Status/Summary Report for Fiscal Year 1996 Activities Within the Performance
Assessment Overview Study on the Consequences of Cementitious Materials

INTRODUCTION

At the request of the Repository Design Organization in the DOE’s Yucca Mountain Site
Characterization Office, the Management and Operating Contractor’s Performance Assessment
(PA) staff planned an overview study to address potential postclosure performance issues
concerning use of large quantitics of committed cementitious materials within the potential
waste-emplacement drifts (e.g., precast concrete lining segments). This strategy (Attachment I)
includes five activities (1) PA analyses of the consequences from the pcrformanoc impacts |
caused by geochemical effects of these materials reacting over geologic time; (2) incorporation
of constraints derived from input from the Scientific Programs Organization (SPO) on the
potential geochemical effects inside the drift (e.g., pH, mineral dissolution/precipitation); (3)
incorporation of SPO derived constraints on the potential geochemical effects in the geosphere
(c.g., cement fluid-driven rock alteration); (4) incorporation of Scientific Programs Organization
(SPO) derived constraints on the impacts to performance parameters from the identified
potential geochemical effects inside the drift (e.g., increased solubility-limits, generation of
colloids); and (5) incorporation of Scientific Programs Organization (SPO) derived constraints
on the impacts to performance parameters from the identified potential geochemical effects in
the geosphere (e.g., reduced radionuclide sorption, porosity/permeability changes).

The timing of this overview study was initially designed to provide PA input priortoa .
Repository Design Review that was scheduled for March, 1997. Based on this original schedule,

* the Performance Assessment Report was to be completed in the first half of January 1997. Such

a time frame would allow for only an overview study of both the technical issues and the
consequences to potential repository post-closure performance. In the strategy, this outlined
work was intended to augment previously planned FY 1997 work in PA and the SPO and would
consist mainly of summary reports of existing data and modeling studies of the processes
involved. In order to get an efficient start to these additional studies, work was begun in a
number of these areas in the last 5 weeks of FY1996. This status/summary report provides
documentation of what was accomplished over this period. (Note: Since the inception of this
strategy, changes in the manner with which this work is to be incorporated into the Project
planned activities anc changes in the timing of the planned Design Review Meeting—currently
June 1997—have superseded the FY 1997 portion of the strategy.)

SUMMARY OF PRELIMINARY PERFORMANCE ASSESSMENT -
RECOMMENDATIONS =

Preliminary consequence sensitivity analyses using current Total System Performance
Assessment models have been conducted. These sensitivity analyses included the evaluation of
enhanced solubility of radionuclides (Np, Am, and Pu) and reduction of sorption in the
unsaturated zone (cases for no retardation for 10 m, 100 m, and the entire unsaturated zone-UZ)
due to alkaline fluids that may result from the usc of cementitious materials. These analyses
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mdlcate that for migration of alkaline pH fluids, order-of-magnitude increases in peak dose and
substantial shifts to earlier times may result due to:

1) negation of sorption throughout the entire UZ

2) increased concentrations of Np and Pu

3) combination of no retardation for 10 or 100 m into the geosphere and #2 (this is the case

that would most represent an alkaline plume migrating through the rock matrix).

Recommendations are preliminary at this time. However, it is clear that if concrete is desirable
to use as lining for ground support, then minimizing the potential postclosurc impacts to the
waste isolation capabllmes of the site will most hkely be achieved by (a) using precast concrete,
(b) chIgnmg a mix with lower Ca/Si ratio, (c) using techniques such as particle size
engineering, steam-curing, or pressure-curing to reduce the concrete permeability and water
content needed for higher silica cements, (d) using tuff aggregate, and (¢) investigating
alternative cements, such as C,S, that may have a lower pH than standard Portland cements.

Because the consequence analyses indicate that these impacts would lead to much higher doses
at earlier time frames, additional work should be performed to (a) constrain the levels of pH
perturbation actually expected from the selected concrete, (b) refine the solubility-limited
concentration distributions/functions for Np and Pu for appropriate stable phases in relevant
fluid compositions, (c) constrain the expected extent of impact of alkaline pH to sorption
coefficients of Np and Pu, and (d) refine models of the expected extent of alkaline plume
migration through unsaturated zone lithologies.

The remainder of this report consists of detailed summaries of the progress reported within each
of the five activities laid out in the Performance Assessment plan that was drafted in August of
"1996. In addition to these activities summaries, this status report has six attachments containing
the details of the efforts in these areas. These six attachments are: 1) the Performance
Assessment Plan to Address Potential Post-Closure Performance Impacts from Cementitious
Materials used in Potential Repository Drifts; 2) a PA report titled RIP Simulations to
Investigate the Possible Consequences of Cement Placement within the Potential Yucca
Mountain Repository; 3) a meeting report titled Performance Assessment Consequences of
Cementitious Materials Scoping Study: Cement Expert Consultation Meeting Report, which
contains detailed meeting nc.es and associated r.:=eting presentation materials; 4) Professcr Della
Roy’s Expert Report titled Potential Geochemical Effects of Evolving Cementitious Materials;
5) Professor Hamlin Jennings’ Expert Report titled Report on Potential Geological Effects of
Evolving Cementitious Materials Used in the Yucca Mountain Waste Disposal Project; and 6)
Dr. Maria Onofrei’s Expert Report titled Independent Analysis of Issues Related to Repository
Performance. These attachments are intended as support materials that can be accessed for
additional details of the activities summarized below.
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In the remainder of Fiscal Year 1996, each of the five activities in the study were staried,
although it was not expected that any aspect of the above plan would be completed within
that time. Listed below for each of the five activities are the allocated resources for FY'1996
and the tasks that were laid out in the initial planning. Because much of the time of the
people involved in this work was already committed to other projects at the end of the fiscal
year, progress was not uniform for all of the tasks. The priority for FY1996 was on
performing PA sensitivity studies analyzing the potential consequences caused by pH
perturbations (Activity 1) and on evaluating the importance of cement composition to the

generation of potential geochemical effécts. These are the areas in which the majority of the -

progress was achieved in FY1996. In addition, another accomplishment in FY1996 was
improved integration among the Performance Assessment department, the Scientific Program
Office, and the Repository Design Group. This refined integration should provide for more
efficient work in the future.

Activity 1. Performance Assessment Analysis of Impacts and Conseqitences

Task A. To start, this activity would address, using the RIP code, the consequences of
having decreased (possibly to zero) sorption coefficients for radionuclides along a
portion of the geosphere pathway. These sensitivity analyses will be used to
evaluate the consequence to peak doses of such decreased retardation along the
first 10 m and the first 100 m of geosphere pathway (1.2.5).

This activity was coordmatcd by D. Sassani and 1. McNelsh ‘with T. Dale performing the
analyses. Using the Repository Integration Program (RIP) code, this activity began to address
the consequences of alkaline plumes reacting with the engineered barrier system (including
the waste form) and ‘migrating through a portion of the geosphere pathway. These sensitivity
" analyses will be used to evaluate the consequence to peak doses from impacts to the source
term and retardation along various portions of the geosphere pathway. The discussion
presented directly below is a summary of the more detailed report provided as Attachment II.

The preliminary consequence analyses were accomplished by modification ot th TSPA-1995
base case (set with the TSPA-1995 parameters as 83 MTU/acre, backfill, high infiltration rate,
climatic variation, drips on the waste packages, and fluid pH of 7) to reflect the- potential
interaction of alkaline fluids from cementitious materials. The two scenarios that were
analyzed are: (1) modified geosphere transport only (mgto). this may be the case for
migration of alkaline plumes in which enhanced complexing of dissolved radionuclides at
high pH results in negatively charged species (performed by setting distribution coefficients
(K for all radionuclides to zero, i.c., no retardation, for distances of 10 m and 100 m into
the unsaturated zone (UZ), and for the entire unsaturated zone); ‘and (2) modified source-term
and geosphere transport (mstagt): this combines the first scénario with pH-dependent waste-
form dissolution rates and pH-dependent solubxlxty-hmxtcd conocntratxons of Np, Pu, and Am
evaluated at a fluid pH of 11. :

PA Cement Status/Summary Report, September 30, 1996: Page 3 of 11



The results of these simulations were compared to the TSPA-1995 base-case results for (1) a

single realization, expected-value calculated dose (expected case) at the accessible

environment at times of 10*, 10°, and 10° years, and (2) the complimentary cumulative |
distribution function (CCDF) of 100 realizations of calculated dose at the accessible U
environment at times of 10* and 10° years.

For the 10* year time frame, the expected case results indicate essentially no change from the
base case results for both modified scenarios (mgto and mstagr) where there is no retardation
up to 100 m into the geosphere. For unretarded transport through the entire geosphere, only
minor contribution to peak dose from ®'Np (~1%) is calculated for mgto, but for mstagt ZNp
becomes the primary. contributor to peak dose at about 8700 years.

For the 10° year time frame, the expected-case calculations indicate that there is essentially no
change from the base-case results for only 10 m of unretarded UZ transport and no
modifications to the source term. However, for mstagt, the peak dose is increased by about a
factor of 5 and dominated by *’Np release at greater than 60,000 years. For the 100 m
unretarded geosphere pathway and the wholly unretarded UZ pathway, the peak dose results
from ®'Np for both mgto and mstagt. Dose contributions from *th and *¥ are also
elevated in these cases. For the wholly unretarded UZ pathway, 2’Np contributes the highest
doses after ~20,000 and ~10,000 years for mgto and mstagt cases, respectively. In the latter
case, the peak dose is about 300 times the base case value, and ¥*Pu is the second highest
dose contributor at ~60,000 to 100,000 years, comparable to that from *Th.

For the 10° year time frame, the expected-case results for mgto indicate that the longterm
B'Np peak dose is (a) relatively unchanged for 10 m of unretarded transport, (b) about twice
the base case for 100 m unretarded transport, and (c) about 4 times the base case for N4
unretarded transport throughout the unsaturated zone. For this last case, ?’Ac and ®'Pa
become contributors essentially equal to ®"Np for the longterm doses. [In addition for this
case, results indicate that '**Cs becomes the peak dose contributor after about 250,000 years.
However, this is not much of a real concern because it is unlikely that Cs* (an alkali metal)
would be highly complexed by hydroxide or carbonate even at very alkaline pH values, and
therefore probably would not experience such a change in retardation.] For mszagt over the
10° year time frame, the expected-case results show that the longterm ®Np peak dose is
higher and shifted to earlier times for both 10 m and 100 m of unretarded geosynere pathway.
For unretarded transport throughout the entire UZ, the results indicate that after about 150,000
years the major dose contributors would be Z°Pu and **2Pu (the same comment on **Cs made
above applies to this case).

. Except for the case of mstagt for the entire UZ (for which ®'Np is the major peak dose
contributor), there is relatively little change to the peak doses at 10,000 years, because these
peak doses are dominated by '*I and ®Tc, which were unretarded in the base case. In
addition, for mgto with unretarded transport through the unsaturated zone of only 10 m, Z*"Np
peak doses are relatively unaffected at all time frames. In the corresponding mstagt case, the
peak dose is increased by about a factor of 10 in the 10° year time frame, but are only about

5 times higher for the 10° year time frame. These modified peak doses are shifted to .
substantially earlier times. For 10° years and mgto, the impacts to *'Np peak doses are about °
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0.5 and l 5 order'of-magmtude increases for 100 m unretardcd and entire unsaturated zone
unretarded transport, respectively. In the corresponding mstagt case, the changes are ~1.0 and
2.5 orders of magnitude, respectively. In the 10° year time frame, these modified scenarios
represent about 0.5 and 1.5 order-of-magnitude increases relative to the base case, but occur
within the first 200,000 years For these modified cases, the largest increases occur for the
scenario of modified source term and geosphere transport. Even higher increases to *'Np
peak doses would be expected at higher pH values because functions for solubxhty-hmxted Np
concentrations increase with increasing pH in the alkaline pH conditions.-

" For the 1,000,000 year time frame, the doses from 2*Pu and **Pu are increased by about ﬁve

orders of magnitude for the mgto case with unretarded transport through the entire unsaturated
zone. Even though these are relatively large increases for the doses from these radionuclides,
they do not reach 10 millirem levels and do not become major contributors to peak dose
within that time frame. However, for the corresponding mstagt case, the changes are ~7.5
and 7.0 orders of magnitude, respectively, and the Pu isotopes are the major contributors to
peak dose after about 150,000 years. The peak dose from either Pu 1sotope is only about half
that of ®'Np for this case. _ .

