NO3

OH*
Ca2÷

SiOz~

AP+

NH4+

PH

Total N im NO;

Density

High sulfide

Stoichiornetric

Ing•L
139,000

12,800

15,000

36800,

159,000

32,901

1

1
11

9,800

400

13.97

209,000

1.26

HS (mgtL) "Tc (Pai/L)
tI J

10

0.003

2.4 x 10-8

46,3•0
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The Tc-A,• phase is very insoluble, limiting the TcOg concentration in pore fluids to very
low cncwntrations. To calculate the concentration of TcOO, in the pore fluid, the
concentration of WS i 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% slaig. For a mixture containing 50% slag (similar to the saltstone mix) 12 mgL
sulfide wat reported (Angus and Glauser 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 (i.e., 27). The second concentration of technetium
is higher, and the total sulfide concentration is much lower. The resulting concentrations
of sulfide and technetium are presented in Table D.3-3.

Using the higher TcO4 concentration from Table D.3-3, Kd values for technetium
can be caRculated. 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 mIJ88.7 g). A total of 14 pCi (46,000 pCi/L x 0.000306 L) of technetium occurs
in the 0.3O6 mL of pore fluid. The remaining 24,986 pCi occurs in the 0.614 g of the
solid matnbx, with a concentration of 40,700 pCi/g. Although the technetium concen-
tration is limited by the solubility of TcA., the solid and aqueous concentration can be
used to estimate a Kd of 880 mI/g [(40,700 pCi/g)I(46.3 pCi/mL)J for '9 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

(3)
TcA,• + 8H 2 0 = 2TcO4 + 7HS, + 9H÷

log [TcO 4 ] = 0.5logQ - 3.5log[-S'] + 4.5 pH (4)

where log Q is a conditional equilibrium quotient (constant at constant ionic strength)
and brackets denote molal concentration. Examination of the coefficients in equation
(4) indicatuz that the concentration of TcO 4" 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 TcO4'concentration by a factor of 32,000.

For the. cwe in which technetium and sulfur are related by stoichiometry, log [TcOd]
is directly proportional to p. Because the aqueous concentration of TcO4 is propor-
tional to pH, the value of &e for 'rc in saltstone calculated above will also be dependent
on pH. The dependency is calculated using this proportional relationship and the Kd of
880 in mIJlg and is given by.

(5)
logKd = 16.94-pH
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Hence, the K, of 880 mrLg is conservative because the pore fluid pH will decrease over
time as NaOH is leached from the saltstone. In response to decreasing pH the I(0 will
become lirger.

The iresults of these calculations 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, ., are highly uncertain. If credit is to be taken
for formation of technetium sulfide, measurements should be made of sulfur speciation
in saltstone pore fluids; if possible, the solubility of Tc2%..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 technetium in the saltstone waste
form is initially present in the solid matrix.

D.4 FLUID COMPOSMIONS IN SEDEMENIS OUTSIDE THE VAULT

The behavior of the saltstone fluid composition outside the vault was evaluated using
the MINTEO geochemical code. Pore fluid compositions were reacted with the
unsaturatud sediments surrounding the saltstone vaults. This model considers only
equilibrimn geochemical reactions, not transport and flow of the saltstone fluids.

D.&A Mdeling Step.

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 done at a temperature of 250 C; pertinent details of the modeling
conditions follow.

1) Solution is reacted with CO2 gas at atmospheric pressure (10-3 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-Arta. Individual sediment components used were quartz, kaolinite, gibbsite, and
an irc-n 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 respect to the probability of formation at
surface conditions.
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Results from the final solutions using the steps outlined above are shown below.

D.42 lntiracdims with the Sediment

The composition of the pore fluid in equilibrium with the grout phases, as described in
Seca D.3, was reacted with mineral phases in the unsaturated zone. Reaction of the
evolved p)rc solution (Table D.3-3) with CO2 in the unsaturated zone reduces the PH
from 13.711 to 7.32.

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 omide or iron hydroxide phase has very little effect
on the procipitated phases or intensive parameters (i.e., pH, Eh). Further, the specific
compositkm of the iron phase did not substantially change the composition of the reacted
solution oir 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 C0 2 b; 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. swumary, reaction with iron minerals increased the concentration of iron in
solution from nearly zero to 3 ppb. The concentration of the three primary pollutants,

I'9 c, tritiwm, and nitrate do not substantially change in 'the interstitial fluid during
communicition 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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Tabkc D.4-1. Compoition of intmdtual flu&M aftr acti with unsturaled
we minhzu and type and amount of pnwipiuacd solids

Species HS (mg/L) "'c

mg/L (pCi/L)

NO+ 139,000

12,800
SO4  15,000

NO2  36,800

NO3  159,000

O" 32,900
az+ I

Af" 4.4 x 10 E-04

K+ 9,800

400

pH 7.32

ToWa N M NO3" 209,000

Density 1-26

-igh sulfide 10 2.4 x 10'

0.003 46,300
Stokhiomctric

Precipitate (ROL)

Diasporm 25
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Tab D.4-2- Pe tAW dktrimhle of amqwnat in emacted intemfitW fluid

Component Percentage Speies Component Percentage Species

Na 89.5 Na S 100 S
7A8 NaNO,
2.6 NaSO4" A[ 100 AI(OH)4 "

K 98.1 K NO3  83.4 NO3
1.9 KSO4 16.6 NaNOj•

H4SiOlt 98.3 H4SiO 4  CO3  60.3 NaHCO3A"
1.7 H3SiO4 " 37.9 HCO3

SO42 32.4 SO" Ca 97 COCO
65.5 NaSO 4" 1.6 CaSO"

S9 KS04

NH4  97.1 NH4  Fce3 1.4 FeOH4"
2.7. NH4SO4  33.1 FeOH2

65.-5 FCOH 3

NO2  100 NO2  Fe+2  97. Fe+2

2.4 FeSO4,,- U
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