The CCDF results for 10,000 years indicate that only for the mstagt case where retardation is
nonexistant for the entire UZ is there a detrimental change relative to the base case results.
This change amounts to about a factor of 2 eihter in peak dose or probablity of occurrence for
doses greater than ~4 mrem. However, for 100,000 years the CCDF results indicate that
shifts in peak dose an order of magnitude or greater are possible for the cases where no

_retardation occurs through the entire UZ, or where changes to the source term are combined

with no retardation for at least 100 m through the unsaturated zone pathway.

Activiiy 2. Constraints on the potential effects of evolving cementitious méten'als on'in-drift
(near-field) geochemistry asa ﬁmction of time and space. -

Task A. Summary report on current thermochemical data avaxlablc for modeling cvolutmn
of solid phases in the cement system (1.2.3). ,

No progress was reporied for this task.

Task B. Meeting (in August) between PA and SPO staff to excha;ngc information on
modeling cement/water evolution, coordinate modeling effort, and plan modeling
strategy (l 23 & 1.2.5).

Personnel from the PA Department (D. Sassam, J. Lee, W. Halsey) partxcnpated in a meeting
with M&O SPO staff (A. Meike, D. Wilder, W. Clarke, C. Palmer, W. Glassley) and PMO
personnel (B. Mukhopadhyay) on 08/12 and on 08/13 (D. Sassani, J. Lee, and A. Meike only)
to cover planning of the PA overview studies and to exchange technical information. The
meetings covered initial inputs concerning the potential geochemical effects of cementitious
materials and what the SPO could provide to PA within the time frame outlined for the
scoping study on potential impacts on the post-closure repository performance from the use of
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precast concrete linings in emplacement drifts. The discussions focussed on the paucity of
thermochemical data for solid phases relevant to the cementitious compositions. It was
indicated that to better integrate the data from the Scientific Program into PA, active
geochemical process-level modeling within PA was going to be a high priority in the FY1997. \__/
Process-level modeling performed within PA would be done using the EQ3/6 geochemical
mass transfer code package for reaction path calculations, and the OS3D/GIMRT numerical -
software package and the AREST-CT package for simulating multicomponent reactive
transport in porous media. The first two packages are in use within the SPO at LLNL and

~ the latter has been improved for the PA Dept. by subcontracted personnel at PNL for
enhanced near-field evaluations. In order for PA to be linked accurately to the SPO work, it
was requested that a summary of the thermochemical datasets for cementitious system solid
phases developed within the Project and International Studies program be made available to
the: PA Department within this overview study (Task A within this Activity). In addition, the
need for experimental measurements was stressed by the SPO. The possible use of samples
of ESF-invert concrete for the strategic experiments was discussed. Finally the PA plans for
contracting outside experts were reviewed and a number of possible candidates with diverse
expertise in the area of cementitious materials studies were discussed.

Task C. Meeting with Outside Cement Experts (carly September, or sooner) on
cementitious materials to get initial constraints for expected geochemical effects
and define content of Experts Report. Summarize meeting dxscussxonlﬁndmgs
(123 & 1.2.5).

This FY1996 work focussed on constraining the potential geochemical effects of cementitious
materials, which will provide input to the other areas. One part of this work was to contract

a few outside experts on cementitious materials to (a) participate in a PA-SPO-Repository- N
Design meeting to discuss potential geochemical effects and possible cementitious mixes that
would assuage the potential post-closure performance impacts, and (b) produce a short report
covering the potential evolution of cementitious materials in the Near-Field Environment

(NFE) over geologic time periods, the potential compositional effects to the NFE of that
evolving material, focussing on those effects prioritized by PA. D. Sassani and J. Lee
contracted (through the lead M&O cotractor TRW) three outside cementitious inaterials

experts and planned a one day meeting between project personnel from PA, RD, and SPO and
the external experts. The meeting was held on September 5, and their reports were delivered
the last week of September, 1996. Below is a synopsis of the meeting with the cementitious
materials experts (for the detailed Meeting report see Attachment III), followed by a summary
of the report findings (each Experts’ report can be found in Attachments IV-VI).

In the meeting and within their reports a number of recommendations were made by the
experts concernmg the cement/concrete compositions and the curing techniques to consider in
order to minimize potential compositional impacts from concrete. The most common of these
are summarized here:
a) use precast concrete because of mix and curing options,
b). design the cement mix with lower Ca/Si ratio than Type II cement to be closer to
the rock composmon and lessen pH perturbations,

PA Cement Status/Summary Report, lSeptembcr 30, 1996: Page 6 of 11



c) use techniques such as particle size engineering, steam-cunng, or pressure-curing
to reduce the concrete permeability and the water content needed for higher snhca
cements,

-d) use tuff aggregate for chemical compatibility to the tuff, and

¢) investigating alternative cements, such as C,S, that may have a lower pH than
standard Portland cements

Cement Experts Meeting Summary:

The Meeting between the outside experts on cementitious materials and the PA, SPO, and RD
groups of the M&O took place on Thursday September 5, 1996 (Attachment II). The experts
that were brought in for the meeting are Prof. Della Roy of The Pennsylvania State - :
University, Dr. Maria Onofrei of the Atomic Energy Canada Ltd. (AECL), and Prof. Hamlin
Jennings of Northwestern University, each of whom will write a short report with their ideas
on the potential geochemical effects of concrete and possible cement options that minimize
those effects. The PA Cement Study Meeting with the outside cement experts involved
personnel from the Waste' Package group, the Repository Design group, Scientific Programs,
and the Performance Assessment Dept of the M&O, and from the Assistant Manager of
Suitability and Licensing (AMSL) organization of YMSCO.

Presentations were made to introduce the outside experts to the Yucca Mountain site, the
current Repository Design and Concrete formulations considered for ground support, the
potential in-drift environment that materials would experience on the 10,000+ year time-
frame, and the potential post-closure performance issues with cementitious materials. The
afternoon was spent discussing the possible evolution of cementitious materials in the
potential near-field environment and conceivable methods to assuage or eliminate the potentxal
performance impacts. The experts were in agreement that precast concrete would allow a
number of possible solutions to lessen the likelihood of pH perturbations to very alkaline
conditions in the long-term. The options proposed included alkali activated cements, C,S-rich
(lower calcium/higher silica) cements, and lower pH cements being developed at AECL. In
addition, discussion of the evolved cementitious materials focussed on the potential for -
carbonation reactions over geologic time to mitigate any alkali generating phases in the solids.
The experts all agreed that discussion of the evolution of the materials over such a time frame
and at such extreme conditions' would necessarily be speculative because of the lack of data
concerning cementitious materials in such an environment.

Prof. D Roy Report Summary ‘ C
Prof. Roy presents a summary of relevant thermochemical data, evolution of cemcntmous
materials in the potential drift environment, potential water composition effects, and
alternative cement compositions including alkali-activated cements and other specialized
cement formulations designed to be more chemically compatible with the tuffaceous host-rock
(Attachment IV). The discussion of thermochemical data covers assessment of the reliability
of the experimental results, as well as that of the estimated data from the Russian literature.
In addition, the assessments of phase stability based on natural occurrences are discussed for
which it is concluded that portland cements would probably be incompatible with the zeolites
in some of the tuffaceous rocks.
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Within the section covering evolution of concretes is discussed the results of experiments to
characterize the physical/mechanical properties of grouts at temperatures up to 90°C. Some
of the mixes used in the tests were formulated to be more compatible with Yucca Mountain
tuffs. It is suggested that steam-curing of precast concretes be considered for the Yucca Y,
Mountain Project. Under the effect on water chemistry section it is recommended to use
aggregates derived from the host rock to provide chemical compatibility and minimize
perturbations by reduction of the cement component. Also discussed in that section is using a
more siliceous cement to alleviate large chemical perturbations. A summary of expenmental
work on various concrete mixes, tuffaceous rocks, and J-13 water- vapor at 150 to 300 °C is
included. The section on alkali activated cements covers ancient cements used in Rome and -
modern cements referred to as “soil silicate concretes” and “soil cements”.” The latter are so
called because they form phases analogous to zeolites within a synthetic highly alkaline
environment. Some of these cements have higher strengths than portland cements can provide
and many of the components undergo thermal activation which may make them well suited
for the intended application. Finally, the results of heating experiments (dry and
hydrothermal) on low-Ca concrete formulated with a low water to cement ratio indicated that
in a dry environment that the concrete underwent little alteration up to 150 °C.

Prof. H. Jennings Report Summary:

Prof. Jennings presents in his report a summary of the background information presented to
the experts at the September 5 meeting, a general overview of cements/concretes and the
dependence of their physical properties on hydration, specific comments on the issues raised
by PA regarding evolution of concrete and geochemical effects, recommendations for the
types of cement/concrete and curing/manufacturing techniques, and finishes with a discussion
of some recent work on cements for use with Hanford wastes (Attachment V). In the
background summary and in other sections of the text, Prof. Jennings indicated that the ~
complexity of the cement system and potential conditions makes it difficult to predict how the
system would evolve, but recommends that the cement be formulated to minimize changes
with time. Within the cement overview, the report documents the basics of ‘cement reaction .
and provides relations between cement hydration and the volumes of the multiple phases that
form, as well as that of the pore spaces. It is recommended in this section that reducing the
water/cement ratio would provide a denser cement and minimize water.

Comments on specific - oncerns of PA inclade that the higher temperatures in potentia’
repository drifts are likely to produce polymeri-ed silicates and more crystalline phases such
as tobermorite, zenotalite, zeolites, and hydrogamet. Dehydration would possibly lead to
essentially similar phases to the cement starting phases and carbonation could produce
calcium carbonate. Alkalis may form zeolites, which together with calcite formation would
be very positive towards reducing pH of fluids equilibrated with the cement/concrete. It is
stated that this condition and high temperatures would cause increased corrosion of the steel
fibers. In terms of recommendations on composition, Prof. Jennings suggests making the
cement as simple as possible, reducing Ca(OH), by adding silica (as fume, slag, or fly ash),
which would also reduce the permeability of the concrete. In addition, using tuff as aggregate
is suggested, because limestone would not react with alkalis to reduce them.
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A discussion of C,S cements (lower Ca) indicates that there strength is not an issue and they
may be chemically more compauble with the Yucca Mountain lithologies. Keeping the
water/cement ratio low was also suggested so that unreacted miterial might act to reduce
water flow back into the drift by incorporating it into hydrating phases. This was also
favorable because of the stability of unreacted cement clinker and the higher strength of low
water cements. Particle size distribution was also discussed as a means to achieve higher
strength, enhance fluidity, and reduce water content. In addition, precast concrete allows
consideration of pressure and temperature treatments during curing to enhance strength and
durability, and permits consideration of a wider range of composition, possibly eliminating the
need for organic admixtures. Finally, Prof. Jennings presents recent work on cements
generated with highly alkaline starting solutions plus clay and fly-ash. The evolution of pore
fluids for these cements indicates that as reaction proceeds, pH continues to drop even after
30 days. Phases formed include zeolites, apatite, and miner calcite, quartz and monosulfate.
After ~100 days the pH of these cements was more than an order of magnitude lower than
the standard cement mix. '

Dr. M Onofrei Report Summary:
This report was not received until September 30, 1996 and could not be reviewed in time for
this status report but can be seen in its entirety in Attachment VL

Task D. Initiation of modeling studies (scenario develo;imcnt), definition of fnputs, and
preparation of materials for experiments (1.2.3 & 1.2.5).

Within this task, the focus was on preparation of cementitious materials for the strategic
experiments to test future reactive transport calculations. Through early integration with the

- RD group, PA provided the SPO with the preliminary conceptual design for concrete to be
used within potential repository drifts. This preliminary mix is effectively the same as that

- used in the Exploratory Studies Facilities’ (ESF) invert sections, although RD is evaluating
other mix formulations and is being integrated with the input on concrete/cement mix design

* information that the outside experts are providing. This preliminary concrete mix design was
presented at the September 5 meeting in detail and is essentially Type II Portland cement with .
limestone aggregate, added silica fume, and steel fibers for reinforcement (for more details,
see Attachment III). Because of this preliminary mix design is based on that used for the-
ESF invents, (he SPO could use alieady cured samples of the inverts for the material to use in
the strategic experiments. This saved much time that would have been spent mixing and
curing concrete samplcs to appropnatc conditions.

In addition, PA pcrsonncl have begun reviewing various methods used to evaluate reaction of
cementitious materials with ground water and the effects on geochemistry that may be
generated. Meetings and phone conferences between Las Vegas PA personnel (D. Sassani
and J. Lee) and associates in Albuquerque, NM (P. Domske and C. Stockman) indicate that
relevant experience in this system exists from work on the Germian program and from efforts
on the WIPP. Preliminary efforts to coordinate and synthesize this expertise in terms of
thermochemical treatment of the cement system were begun with the goal of integrating this
expertise into that received from the SPO to avoid disconnects between PA models and
process level model development by the SPO. Integration of these aspects together with
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actively running the process-level models in PA should result in robust abstraction of the

process-level models and a realistically bounding PA model for the consequences of

cementitious materials.

Task E. Letter Report advising on status of all activities at the end of FY96 provided by ~—
September 30, 1996 (1.2.5).

This document is the product of this task.

Activity 3. Potential effects of cementitious Mgﬁals on geosphere (far-field) geochemistry
as a function of time and space.

Task A. Begin summary of existing literature concerning reaction of cementitious fluids in
the geosphere (including natural analogue, experimental, and modeling studies).

See discussion directly below Task B.

Task B. Formulate strategy for modéling studies of the system using reaction path and
reactive transport code packages (e.g., EQ3/6, AREST-CT, OS3D/GIMRT).

The funds for these tasks were used (together with some from Activity 2) to provide
sufficient means with which to get sample preparation underway for materials to be used in
strategic experiments. Such experiments would provide the means to independently check the
results of reactive transport calculations in order to assess confidence in any predictive
calculations performed. These small number of strategic experiments are highly desirable in . Y,
order to assess uncertainty in these reactive transport calculations because of the complex
nature of the geochemical system. The experiments would be designed such that the reactive
transport code could easily be set to mimic the conditions and simulate unambiguously the
situation in the experiment. Calculated results would be compared to the observed effluent
water compositions as a means to check the accuracy of the calculation and assess major
sources of uncertainty within the model. Related work occurring within the SPO (W.
Glassley, LLNL) provides some of the planning required for model calculations and indicates
that the focus for ilie reactive transport modeling will be to (a) produce faster computer runs
by scoping down the compositional system and the phases involved to only those that appear
relevant from preliminary runs and reaction mass transfer calculations, (b) screening of
relevant thermochemical data to ensure consistency, and (c) ensuring that experimental
conditions can be accounted for fully within the reactive transport calculations.

Activity 4. Poténtial impacts of changes in-drift geochemistry on performance-assessment
related parameters (e.g., solubility-limited concentrations, colloidal radionuclides, and
stability, corrosion degradation).

Task A. Begin review and summary of existing experimental and modeling studies for high
pH conditions (i.e., >10) focussing initially on actinides (Np, Pu, Am, U). Include
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- an outline of 6thcr radionuclides that should also be evaluated. This summary
report should asséss the potential under these conditions for formation of
more-stable phases for which data are lacking (1.2.3).

Only minimal planning activities occurred within this task. In addition to evaluating the
literature data for high pH fluids in a Ca- and Si-rich system, a decision-making tree for
geochemical factors to consider as a result of introducing cement was outlined. Such a tree
would provide links between geochemical effects and impacts to performance parameters,
e.g., increased pH would cause possible increased phase solubilities; increased dissolved silica
concentrations would possibly generate a different solubility controlling solid phases.
Combined with a summary of applicable data in the literture, such a decision tree mxght allow
delineation of a few key experiments to idnetify and quantify the possible impact in the
regions of greatest uncertainty.

Activity 5. Potential impacts of changes in far-field geochemlstry on geosphere performance
assessment related parameters.

Task A. Begin review and summary of existing experimental and modeling studies for high
pH conditions (i.e., >10) focussing initially on those radionuclides that are highly
sorbed for base-case (i.c., J-13-like) fluids and that could contribute largely to dose
if not sorbed effectively (e.g., Pu). Include an outline of other radionuclides that .
should also be evaluated (1.2.3). '

No progress was reported in this task..
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Performance Assessment Plan to ‘Address Potential Post-Closure Performance Impacts
from Cementitious Materials used in Potential Repository Drifts

Based on ease of construction and pre-closure tuanel stability considerations, precast concrete ~

is the primary option for ground support in the emplacement drifts of the potential Yucca

Mountain repository. Using precast concrete lining segments for tunnel excavation and

construction provides an efficient means of developing the vast lengths of emplacement drifts

 in the potential repository. Lining of the emplacement drifts with precast steel-reinforced

concrete may enhance the stability of the emplacement drifts, possibly throughout the pre-

closure period. These linings may also help to assuage potential rock falls on the waste -

packages in the early post-closure stages. However, the potential geochemical effects of the

long-term evolution of cementitious materials in the potential repository drift environment

may result in both beneficial and detnmental impacts to post-closure waste isolation

capabilities of the system.

Current Performance Assessment judgement based on a qualitative analysis of the issues
indicates that using large amounts of cementitious materials has potential to impact adversely
waste isolation capabilities of a potential repository. Because concrete linings for potential
emplacement drifts are currently the top-rated ground support option, a more detailed analysis
of the post-closure performance issues for cementitious materials has been requested. The
five (5) activities below describe the approach to analyzing these issues including thé
information needs of the Performance Assessment Department to address in a more rigorous
manner the potential impacts to post-closure performance.

Time Frame: Performance Assessment Report completed in the first half of January 1997. —
This time frame will allow for an overview study of both the techaical issues and the

consequences to potential repository post-closure performance as outlined below. This study

will provide the basis for a recommendation by the Performance Assessment Group on the

potential for impacts to waste isolation capabilities of the Yucca Mountain potential geologic
disposal site from a cement-based ground support system for the potential repository drifts.

I Post-Closure Performance Impacts to be addressed:

Given the time frame above, the focus of this work will be quantifying the range of
geochemical effects of cementitious materials and the potential detrimental impacts to post- -
closure performance from usage of large quantities of concrete. The primary potential benefit
to post-closure performance from cementitious materials (identified thus far) is passivation of
waste package surfaces and will be included in the analysis to the extent possible. Focussing
on delineating the consequences of potential detrimental impacts to post-closure performance
will enable Performance Assessment to bound the risk involved with cementitious materials
and to provide a recommendation on using an in-drift, concrete-based ground support system.

It is recognized that various cementitious materials exist that have different physical and
chemical properties. There are cements specially designed with higher silica (SiO,) content to
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react with, and eliminate, portlandite (Ca(OH),) by forming Ca-silicate phases that maintain
pore fluids at pH values of about 11. In terms of impacts to post-closure performance from
alkaline fluids, these cement varieties would be preferred over those with excess CaO or

' ~ alkalies such that pH values of 12.5 to 13.5 are attainable. In some cases though, organic

admixtures must be added to control setting and consistency of concrete mixes that are
chemically engineered to buffer pH to about 11. This evaluation will assume that no organic
additives are used within the concrete. Analysis of the potential impacts to post-closure

- performance resulting from organic materials would require an-amount of effort much larger

than that being considered here.

-Actmty 1. Performance Assessment Analysxs of Impacts and Consequences

The assessment of changes to system performance that may result from the geochexmcal
effects of cementitious materials will be addressed by answering the followmg three questions
relating to various portions of the system:

Q1. Does the emplacement of large masses of concrete into potetmal repository drifts
cause greater release of radionuclides from the waste package and engineered barrier

system (EBS)? Specifically, how are solubility-limited concentrations of dissolved
radionuclides changed by the imposed geochemical effects, and how much cement-
derived colloid forms and transports radionuclides?

- Q2. Does the emplacement of large masses of concrete into potential repository drifts -
cause enhanced transport of radionuclides through the geosphere? Specifically, how
ar¢ radionuclide sorption coefficients changed by the imposed geochemical effects of
alkaline plumes (including primarily the aqueous phase effects, but also incorporating
the host-rock alteranon effects as much as possible)?

'Q3 If the answer to either of the above questions is yes, then does the emplacement
of large masses of concrete into potential repository drifts result in degradation of the
total system performance to an unacceptable extent? (e.g., as shown via potential
consequences of changes in EBS and geosphere PA-related parameters on 10,000 year
peak dosc at the accessible environment)?

These questions will be addressed by comparison of expected changes in performance
parameters (identified in the studies discussed below) to the ranges of those values used in
current Total System Performance Analysis models, seasitivity studies of consequences
focussing on the subsystem impacts such as changes to solubility-limited concentrations and
geosphere transport properties, and analyses of consequence from combined impacts.
Consequence analyses will be performed with the Repository Integration Program (RIP) and
compared with current base-case analyses to assess the changes in performance related to
these effects. Comparison of such results with current post-closure performance standards
will allow assessment of the meaning of any changes from the base case.
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Primary 1.2.5 investigators: D. Sassani |
J.Lee - ’ ‘ ,
T. Dale N
J. McNeish

These questions will be addressed by both sensitivity/consequence studies within the
Performance Assessment Department (as discussed above) and focussed studies by the
Scientific Programs investigators to fill the process-level information needs of Performance
Assessment presented below. The answers to the above questions will allow.a :
recommendation to be made by the Performance. Assessment. Department regarding the use of
large quantities of cementitious materials in the construction of potential repository drifts
based upon the potential for impact to Post-Closure Performance of the site. The uncertainty
in the analyses will be used to provide a level of confidence in the recommendation that is
made. It should be noted though that such a recommendation will be based on post-closure
issues only. Any decision about using pre-cast concrete lining as ground support for potential
repository drifts should integrate this recommendation with those from other relevant areas of
consideration (e.g., constructability, ground support and preclosure operational safety, etc.). -

II. Process-level Information Needs:

The information needed to address the above performance questions encompasses (A) effects

to the in-drift geochemical environment and to the geosphere geochemistry, and (B) the

impacts of these changes upon performance parameters such as dissolved radionuclide
concentrations, colloidally bound radionuclides, and transport of these species through the
geosphere. Such data forms the basis for establishing the likely scenarios for the potential ~—
repository environment and evaluating the consequences of using large masses of cementitious
materials. Presented below is an overview and prioritization of the post-closure performance

issues that Performance Assessment has identified followed by a plan detailing the approach

to filling the information needs via four (4) activities that would support the Performance

Analysis. activity discussed above.

From a preliminary analysis by the Performance Assessment Waste Isolation Evaluation
(WIE) group, 2 numb.r of potential geochemical effects of cementitious materials and their
associated potential impacts (positive, negative, & indeterminate) to post-closure performance
parameters have been identified. These potential effects and impacts are:

Generation of Highly Alkalme Solutions (pH ~12-13)

4+ Increase Radionuclide Solubility Limits (e.g., via CO,> & OH~ Complcxmg)
4+ Reduce/Eliminate Sorption in Natural Barrier (Amomc Species) :
+ Change Hydrology via Increased Silica Solubility & Host-Rock Alteration

4+ Reduce Waste Package Corrosion (via Passivation Films) .
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Higher Ca Concen:ratzon (Stabilize Calcite)
4 Reduce CO, Migration (fix C)
4+ Change Near-Field Hydrologic Properties

In-Drift Water Source—Elevauon of Relative Humidzty

4+ Increasc Waste Packagc Corrosxon

Production of Alununasdzcate Colloids
4 Increase Mobile Radionuclides
4+ Change Sorption Properties

Provide Sorptive Substrate In-Drift
4+ Increase Near-Field Sorpnon (Alkalies, etc.)

The qualitative analysis of these potential mpacts to post-closure pcrformanoc has lcad
- Performance Asscssment to pnonnzc them in the followmg manner: .

- 1. Major Issue is pH Perturbation Impacts to Solubllity Lﬁmits and Sorptidn

“This issue, which is relevant to both the in-drift environment and in the geosphere

transport of radionuclides, appears to have the capacity for causing the largest changes

to post-closure performance. Possible mitigation of extreme high values may be

possible by using a particular cement formulation, i.c., adjust the Ca/Si ratio to

- reduce/eliminate the Ca(OH), so that the resulting solution pH is set to about 11 by

calcium-silicate-hydrate (C-S-H) phases. One of the top priorities is to evaluate -
potential effects to dissolved actinide concentrations (Np, Pu, Am). (For uranium,

- Ca-U-Si phases (e.g., ~uranophane) appear to form over time and thereby constrain

dissolved uranium to low values within cement pore fluids.) Because many dissolved

coristituents may have anionic forms at high pH, a second top priority is to evaluate

the potential effects of a!kalme fluids on far-field sorptxon coefficients of alkaline
ﬂulds

2. Host-Rock Alteration Impact on iiydrologyl’l‘ransport

Silica (quartz, amorphous silica, etc.,) solubility increases above a pH of 10, Silica
minerals in the host rock will be unstable and react readily in this environment.
Formation of alteration phases resulting from the pH perturbation, as well as increased
cation concentrations (e.g., Ca abundance stabilizing Ca-silicates and calcite), will
probably change porosity and permeability in the host rock. In addition, mineralogic
changes would also have potential to affect the capability of the rock to sorb
radionuclides. The extent to which these effects would occur and their potcntigl
performance consequences are uncertain. Because the alteration capacity is increased
under the identified changes to chemical condmons, these effects should be addressed

in at least a preliminary manner.
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3. Colloids/Sorptive Material

Cement solids (i.e., CSH phases) and possible alteration minerals may provide both \__/
sorption and cation exchange sites for radionuclides, thus providing some level of
retardation within the drifts. Colloids generated from cementitious materials may also

sorb radionuclides and could enhance transport if they migrate. These issues are

currently viewed as somewhat of a trade-off, except for consideration of transport of
colloids within fracture pathways. Although such enhanced transport may be offset by
sorption/cation exchange in Near-Field, an attempt should be made to place bounds on
the abundances of cementitious colloids and their capacity to sorb radionuclides.

4. Near-Field Water Source

Water held in the pores and from thermally-driven dehydration of C-S-H phases within
the cement would be evolved in the near-field environment and may increase relative
humidities in the drift. If the water content of the concrete can be kept to amounts
comparable to the natural water content of the host rock, this should not be a major
effect. The final water content of the concrete may be minimized by using pre-cast
concrete, which would reduce free water via curing/hydration of cement paste and
water migration out of the concrete before placement.

In the plan below, the Performance Assessment analysts will work in close cooperation with
the Scientific Program investigators to bound both the potential effects (Section II-A) of the
evolution of large quantities of cementitious materials in a potential repository environment
and the level of impacts (Section II-B) to the Performance Parameters that are currently —
included, or planned to be incorporated in the near future, in the Total System Performance
Assessment model. This cooperative effort will be facilitated by concurrent model
development/evaluation of the evolution of cementitious materials in the in-drift environment
by both Performance Assessment analysts and Scientific Program investigators. Strategic
experimental work will allow testing of process-level modeling accuracy and precision. This
effort will also include incorporation of the contributions of outside experts regarding the
expected evolution of cementitious materials in the potential repository environment and the
probable geochemical effects of the evolving materiuis.

II-A. Constraints on Geochemical Effects

The cementitious materials (or precast concrete) to be focussed on in this portion of the study
are classified into two types according to their pore solution pH: 1) precast concrete based on
ordinary portland cement (OPC) which commonly generates a highly alkaline pore solution
with a pH between 13 and 13.5; and 2) precast concrete based on a specially designed cement
to lower the pH of the pore solution to about 11. The pore solution pH of the ordinary
portland cement-based concrete is dominated initially by the alkalies (Na and K) at a pH 13
and 13.5, and later from the equilibration of portlandite (Ca(OH),) setting the pore solution to
a pH of about 12.5. To assuage potential problems associated with high pH solutions, cement
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for precast concrete can bé ¢étigineered by adding additional ‘silica that reacts with portlandite

to produce calcium silicate hydrate phases (xCaO-SiO,yH,0) which are characterized as
having “gel-like”, quasi-crystalline structures and high specific surface area. The calcium
silicate hydrate phases contain some of the alkalies by adsorption and incorporation into their
structure.  The resulting solutions of this engineered precast concrete commonly have pH
values between 11 and 11.5. This analysis should identify if the use of such engineered
concretes requires the use of organic admixtures in order to be effective.

Activity 2. Constraints on the potential effects of evolvmg cementmous materials on m-dnfr
(near-field) geochemzstry as a Junction of time and space. :

This activity will involve documenting applicable constraints from existing literature, expert
clicitation, and modeling studies of the system using reaction path and reactive transport
programs (e.g., EQ3/6, AREST-CT, OS3D/GIMRT). In addition, strategic experiment(s) will
be conducted to generate a data set with which to evaluate the accuracy and precision of the -
modeling studies. At least one such experiment will be completed by the beginning of
December 1996 because they are short term (1-3 months), and it will be designed to test the
ability of the modeling programs to predict pH and selected ionic concentrations that result
from water contacting cement affected by high temperatures at low relative humidities.
Elicitation of contributions from outside experts regarding the physico-chemical characteristics
of cementitious materials and evolution of these in the potential repository environment will
provide inputs with which to more precisely identify the major effects for consideration and

“to sharpen the scope of modeling studies of cementitious materials evolution and experimental

tests of the models. In addition, this activity would include documentation of the available
thermochemical data for cement-system phascs assessment of the uncertainty in model results
resulting from data limitations, and comparison between model calculations and experimental
results. Both Performance Assessment analysts and Scientific Programs investigators will
work cooperatively to ensure consistency of process-level analyses and abstraction of
bounding parameters into scenarios for Performance Assessment analyses. These studies will
focus on providing data on constraining: -

a. In-drift fluid composition (e.g., pH, ionic strength, sulfate, alkalis, silica)
b. Colloid ab. ndances generated from cementitious materials
¢. In-drift mineralogic changes

Comparison of the changes observed relative to a “base-case™ of ~J-13 fluid will allow
identification of the major variables of concern (e.g., pH ionic strength, etc.).

Primary 1,2.3 investigators: A. Meike -

W. Glassley
‘B. Vlanm

Pmnary L. 2 5 mvcstngators D. Sassam
J. Lee
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Activity 3. Potential effects of cementmous materials on geosphere (far-field) geochemtstry
as a function of time and space.

This activity will be essentially an extension of the in-drift effects study outlined above. In ~
this case the focus is on the interaction of the resulting fluid composition with the tuffaceous
host-rock of the geosphere. This activity will summarize existing information concerning
reaction of cementitious fluids in the geosphere (including natural analogue. experimental, and
modeling studies) and provide results of modeling studies of the system using reaction path
and reactive transport code packages (e.g., EQ3/6, AREST-CT, OS3D/GIMRT). Such
modeling will provide constraints on the extent to which cement fluids may migrate through
the geosphere, how such fluid compositions change, and how the host rock mineralogy alters-
during reactive of the fluid phase. Assessment of the uncertainty in the model results will
also be performed. This activity will focus on providing data on:
a. Extent of migration of perturbed fluid compositions (alkaline plume)
b. Compositional evolution of fluids with migration
c. Mineral alteration of host rock
Primary 1.2.3 investigators: W. Glassley
B. Robinson
Primary 1.2.5 investigators: D. Sassani
J. Lee
II-B. Impa Geochemical Effects on Performance Paramete N4

In order to. evaluate the consequences to performance of cementitious materials, connections
-should be established between geochemical effects and how performance parameters change
as a result. The values of impacted performance parameters allow evaluation of the expected
_perturbation of the system. The activities outlined below are intended to develop constraints
on both the in-drift and gcosphcre performance parameters.

Activity 4. Potential impc s of changes in-drift geochemistry on performance-assessment
related parameters (e.g., solubility-limited concentrations, colloidal radionuclides, and
stability, corrosion degradation).

This activity will involve documenting the existing knowledge concerning how the potential
geochemical effects could impact the dissolved concentrations of radionuclides (solubility-
limits, etc.), or provide other sources of mobile radionuclides (e.g., colloidal radionuclides).
Thermochemical modeling of phase stabilities and the changes in their solubilities under these
conditions will allow comparison of these values to those in ~J-13 fluid. Assessment of
model uncertainties will be performed. In addition, this activity will include preliminary
assessments of the impacts (possible benefits) of these geochemical effects on waste package
degradation rates using constramts surveyed from the literature or avaxlablc models. In this
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case also, model uncertainties should be assessed. Impacts to waste-form (spent fuel and
vitrified high-level waste) degradation rates may also be included, but the current performance
assessment model for spent-fuel dissolution is viewed as sufficiently conservative because it is
based on the far-from equilibrium values. This activity should reexamine this assessment by
a rapid survey of cxisting knowledge. This activity will focus on providing data on:

"~ a. Changes to radionuclide solubility-limits for perturbed fluids.

b. Sorbed masses of radionuclides on cementitious material-derived colloids.
c. Changes to container degradation rate.

Primary 1.2.3 investigators: C. Palmer
D. Tait
A. Meike

Primary 1.2.2 investigators: G. Henshall
: D. McCright
R. Stout

Activity 5. Potential impacts of changes in far-field geochemz.rtry on geasphere performance
assessment related parameters.

This activity would include a summary and an assessment of the applicable data for
distribution coefficients of radionuclides under the conditions of the plume fluid composition, -
particularly the high pH effect. Estimation/extrapolation may be required using available data
with constraints from theoretical/modeling studies where directly applicable measurements are
not available. Assessment of uncertainties should be performed for constraints provided.

This activity should focus on providing data for:

-a. Changes to radionuclide sorption coefficients for plume fluids

Primary 1.2.3 investigators: L Triay
. B. Robinson

III. Schedule and Resources:

1![.-5. Fiscal Year 1996:

In the remainder of Fiscal Year 1996, each of the five activities in the study will be started,
although it is not expected that any aspect of the above plan will be completed within that
time. The initial focus is on better constraining the geochemical effects. A letter report will
be issued at the end of FY96 (September 30, 1996) detailing the status of the progress in each
of the 5 activities. It is planned that this will include preliminary input elicited from two
experts on cementitious materials regarding expected geochemical effects. For the remainder -
of this fiscal year, the effort will be focussed on beginning the highest priority studies using
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resources totaling $100 K. These resources will bc divided among the 5 activity areas in the
following manner: .

Activity 1:

Activity 2:

Activity 3.

Activity 4.

315K for consequence analyses assuming ranges of potential impacts to the

geosphere transport (315K for 1.2.5).

To start, this activity would address the consequences of having decreased
(possibly to zero) K, for radionuclides along a portion of the geosphere

pathway using the RIP code. These sensitivity analyses will be used to

evaluate the consequence to peak doses of such decreased retardation
along the first 10 m and the first 100 m. of geosphere pathway (1.2.5).

345K for developing constraints on effects to in-drift geochemistry (315K for

1.2.3; 315K for 1.2.5; and 315K for outside experts).

Summary report on current thermochemical data available for modeling
evolution of solid phases in the cement system (1.2.3).

Meeting (in August) between PA and SPO staff to exchange information on
modeling cement/water evolution, coordinate modeling effort, and plan
modeling strategy (1.2.3 & 1.2.5).

Meeting with Experts (carly September, or sooner) on cementitious materials to

- get initial constraints for expected geochemical effects and define
content of Experts’ Report. Summarize meeting discussion/findings
(123 & 1.2.5).

Initiation of modeling studies (scenario development), definition of inputs, and
preparation of materials for experiments (1.2.3 & 1.2.5).

Letter Report advising on status of all activities at the end of FY96 provided
by September 30, 1996 (1.2.5).

315K for developing constraints on the effect to the geochemistry in the

geosphere (1.2.3).

Begin summary of existing literature concerning reaction of cementitious fluids
in the geosphere (including natural analogue, experimental, and

. modeling studies).

Formulate strategy for modeling studies of the system using reactic 1 path and
reactive transport code packages (e.g., EQ3/6, AREST-CT,
OS3D/GIMRT).

315K for developing impacts to radionuclide solubility-limited concentrations

Jrom major geochemical effects (1.2.3).

Begm review and summary of existing experimental and modeling studies for
high pH conditions (i.e., >10) focussing initially on actinides (Np, Pu,
Am, U). Include an outline of other radionuclides that should also be
evaluated. This summary report should assess the potential under these
conditions for formation of more-stable phases for which data are
lacking (1.2.3).
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Activity 5. 810K for developing impacts to sorption in the geosphere from major

geochemical effects (1.2.3). ‘ '

Begin review and summary of existing experimental and modeling studies for
high pH conditions (i.e., >10) focussing initially on those radionuclides
that are highly sorbed for base-case (i.e., J-13-like) fluids and that could
contribute largely to dose if not sorbed effectively (e.g., Pu). Include an
outline of other radionuclides that should also be evaluated (1.2.3).

[II-B. Fiscal Year 1997:

. In the first quarter of FY1997 (October through December), work will progress within each of
the five activities culminating in a Performance Assessment Department Report completed for
January 15, 1997. Many of the activities will be concurrent and, because of the
interdependencies, will be ongoing throughout the period. For example, much of the work to
be performed within Activity 1 will depend upon information derived from Activities 2
through 5. Similarly, scopes within Activities 4 and 5§ may change as information is provided
from Activitics 2 and 3 (or even Activity 1). - Given these uncertainties, estimates of
schedules and resource needs are listed below for each of the five (5) activities, in terms of
fractions of Full-Time Employees (FTE-where 3 months is equivalent to 0.25 FTE). In order
to fulfill the overview study in this time-frame the resources needed are:

Activity 1:  Performance Assessment Analysis of Impacts and Consequences (1.2.5).

a. Assessment of impacts to in-drift performance parameters
status of sensitivity studies by October 31, 1996
‘status of impact assessments by November 15, 1996

- completed by December 31, 1996

b. Assessment of i impacts to geosphere performance parameters
status of sensitivity studies by October 31, 1996
status of impact assessmeats by November 15, 1996
completed by December 31, 1996

c. Assessment of consequences at the accessible environment
status of consequen. s analyses by November 15, 1996
completed by 1st week of January, 1997

d. Generate final report
completed January 15, 1997

Activity 1 Total Resources: 0.625 FIE in 1.2.5

Activity 2. Constraints on the potenti'al effects of evolving cementitious materials on in-drift
(near-field) geochemistry as a function of time and space (1.2.3 & 1.2.5).

a. In-drift fluid composition (e.g., pH, ionic strength. sulfate, alkalis, slhca)
status by November 15, 1996
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completed by December 15, 1996
b. Colloid abundances generated from cementitious materials
status by November 15, 1996 "
completed by December 15, 1996
c. In-drift mineralogic changes '
status by November 15, 1996
completed by December 15, 1996

Activity 2 Total Resources: 0.750 FTE in 1.2.3
. 0.375 FTE in 1.2.5

Activity 3. Potential effects of cementitious materials on geosphere (far-field) geochemistry
as a function of time and space (1.2.3 & 1.2.5).

a. Extent of migration of perturbed fluid compositions (alkaline plume)
status by November 15, 1996
completed by December 15, 1996
b. Compositional evolution of fluids with migration
status by November 15, 1996
completed by December 15, 1996
¢. Mineral alteration of host rock
status by November 15, 1996 :
completed by December 15, 1996 -

Activity 3 Total Resources: 0.500 FTE in 1.2.3 4
0.125 FTE in 1.2.5 -

Activity 4. Potential impacts of changes in-drift geochemistry on performance-assessment
related parameters (e.g., solubility-limited concentrations, colloidal radionuclides, and
stability, corrosion degradation) (1.2.3 & 1.2.2).

a. Changes to radionuclide solubility-limits for perturbed fluids
staiic by November 30, 1636
completed by December-31, 1996
b. Sorbed masses of radionuclides on cementitious colloxds
status by November 30, 1996
completed by December 31, 1996
c. Changes to container degradation rate (include assessment of waste-form impacts)
status by November 30, 1996
completed by December 31, 1996

Activity 4 Total Resources: 0.500 FTE in 1.2.3
_ 0.125 FTE in 1.2.2
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: Actwity 5. Potential mzpacts of changes in far-field geocﬁemzstry on geosphere performance
assessment related parameters (1.2.3).

a. Changes to radionuclide sorption coefficients for plume ﬂuxds
status by November 30, 1996
completed by December 31, 1996

Activity 5 Total Resources: 0.250 FTE in 1.2.3

otal Resources for Fiscal Year 1997

1.125 FTE in 1.2.5
2.000 FTE in 1.2.3
0.125 FTE in 1.2.2

3.250 FTE total

, —

D. C. Sassani, C\DCS\GEOCHEM\TFM\CEMEM\PAPMNDOC Page 120f 12 Draft August 15, 1996

K/.
o | /’thah medt T



RIP SIMULATIONS TO INVESTIGATE THE POSSIBLE CONSEQUENCES
OF CEMENT PLACEMENT WITHIN THE POTENTIAL
YUCCA MOUNTAIN REPOSITORY

Tim F. Dale
1. INTRODUCTION

Simulations using the Repository Integration Program (RIP) were generated to investigate the
change in dose to man, measured at the accessible environment (AE), due to a change in
groundwater chemistry as a result of dissolution of concrete surrounding the drifts within the
repository. As the groundwater infiltrates into and through the repository, the concrete is
dissolved into solution resulting in an increased in the pH of the groundwater. Several effects of
having a groundwater with a higher pH in contact with the waste forms were investigated and the
results are presented below. :

The increase in pH was incorporated into the RIP base-case model by increasing the pH of the
infiltration water to a constant value of 11 and specifying the solubility limits for Americium,
Neptunium, and Plutonium as a function of pH. The dissolution of the waste forms was
maintained as a function of pH as specified within the base-case model. The change in each
radionuclide solubility limit as a function of pH was calculated within RIP during each -
simulation. ,

The increase in the groundwater pH was also assumed to decrease the distribution coefficient
(Kd) of the radionuclides within the geosphere, thereby decreasing the retardation of the
radionuclide. Because no transport processes were specified as a function of pH within the base-
case model, the decrease in the Kd values was incorporated into the geosphere module by setting
all Kd values to zero (retardation = 1) for various distances away from the waste package. The
three distances selected were 10 and 100 m away from the repository, and, as an extremely
unlikely bounding case, for the entire unsaturated zone.

The RIP base-case model was simulated to provide the base-case results to which all modified
runs were compared. The changes to the RIP base-case model weie conducted by first
modifying the Kd values for the various distances within the geosphere (initial pH scenario).
Following the analysis of these runs, the increase in the pH and the solubility characteristics of -
the groundwater within the repository was incorporated (modified pH scenario).

2. BASE-CASE MODEL
A RIP input data file (83YHCBO.RP) based on the TSPA-1995 case for 83 MTU/acre, ﬁigh
infiltration, climate model, drips on waste package, and backfill was renamed 83.RP and was

considered the base-case model for this study. The base-case waste-package model assumed a
pH of 7 for the infiltrating water at a temperature of 25°C. The dissolution of the spent fuel and
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defense high level waste packages was defined by the coded functions CSFDIS and CGLDIS as
in TSPA-1995. The solubility-limited values for all radionuclides were not specified as a
. - function of pH in this case.

The thickness of each geologic unit or layer within each of the six unsaturated-zone columns
represented in RIP is presented in Table 1. The Kd value for each radionuclide, and thus the
retardation for each radionuclide, was assumed to be constant across the entire length of each
simulated geological layer. Table 2 lists thc expected-value retardation values for each chemical
element group per geologic material. .

‘ The longitudinal dxspersmty value assxgnéd to each matrix flow mode was Qsé:gned a.vaiue of
one-tenth of the pathway length (L/10). The Poisson’s transition ratxo for the fracture flow mode
was assigned a value of one divided by the pathway length (1/L)

3. MODEL MODIFICATIONS

The base-case model was modified for two different scenarios. The first scenario involved
maintaining the base-case standard pH value for the infiltrating water and modifying the Kd
values for each radionuclide within the unsaturated-zone pathways. The second scenario
involved increasing the pH for the percolation flux within the repository, and specifying the
solublhty-hnnts of several radionuclide families to be functions of the increased pH. :

3.1 INITIAL pH SCENARIO

The initial pH scenario consisted of the base case standard temperature (25°C) pH of 7 for the
water infiltrating through the repository. The solubility and dissolution of all radxonuchdes were
not modified from the base-case values.

An assumed changc in the pH of the groundwater beneath the repository was incorporated into
the model by modifying the Kd values for all radionuclides to three finite distances within the
unsaturated zone. These dxstanoes were specified as 10 m, 100 m, and the entire length of the
unsaturated-zone columns. In order to determine the maximum change in the dose measured at
the accessible environment, the Kd values were ‘set to zero, resulting in no radnonuchde
retardation within the modified unsaturated-zone pathways.

To incorporate the Kd modiﬁcations for a distance of 10 m, the unsaturated-zone pathways were
modified such that the first pathway downgradient from the repository invert layer was 10 m in
length for each column. This required the first geologic layer (TSw) to be split into two
pathways. Table 3 shows the changes to the pathway lengths which were incorporated into the
10 m model (KD10.RP). The shaded areas in the Layer Thickness column of Table 3 denote the
pathways in which the retardation of each radionuclide was set to 1.0 (Kd = 0) within the matrix
flow mode. For each of the models in which pathways were modified, the relationship between
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the pathway length and the longitudinal dlspersmty and the Poisson’s transition ratio was

maintained. - ‘
—

To incorporate the Kd modifications for a distance of 100 m, the unsaturated-zone pathways

were modified such that the first 100 m downgradient from the repository invert layer could be

specified with a retardation of 1.0. Table 4 shows the changes to the pathway lengths which

were incorporated into the 100 m model (KD100.RP). For columns 1, 2, 4, and 6, the upper

geologic layer (TSw) thickness was greater than 100 m, so these layers were modified in a

similar fashion as to the 10 m model. For columns 3 and 5, the combined thickness of the upper

two geologic layers (TSw and TSv) was less than 100 m. The thicknesses of these two layers

were not modified but it was necessary to modify the third layer (CHnv) to obtain a series of

pathways which total 100 m. Table 4 shows how the CHnv layer was divided. The shaded areas

in the Layer Thickness column of Table 4 denote the pathways in which the retardation of each

radionuclide was set to 1.0 within the matrix flow mode.

The model in which the Kd values were set to zero for the entire unsaturated zone was generated
by only changing the parameter values for the retardation within the RIP input deck :
(KDALL.RP). No modifications to the pathway lengths were required. The layer thicknesses
are the same as presented for the base case in Table 1, however, the retardation for all
radionuclides was set to 1.0 for each layer.

The base-case and the three modified models were simulated with results generated for a single-
realization expected-value dose to man at the accessible environment at time frames of 10,000

years, 100,000 years, and 1,000,000 years. A CCDF plot of dose to man at the accessible ,
environment, based on 100 realizations, was also conducted for time frames of 10,000 years and vy
100,000 years.

3.2 MODIFIED pH SCENARIO

The second pH scenario consisted of taking the three previously modified cases (KD*.RP) and
incorporating the increased pH value within the waste package. The modifications consisted of
increasing the standard temperature pH to 11, and by specifying that the solubility limits of
Americium, iNeptunium, and Plutonium were derined by the coded function CAMSOL,
CNPSOL, and CPUSOL, respectively. The coded furctions specify that the solubility limits of
these radionuclides depend on the pH of the water infiltrating through the repository.

‘The three modified models (PK10.RP, PK100.RP, and PKALL.RP) were simulated to show the
single-realization expected-value dose to man at the accessible environment at time frames of
10,000 years, 100,000 years, and 1,000,000 years. A CCDF plot of dose to man at the accessible
environment, based on 100 realizations, was also conducted for time frames of 10,000 years and
100,000 years.
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4. RESULTS

The simulation results generated from the base-case model and the six modified models are
included at the end of this report as plots of dose to man, measured at the accessible
environment, versus time, and as CCDF plots of probability of exceeding versus peak dose to
man measured at the accessible environment. This section will present the results from the
individual models. Section 5 will present oompansons of the results and discuss the ma_)or points
and observations obtained from this study.

4.1 "EXPECTED-VALUE SINGLE-REALIZATION SIMULATIONS

4 1.1 10,000 years

The results presented for a time frame of 10,000 years were generated from the RIP input files
used to simulate a total time of 100,000 years. The 100,000 year simulations were run with 1000
timesteps at 100 years per time step. Therefore, the plots for 10,000 years present the first 100
data points of the total 1000 data point file generated over 100,000 years. | )

The single-realization expected-value plots of dose to man, measured at the accessible
environment, over 10,000 years are presented in Figures 4.1.1-1 through 4.1.1-7 for the base case
and the six modified cases, rcspecuvely These results show that the non-retarded radionuclides
(*”1, ®Tc, and “C) are the primary dose contributors with dose greater than 1E-8 rem/yr. The
modified pH scenario plots show 2’Np dose greater than 1E-8 rem/yr for all cases. For the case
where there is no retardation within the entire column, Figures 4.1.1-4 and 4.1.1-7 show that

© BNp, 33U, and 2°Th also contribute to the dose above 1E-8 rcm/yr

4.1.2 * 100,000 years

* The single-realization expected-value plots of dose to man, measured at the accessible
environment, over 100,000 years are presented in Figures 4.1.2-1 through 4.1.2-7 for the base
case and the six modified cases, respectively. For all cases, except the base case and the 10 m
Kd=0 case. the highest dose is contributed by 2’Np over the 100,000 year time frame. For the
base case and the 10 m Kd=0 case, the highest dose is contributed by 'I.

413 1 000,000 years

The single-realization expected-value plots of dose to man, measured at the accessible
environment, over 1,000,000 years are presented in Figures 4.1.3-1 through 4.1.3-7 for the base
case and the six modified cases, respectively. For all cases, except the entire column cases, the
peéak dose is attributed to #"Np over the 1,000,000 year time frame. The second highest dose
contributor was 2°Th. For both entire column cases, the peak dose was contributed by l”Cs with
Z7Np the second highest dose contributor,
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42 MULTIPLE REALIZATION SIMULATIONS

The input files for the base case and the modified files for the 100 m and the entire column cases ' __/
were simulated with 100 realizations over time frames of 10,000 and 100,000 years. Separate
simulations were conducted for each time frame investigated.

Tl;e peak dose results for each of the 100 realizations generated for the simulation of a 10,000
* year time frame are presented in Figure 4.2-1. The peak dose results of the 100 realization
simulatioris over a time frame of 100,000 years are presented in Figure 4.2-2. :

The CCDF plots in Figures 4.2-1 and 4.2-2 present the peak dose results of 100 realizations for
the base case, 100 m case, and the entire column case based on time frames of 10,000 years and
100,000 years, respectively. The 10,000 year results (Figure 4.2-1) show that the base-case
model (solid circles) yields the highest peak dose values for greater than 85 percent of the
simulations. The results for the initial pH scenario for Kd = 0 for the entire column (open
triangles) are identical to the base case. This is due to the peak dose within 10,000 years bemg
primarily from non-retarded radionuclides (I, *Tc). The results for the initial pH scenario for
Kd = 0 for 100 m (open squares) should also be identical to the base case since the non-retarded
radionuclide '?1 is the peak dose contributor (Figure 4.1.1-3), but is lower due to the effects of
pathway discretization. The two simulations for the modified pH scenario show that for the
majority of the simulations, the peak dose values are less than that of the base case.

The results from the 100,000 year simulations for the base case and the four modified cases

(Figure 4.2-2) show that the peak dose for each of the modified cases is greater than the base

case. The results from the modified pH scenario show higher peak doses for the modified cases, ./
than do the initial pH scenario results. The higher peak dose results are due to decrease in the
retardation within the pathways, and the subsequent increase in radionuclide release at the

accessible environment. As expected, the results from the “entire column” cases are the highest

for the cases presented.

5. DISCUSSION

The results from the 10,000 year simulations presented in Section 4.1 are not significantly
affected by the Kd and pH modifications because the significant dose contributors within 10,000
years are the non-retarded radionuclides ("I, ®Tc, and '*C). The dose per radionuclide should
not change solely due to setting all retardation values to 1.0. However, the 10,000 year results

- do show a change in peak dose. This change is attributable to the modification of the pathway
lengths when the 10 and 100 m pathways were incorporated into the model. As the new
pathways are encountered, the radionuclides are redistributed between the fracture and matrix
flow mode. This redistribution of radionuclides has a tendency to delay the arrival time of the
radionuclides. Comparison of these results was not presented due to this model effect. This
eﬁ'ect is not significant for the 100,000 year results.
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The results for the 100,000 year simulations were compared using the 2’Np expected value dose
time histories. Figure 5-1 presents the dose due to ?’Np for the base case and the three modified
models from the initial pH scenario. The results show that the base case and the 10 m case
results are almost identical, therefore, the incorporation of no retardation within 10 m of the
reposntory did not have a significant effect on the results. However, there are significant
increases in dose in the 100 m and the entire column case results. The peak dose for the 100 m
case increased by over one-half an order-of-magnitude. The peak dose for the entire column
case increase by over one-and-a-half orders-of- tude from the base case.

Figure 5-2 presents the dose due to ®’Np for.the base case and the three modified models from .
the modified pH scenario. The 10 and 100 m cases resulted in an increase in the peak *’Np dose
by approximately one order-of-magnitude over the base case. The entire column case shows a
very significant increase in the peak dose. The peak #"Np increased by approximately two-and-
one-half orders-of-magnitude over the base case. As with the previous entire column case, the
magnitude of the #’Np dose was higher at early time, peaked at approximately 60,000 years, and’
decreased for the remainder of the simulation due to the depletion of the source term.

Figures 5-3 through 5-5 present a comparison of the base-case model results with those
generated from both of the 10.m, 100 m, and the entire column modified cases, respectively.
These results show that except for the 10 m case, all of the modified cases yield higher peak
doses than the base case and the inclusion of the radionuclide solubility as a function of pH
results in the highest 2"Np peak dose values.

Figure 5-6 presents the #’Np dose time histories over a 1,000,000 year time frame for the base
case and the modified case simulations under the initial pH scenario. These results are similar to
the 100,000 year results presented in Figure 5-1. The 10 m case is almost identical to the base
case and the entire column case has the highest 2’Np peak dose value.

Figure 5-7 presents the ®’Np dose time histories over a 1,000,000 year time frame for the base
and modified case simulations under the modified pH scenario. These peak dose results are also
similar to the 100,000 year results presented in Figure 5-2. The peak dose for #’Np is greatest
for the entiré column case with the 10 and 100 m cases showing similar magnitude of results.
Both the 100,000 and 1,000,000 year simulations tor the entire column case yields the highest
peak Z’Np dose values with the time history curve showing the peak dose within 100,000 years.
The 1,000,000 year case shows the ®"Np dose decreasing by several orders of magnitude over
the remainder of the simulation with significant climate change effects on the time history curve.

Figures 5-8 through 5-10 present a comparison of the base-case model results with those
generated from both of the 10 m, 100 m, and the entire column modified cases, respectively, over
a 1,000,000 year time frame. These results show that except for the 10 m case for the initial pH
scenario, all of the modified cases yield higher peak doses than the base case and the inclusion of
the radionuclide solubility as a function of pH results in the highest 2’Np peak dose values.
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Figure 5-11 presents the 1,000,000 yedr expected-value dose time history for '**Cs based on the
initial pH scenario. The peak dose for **Cs is two to three orders-of-magnitude less than 2’Np
for the base, 10 and 100 m cases. However, for the entire column case, the peak dose for **Cs is
approximately two-and-a-half orders-of-magnitude higher than the peak dose for 2’Np.

Therefore, decrease in the retardation within the unsaturated zone has a very significant effect on’

the arrival time for **Cs and thus the peak dose to man measured at the accessible environment.

Figures 5-12 and 5-13 present the 1,000,000 year expected-value dose time history for 2’Pu
based on the initial and the modified pH scenarios, respectively. Figures 5-14 and 5-15 present
similar results for ?*?Pu. The.peak dose values for both of the plutonium isotopes (**Pu, and -
#2pu) were within about one-half an order-of-magnitude of each other for the base case and all
modified cases. However, the time at which the peak dose occurred and the overall shape of the
time history curves are significantly different between the two isotopes. The results from the
modified pH scenario (Figures 5-13 and 5-15) show that the peak dose values for both 2*Pu and
#2py increased by about 1.0 to 2.5 orders-of-magnitude relative to the initial pH case (Figures 5-
12 and 5-14).
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Table 1. Base-Case Layer and Column Thicknesses

\_
- | Unsaturated- Total
Zone Geologic] Layer | Column
- : Column Unit | Thickness] Thickness
‘ ' (m) (m)
TSw 105
_ . TSv 8
1 CHnv 92
CHnz 24
PPw | 115 344
TSw 176
TSv 8
2 CHnv 72
CHnz 50
PPw 38 344
1 TSw 87
- TSv -8
3 CHnv 105
CHnz 32 ,
- PPw 126 358
\/ ) TSw 147 -
TSv 8
4 CHnv 87
CHnz 57 .
PPw 61 360
TSw 35
- TSv 7
5 CHnv 132
CHnz 40 :
PPw 158 372
TSw 113
TSv 7
6 CHnv 102
CHnz 43
PPw | 105 370
A

LAYERs.m.s,uyer Table | /H’(— I . | 9/25/96



Table 2. Base-Case Expected-Value Retardation Factors for each Chemical Element Group per Geologic Layer

Chemical Chemical
Element . Geolggic* Layer _ Group
Group | Tsw TSv CHov  CHnz  PPW Elements

1. 17603 12616 3386 3228 6116 Ac227, Am241, Am242m, Am243, Cai244, Cuu24 5, Can246, Nb93m, Mbsd, Saml51, Th 229, Th230, Th232, Z193
2 8551 1735 466.5 16139 2996 _ Csl35
3 1677 1577 424.2 587.8 588.2 Nis9, Ni63, Pd107
4 17.76 32.54 9.464 3.934 6.872 . Np237
5 839.2 1578 424.2 2944 294.6 Pa231
6 5030 9462 2540 17.1 1762 Pb210
7 - 1677 3155 8474 587.8 588.2 Pu238, Pu239, Pu242, Pu241, Pu242
8 35030 2366 635.8 17606 1762 Ra226, Ra228
9 1745 3470 932.1 1174 6469 Snl26
10 34,53 32,53 9.464 42.08 12.74 U233, U234, U235, U236, U238
11 - 1 1 1 1 1 Cl4
12 1 1 1 1 C136, 1129, TcH9
13 51.29 95.61 26.39 12.74 18.61 Se79

~

LAYl  XLS,Retard

125/96
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Table 3. Layer Thicknesses for the Kd = 0 for 10 m Modified Case

g

(b) shaded area denotes layers with Kd = 0

4+ I

Unsaturated- - ~ Total
. Zone Geologic| Layer | Column
' (1;1) (m)
05
1 8
92
24
115 344
2
3
- 358
4
360
5
372
6
370
(a) shaded area denotes modified layers

9/25/96



Table 4. Layer Thicknesses for the Kd = 0 for 100 m Modified Case

N4
Unsaturated- Lo/ ® Total
Zone eologi Column
) Column Thickness
(m)
1
344
2
344
3
358 ~
4
360
5
372
6
PPw 105 370
(a) shaded area denotes modified layers
(b) shaded area denotes Layers with Kd =0
AT =~
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Figure 4.1.1-1 Expected-value dose time history for the base-case model over 10,000 years.
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- Figure 4.1.1-3 Expected-value dose time history for the Kd = 0 for 100 m and the initial pH scenario over 10,000 years.
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Figure 4.1.1-5 Expected-value dose time 'history for the Kd = 0 for 10 m and the modified pH sceﬁario over 10,000 years
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. Figure 4.1.1-7 Expected-value dose time history for the Kd =0 for entire column and the modified pH scenario over 10,000 years,




BASESDAE.GRF
85IDAE.DAT
85TCDAE.DAT
85NPDAE.DAT
85THDAE.DAT
85CDAE.DAT
85U3DAE.DAT
09/11/96

gt

Dose at AE (rem/yr)

100,000 yr Expected-Value Dose History

'BASE' Case (83E5.RP)
83/yes/hig/clime/drips on WP

1E+0 ——————
1E-1 frmmemees Frnnsemennaes oo
=) SE———_ =
1E-3 oo T A
e e S
IES e
.:..r-— *, i, L
1EB - it K cani
=R 4 S S O o T— , ,
. J 1,7t | : \'
N S iR R R SN
OE+0 2E+4 4E+4 6E+4 8E+4 1E+5
- Time (yrs)

Figure 4.1.2-1 Expected-value dose time ( "~y for the base-case model over 100,000 years.
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* Figure 4.1.2-2 Expeited-value dose time history for the Kd = 0 for 10 m and the initial pH scenario over 100,000 years,
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Figure 4.1.3-5 Expected-value dose time history for the Kd = 0 for 10 m and the modified pH scenario over 1,000,000 years.
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 Performance Assessment Consequences of Cementitious Materials Scoping Study:
Cement Expert Consultation Meeting Report

Summary of Expert Consultation Meeting on Potential Geochemical Effects
of Evolving Cementitious Materials, September §, 1996

The Meeting between the outside experts on cementitious materials and the Yucca
Mountain Project Personnel took place on Thursday September S, 1996. A copy of the final
draft agenda for the meeting is attached to the end of this report (Attachment A). The experts
that were brought in for the meeting are Prof. Della Roy of The Pennsylvania State :
University, Dr. Maria Onofrei of the Atomic Energy Canada Ltd. (AECL), and Prof. Hamlin -
Jennings of Northwestern University, each of whom agreed to attend this one day meeting
and to provide a short report covering their expert judgement regarding the potential
geochemical effects of concrete and possible cement options that minimize those effects. The
PA Cement Study Meeting with these outside cement experts .involved personnel from the
Waste Package group (WP), the Repository Design group (RD), the Scientific Programs
organization (SPO), and the Performance Assessment Dept. (PA), all of the M&O, and
personnel from the Assistant Manager of Suitability and Licensing (AMSL) organization of
YMSCO. A copy of the list of participants is included at the end of this report (Attachment
B). This section provides an overview and concise summary of the meeting and is followed
by a detailed set of notes that document the questions and discussions of the meeting.

A number of presentations were made to introduce the outside experts to the Yucca
Mountain site, the current Repository Design and Concrete formulations considered for
ground support, the potential in-drift environment that materials would experience on the
10,000+ year time-frame, and the potential post-closure performance issues with cementitious
materials (all in Attachment C). This material provided the context for the outside experts in
which to consider the information needs of this study. Because of the working nature of this
meeting, questions were permitted to flow freely. This was particularly true for queries from
the outside experts who were trying to understand the information needs of the Project. As
such, the actual schedule diverged somewhat from the agenda, but because the interaction was
productive, and the original schedule was designed for fiexibility, this was not a concern.

The afternoon was spent discussing the possible evolution of cementitious materials in
the potential near-field environment and conceivable methods to assuage or eliminate the
potential performance impacts. This discussion was guided by a set of questions prepared by
PA covering the potenuzl post-closure issues of large masses of cementitious materia.s
(Attachment D). The thrust of the questions tucusses on the evolution of the cementitious
materials within the potential repository environment over long time periods. ' The experts all
agreed that discussion of the evolution of the materials over such a time frame and at such
extreme conditions would necessarily be speculative because of the lack of data concerning
cementitious materials in such an environment. However, many aspects of what could be
expected were covered and discussed at some length. In addition, a number of alternative
cement mixes were addressed.

The experts were in agreement that precast concrete would allow the greatest number
of possible solutions to reduce the extent of pH perturbations to extreme alkaline conditions.
The options proposed included alkali activated cements, C,S-rich (lower calcium/higher silica)
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cements, or lower pH cements being developed at AECL. It was agreed that using tuff
aggregate and decreasing the Ca/Si ratio in the cement would bring it closer to the host rock
in terms of composition and would thereby enhance their compatibility. In addition,
discussion of the evolved cementitious materials focussed on the potential benefits of
carbonation reactions to mitigate any alkali generating phases in the solids. It was indicated
~ that constraining the expected extent of cement carbonation would be key in evaluating the
capacity of the evolved material to afféct pH. Although a number of cement mixes were
discussed as having low pH, it is not clear that these mixes would provide starting pH values
below 10, which is currently considered to be the limit for PA. The experts reports will be
sent in the last week of September and D. Sassani will include them in the letter status report
for the PA Cement Study which is due at the end of September. This input will help guide
further PA evaluation and aid in recommendations to RD for cement mix options that
minimize potential impacts.

Transcription of Detailed Meeting Notes of D. C. Sassani

R. Barton (YMSCO) welcomed everyone to the meeting (this occurred at 8:15 a.m.
because we delayed 15 minutes to see if Prof. Jennings would arrive prior to the start, but it
turned out that he showed up at about 8:45. He suggested, after arrival, that signs more
clearly labeling the facilities in Summerlin as part of the Yucca Mountain Project would have
helped greatly). After the YMSCO welcome, D. Sassani (DCS) welcomed the cement experts
on behalf of the M&O, and then requested that Project personnel give there names and
organizations to briefly introduce themselves to the outside experts (there is an attached list of
persons attending the meeting).

After these brief introductions, the outside experts were requested to spend about 5
minutes discussing some relevant aspects of their backgrounds to put their expertise in context
for the participants in the meeting.

Prof. Della Roy of Pennsylvania State University began these abbreviated professional
biographies, indicating that her education is in the areas of Chemistry, Mineralogy, and
Geochemistry and that her research very quickly became focussed into the field of Materials
Science. Within that broad area, Prof. Roy said that she has focussed on cements and their
applications to waste management. she wrote a Jeview paper in 1992 covering cementitious
materials. Her work has included studying the use of cementitious materials as seal materials,
waste forms, and as backfill materials and covers low-, intermediate-, and high-level
radioactive waste management systems, including work performed specifically for the Waste
Isolation Pilot Plant (WIPP) and for Yucca Mountain Project (YMP). The emphasis of her
‘work has been to elucidate the stability of cementitious materials in a variety geologic media.
In particular, Prof. Roy also has experience with the use of cements/concretes used within
geothermal wells up to temperatures of about 400°C.

Dr. Maria Onofrei, a Senior Scientist at the Atomic Energy of Canada Limited
(AECL), then gave a synopsis of her work which has focussed on evaluating the seals
materials and their performance at the AECL facility in Canada. In addition, Dr. Onofrei has -
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 worked on cement-based grouts to be used by the Stripa Project and has provided work to

NAGRA regarding the use of porous concrete as backfill in low- to intermediate-level waste
repositories. Dr. Onofrei also discussed briefly the work she had done for WIPP regarding
microfine cements and indicated that for AECL she is currently working on cements/concretes
whlch have lower pH than normal Portland-type cements.

~ At this point D. Stahl (DS) asked if Dr. Onofrei had any experience with microbes in

concretes. Dr. Onofrei replied that she herself did not, but that another scientist (S.
Gascoyne, AECL) was working on this aspect. Dr Onofrei indicated that the AECL was
evaluating the organic additives used for water reduction in the cement-mix and preliminary
results showed that the large molecules of these organic addmves did not secm to work well
to stimulate microbial action.

A. Meike (AM) suggested that we need to keep clear a dxstmcuon between t.he effects
of organics and biotics, and indicated that they should not be viewed as the same thing.
Furthermore, AM said that there are microbes which will use carbon dioxide gas (CO,) for
food and that this type may be the most important ones to address.

After these descriptions of the experts backgrounds, R. Andrews (RA), made a brief
overview presentation of the Yucca Mountain Site geology and potential repository layout to
familiarize the outside experts with the general concepts and layout of the potential waste
isolation system. After indicating the location of the mountain using maps and pictures of the
site, RA gave brief descriptions of the stratigraphy and hydrology, the potential repository
location within the rock layers, and the concept for waste emplacement. This was concluded
with a description of the top-level strategy for waste containment and isolation in which RA
focussed our attention upon near-field portions of the system. The five pieces of this strategy
are (1) low ambient flux and saturations; (2) robust canisters; (3) limited mobilization of
radionuclides; (4) robust engineered systems with possible d.lffl.!SlOﬂ barrier; and (5) slow

migration through the geosphere.
‘ Toward the end of RA’s presentation, Prof. Hamlin Jennings arrived so that we
performed a series of short introductions by all those present. This was followed by a brief
description of Prof. Jenning’s background. Prof. Jennings indicated that his beginning work
focussed on structural ceramics ‘and through this he.pursued quantification of the links
between microstructure and physico-chemical properties of cementitious materials. He chose
to focus particularly ir application of thermodynamic phase equilibria and kinetics to the .
understanding of how the microstructure related to the properties of these materials.. '

The presentation by R. Nolting (RN) covered the current repository ground support
design and material compositions. The presentation covered the broad layout of the
repository with emplacement oriented perpendicular to major fracture zones. The possnbxhty
of an exhaust drift 20 to 30 m below the potential repository horizon was discussed and the
excavation is supposed to proceed from north to south with a barrier between the
development side and the cmplacement side. Emplacement will lag about 12-13 drifts behind
. excavation. The total drift lifetime is assumed to be about 150 yrs (including the retrieval
period), which is comparable to the 120 year Channel tunnel life expectancy except that there
will be a higher thermal condition in the case of the potential repository. Repairs to ground
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support may be needed during the monitoring/retrieval period.

D. Chesnut (DC) asked if the fact that the potential repository is planned to go from
near the top of the TSw2 adjacent to the Exploratory Studies Facility Main Drift, to near the -
bottom of the TSw2 near the western margin creates any geotechnical concerns. RN
indicated that there were no specific geotechnical concerns because of this. Prof. Roy asked
for clarification of the orientation of connecting tunnels on the figure shown (RN-3), and RN

“indicated that the cross-hatched pattern was in the orientation of the potential drifts. Dr.

Onofrei asked if the faults shown on the figure (RN-3) occur at the surface and RN confirmed

that they did although the positions shown were those projected to the potential repository
horizon. RN commented that the temperature within the drifts would reach about 150-200°C
if they are not ventilated and the current plan was to not actively ventilate them because the
cost involved for all drifts is very high. DC pointed out here that about 100-200 mm/yr of
evaporation occurs at the ambient temperatures in the ESF with ventilation.

RN continued with his presentation of the current conceptualization of the construction
showing some of the drawings for the invert and rail system and the initial Tunnel Boring
Machine (TBM) launching layout for drift construction. RN indicated that within the main
drift, the invert and rail system could be covered by additional systems capable to support
waste package transports reliably. DCS noted that currently the ESF inverts are considered
temporary items that will be removed prior to closure. The emplacement option being
primarily considered is one using a gantry so that waste packages could be moved up into the
gantry and pass over the remaining waste packages for relocation. The resting waste
packages would sit within cradles and would perhaps have areas that could be gripped on
their ends so that the gantry could lift them easily. The current plan for the pedestal is to use
cast-in-place concrete with steel fiber reinforcement. At this point Prof. Jennings asked if
hydrogen (H,) gas build up from corrosion of the steel fiber would be a problem in the
tunnels. The general discussion on this point indicated that even with segmented linings
(which have joints between segments), the tunnel would be very permeable to gas flow and
that even if cast-in-place concrete would be used for the lining it would be, or could be,
fractured, or even have holes drilled in it to ensure that gas flow was efficient. -

RN continued into his presentation on ground support design plans giving three
alternatives: (a) expanded precast segmental lining; (b) cast-in-place concrete lining; and (c)
steel sets. RN indicat.d that the precast concrete segments were the preferred choice and
would be about 150 to 200 mm thick. Prof. Jennings then inquired as to the spacing of
canisters (depends on thermal load considered), and whether the gantry car would remain in
the drift (no). Prof. Jennings further inquired as to the length of time to keep the drifts open
(~150 years) and whether or not falling blocks were expected to fall over the time frame
involved. RN replied that the block falls calculated indicated that size would be controlled by
the joint spacing in the rock with blocks with diameters of % to 1 times the joint spacing
being the most probable, and a rubble zone developing within the drift. Dr. Onofrei asked if
the option of backfilling the drifts was being considered. RN responded to this to explain
that although it was considered it did not currently seem feasible. DC and W. Halsey (WH)
indicated that the temperature of the cladding increases dramatically if a backfill is used.
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At this point a tangential discussion was lead by DCS, DC, and W. Halsey (WH)
covering the PA priorities for this study. DCS indicated that although the ground support
function of the concrete was crucial for preclosure safety, this aspect was already considered
by the panel of tunneling experts and that we were here mainly to address the potential
postclosure PA issues resulting from concrete. DC pointed out that P. Zuidema of NAGRA .
who heads PA for the Swiss Program suggested that for geologic disposal the host lithology
be chosen such that no cement was required for ground support. DCS and WH stressed that
we are looking to better constrain the resultant effects on fluid chemistry from '
cement/concrete interactions with the ground water, particularly shifts to high pH. Dr.
Onofrei stated that some work by Atkinson in the UK addressed aspects of the impacts of
high pH on the mobility of radionuclides, and that this may be useful for our efforts.

RN continued with his description of the potential drift linings. In the current plan
there are about 165 km of emplacement drifts and the lmer represents about 3 cubic meters of
concrete per m of drift length so that about 500,000 m® of concrete would be used within the
potential emplacement drifts. In addition there will be about 13 km of ESF drifts, and a total
of 196 km of tunnels altogether. This amount of concrete would probably require dedicated
local facilities for providing it to the project, such as is done currently at the batch plant for
production of the inverts for the ESF. The all-steel option for ground support is still possible
but appears to be the more expensive of the options.

The presentation continued with discussion of possible concrete mix design for the
drift linings. Repository Design is attempting to address current PA issues by evaluating low
pH cement/concrete formulations. The currently preferred mix design combines type II

. Portland cement, limestone aggregate which appears to be relatively non-reactive with the

cement, silica fume (10% by weight of concrete to get to pH of ~12),and perhaps steel fibers
(nominally 0.5% by weight) for strength reinforcement. Structural reinforcement such as
rebar would not be necessary. Laboratory testing of the material is planned to supplement

- those field tests performed in the heated drift. These tests would evaluate the concrete

properties at 250°C for several years and would cover various mixes under consideration.
DCS inquired as to whether or. not these laboratory tests were integrated with those planned
by 1.2.3. It had not yet been integrated, but it was agreed that this was a good idea.

DC and Prof. Roy then discussed the fact that some of the oil-field industry had
needed used silica fume to aid in the thermal constraints on the concrete they used within
wells and that there was literature covering the thermal needs of this industry. AM '
commented that we need to be careful regarding lifting a concrete mix from another area
because, for instance, this project does not need the low viscosity that the oil-filed cement has
been designed to have. M. Peters (MP) indicated that there are some 1.2.3 constraints on the
ground support options. MP said that because the placement of precast liner segments may
hamper the mapping of the tunnel walls, this ground support system might not be viable from
the 1.2.3 standpoint. Options discussed were photo or video logging of the tunnel walls prior

~ to placement of the concrete segments. RN finished his presentation with a summary of the

ESF concrete mix composition.
AM began her presentation indicating that she would cover the natural ground water
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chemistry coming into the drift and possnble effects from the thermal pulse. AM stressed that
there are two considerations with the ground support, one being the mechanical performance
and the other being the chemical performance. Each of these is relegated to a distinct period
of time with the chemical performance being over the longer term. AM emphasized that in
addition to the introduced materials, the heating event plays a major role int he environmental
conditions. AM indicated that she would present some results of geochemical simulations to
evaluate the thermal effects in a latter portion of her presentation.

A basic description of the saturated-zone fluid compositions (Eh, pH, major catlons
and anions) was presented. Dr. Onofrei asked if the water compositions for drainage from the
surface through the unsaturated zone were similar to the ones to those of the saturated zone.
The fact that the unsaturated-zone water compositions vary to slightly more extreme values
than those in the saturated zone was noted by A. Meijer (AJ) and DCS.

AM discussed the paradigm defined by the work at LLNL which segregates the site
into three regions; 1) a one-phase, above boiling zone immediately surrounding the potential
repository, 2) a two-phase, boiling front which surrounds zone 1, and 3) a one-phase zone of
increased saturation which results from condensation outside of the boiling front. The
thermal loading used in the simulation results shown corresponded to 80-100 MTU/acre
(which is approximately 114 KW/acre at the higher value). Prof. Jennings asked when the
water is expected to return to the drift environment. The answer was that this depends on the
thermal loading and the hydrologic properties (particularly the fractures), but that time frames
from 500 to 5000 years were discussed. Again it was emphasized that the focus here was on
the chemical effects not the mechanical effects, and that for the concrete the particular interest
is in the phase transformations that will occur in the material through time in this near-field
environment. Dr. Onofrei again stated that the predictive model of Atkinson gave about a pH
of 11.8 based on the Ca/Si ratio in the cement.

Prof. Roy then indicated that she had performed some experiments for Los Alamos
National Laboratory on equilibration of low-Ca cements with ground water over a period of
months at temperatures of 90, 150, and 250 °C. Prof. Roy thought she recalled resultant pH
values were in the range of 8 to 10, but said that she would include a summary of these
studies in her report. AM indicated at this point that we need to keep in mind that there is a
large difference between results from a 1 year experiment and what might occur over 1000
year time frames.

AM continued with her presentation of predictive modeling calculations of water
composition evolution during evaporation of J-13 water using the EQ3/6 geochemical mass
transfer software package. In these calculations the system was modeled both in equilibrium
with the atmospheric oxygen and carbon dioxide gases and cut off from these gases, thus
evaluating open and closed system behavior. It was seen that evolution of pH and oxidation
potential in the system was sensitive to this assumption, with carbon dioxide and oxygen
availabilities controlling each respectively. The dissolved concentration of many constituents
increase because of the loss of water during the evaporation process, but silica and phosphate
concentrations respond to the formation of solid phases also.

DCS covered briefly the PA prioritized issues regarding cementitious materials used in
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large quantities within the potential repository and the strategy that had been put together to
address these issues. Many of the issues that DCS covered were discussed by this point in
the meeting, however, HJ questioned what level the concern was over the amount of water
introduced with the concrete. DCS indicated that it was fourth priority out of the four issues
listed because from the PA perspective it is difficult to make introduced water cause an
impact to performance, particularly in the case of high thermal loads because of the
redistribution of water within the potenual repository block. In addition, although the rock is
unsaturated it still contains water in amounts that are not ncghglblc when compared to that -
contained in concrete. HJ, DCS, and others pointed out that as the current design would use
about 3 cubic meters of concrete per linear meter of tunnel, and one can assume that there is
from 20 to 30 % water by volume in the concrete, about 1 cubic meter of water per linear
meter of tunnel would be added. This is comparable to the identified limits for water loss
within the ESF. Although the analyses are not directly applicable to water loss in potential -
repository drifts, they are conservative limits and are derived for water that is not being
introduced within solid materials. In addition, it had also been indicated to PA that precast -
concrete can be made with lower water contents than other concretes to further minimize the
concern. Finally, the evaporation rate has not been included and this would also provide

‘additional water removal to somewhat offset the effects of introduced water. This discussion

continued 45 minutes into the lunch period until DCS decided that the schedule could not
tolerate further adjustments.

After Lunch MO indicated that she had some information to share regarding cement
compositions being developed for the AECL program and their pore water pH values at
ambient and higher temperatures. Prior to starting the directed discussion period, discussion
continued regardmg the water content of concretes. DR pomted out that it can be a trade off
between increasing silica, decreasing water content and minimizing the use of organic
admixtures. MO said that using silica fume virtually assured one of needing organic
admixtures to improve rheology. HJ indicated that rheology could be fixed by using
controlled particle size distributions. This he had researched using autoradiography of sulfur
isotope distributions in cements formed ‘'with sulfate bearing phases.

Joon Lee (JL) led the directed discussion which began with questions of how
cementitious materials might evolve in the potential repository environment, particularly what
phases might be expecicd. DR indicated that zeolites and hydrogarnet are two likely phases.
This was agreed with by HJ who also stated that the alkalis likely would form zeolites and
that analcime was stable at high temperatures. HJ indicated that it may be possible to design
the production of zeolites and discussed his work on preparing cements with highly alkaline
fluids to start (pH~14) which resulted in cements with 5 order-of-magnitude lower
permeabilities than standard Portland cement. This work was done at 100 °C, but not to
200 °C. JL then asked what was the likely evolution of the CSH phases in cement. The
experts responded that crystallization of the gels would occur.and then dehydration would
begin resulting in phases such as tobermorite and xonotolite forming. This process is slow
above 100 °C but may still continue. In this case, accelerated testing may not provide much
information. HJ speculated that polymerization of the silicates would occur. It was pointed
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out that natural cement analogues may allow delineation of some of the stability fields of )
cement phases. MP asked if estimation of data for modeling was being considered and AM
responded that the data in the Russian literature are the result of using polyhedral estimation
techniques. AM said these are inadequate because many of these phases have highly irregular
polyhedra and therefore the estimated free energies or enthalpies may be highly inaccurate.
Phase equilibria experiments for some of these phases cannot be reproduced by the estimated
data. In addition, because there was poor phase characterization in the experimental phase
equilibria, it is unclear which set of data is preferable. DR indicated that wollastonite may
form first at about 300 *C. HJ surmised that hydrated silica gel and calcite would be the
likely products, but DR suggested that more reaction would occur with water returning to the
drift. MO suggested that since cement starts with totally dehydrated materials, water
returning to the drift may rehydrate the cement to form CSH gels anew. The curing time at
lower temperatures will be short and the drifts would reach peak temperatures relatively
quickly, depending upon the package loading and spacing. It was noted that ESF invert
material would be subject to the heater test, but that the information would be at least a year
or two away.

HJ asked again if we thought there would be abundant CO, and DCS responded that
yes, atmospheric gases were the working base-case assumption. MO indicated that another
issue with the AECL was that cast-in-place concrete added to the thermal load in the drift
resulting in about 70 °C temperatures.

Next the alkalis were discussed in terms of zeolite formation. It was agreed that any
additional aluminate phases would scavenge the alkalis and perhaps form zeolites. It was
stated that in the Hatturim formation, low temperature feldspars are observed. Discussionon ./
the AFm and AFt phases indicated the gypsum and anhydrite are likely to carbonate (as
hydrokalumite?) and that ettringite is stable up to about 85 °C under dehydrating conditions
and up to about 120 °C with water present. It was thought that there was enough data in the
literature on the carbonation of these phases. The next topic was carbonation as a dominant
mechanism for changing the concrete via calcite, and perhaps alkali carbonate, production.
MO indicated that carbonation in many cases improved strength and acted as a self-sealer for
concrete so that it was not necessarily bad for the cement.

JL then turned the discussion to aggregate reaction with the cement. It was thought
that with low humidity that .his would not occu. much. DR indicated that it could be
minimized by addition of fly ash/silica fume/silica of high surface area in order to
preferentially react this material. HJ was asked about alkali-aggregate reactions and indicated
that because it was a different system it was more difficult to say. DC indicated that drying
and rewetting would probably not be homogeneous but rather intense precipitation once in a
while would cause infiltration every so often and would result in very heterogeneous
distribution of moisture.

, JL then proceeded to the subject of geochemical effects from concretes starting with
impacts to fluid compositions. DC raised the issue that if the potential drifts are ventilated,

there may be salt buildup in the rock and drift and that initial returning fluid could be

concentrated. D. Tang, RD, (DT) indicated that the drifts would be actively ventilated for

September 5, 1996 Cement Meeting Report: Page 8 of 10
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about 5 years before loading and closing whereupon they will depend on about 10%
ventilation indirectly.” Much of the pH issue had been discussed earlier in the day but now
there was a question as to whether or not the cement solids could isolate Cl from the aqueous
phase. MO indicated that the cement may fixate some Cl without any phase precipitation, but
HJ did not think that the concrete would act as a good barrier to Cl transport. DR indicated
that higher temperature Ca-Si-hydrate phases may incorporate Cl into their structures.

The next topic JL raised was that of colloid generation. HJ did not think this should
be much of a concern and stated that, even though CSH phases are colloidal (spherical and.
~100 A) he finds in his studies that cementitious colloids are only abundant for a short period
of time in the cement pore water (10-20 days). AM stated that colloids may also be .
generated because of the geochemical gradients in a cement-bearing system. DR seconded HJ
by saying that the silica fume reacts relatively quickly.

, The discussion returned to the introduction of water issue. AM stated that because
this would be a heterogeneous system this was a concern. Because concrete will contact
other systems and there may be local environments in the drift that have relatively high
relative humidity, which could enhance microbial processes. HJ asked what would the
microbes be consuming? AM answered that there are many different microbes found at the
site including sulfate reducers, and sulfur oxidizes, nitrofiers, etc., many of which acidify the
entire area. There are microbes which can feed off of the CO, in the atmosphere. It is
unclear what the -threshold relative humidity for these microbes may be. HJ again asked if
we thought that carbon dioxide would be abundant in this system and DCS answered that yes .
it looked like it would because of the atmosphere gas transport and because much CO, would
be drivenr out of the aqueous phase as the system heated up.

The next discussion topic JL presented was alteration of the host rock. DC indicated
that modeling work andlab data for natural systems indicate that the basal vitrophyre and that
in the Paintbrush non-welded unit would be the most abundantly altered by the heat and
water. Formation of clays and zeolites would be expected at about 60% relative humidity and
would plug the permeability in the repository above waste. packages which might be good, but
doing the same within the pillars would be detrimental. Plugging under the potential
repository would create a bath tub effect and perhaps could flood the repository. The
solubility of most cement phases decrease at higher pH. Reactions with the aggregates have
been observed up to about 80 °C, but not higher (some of these data may be relevant). AM
indicated that tuff was used in the New Zealand geothermal concretes, but these may be
slightly different than that intended for the potential emplacement drifts. -

' The next topic was for suggestions regarding mix design. JL noted that RD indicated
that the current was a Type II Portland cement. MO asked why we were not considering the
simplified chemistry of the Type IV, sulfate resistant cement. DT indicated that sulfate was
not much of a concern because of the dilute fiuid compositions, even though some water may
end up with enhanced sulfate concentrations. MO said that the sulfate resistance is directly
related to the mechanical performance of the concrete over long time periods. HJ said that
considering the amount of concrete/cement to be used-that the Project should think about
having a dedicated kiln to produce the cement/concrete and to control the production directly.

-S'epteniber 5, 1996 Cement Meeting Report: Page 9 of 10
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HIJ suggested that previously widespread C,S cement (30% less portlandite and easier to
make) may be useful.for this Project because of lowered Ca/Si ratio and high strength. DR
said that cement commercially made for oil wells should be considered. The use of C,S
would be justifiable from historical data of its durability and strength. DCS queried whether
anyone knew offhand what cement was used at Hoover Dam. AM said that there are steam
heating ducts in the east which may provide some information. DT asked if the experts knew
of any buildings using steel fibers as reinforcement. DR said that this was a common way of
providing strength. HJ again question why the need for steel fibers when gram size and
shape control can provide strength, and rheology control for the cement mix. MO indicated
that if one wanted a low pH concrete, it may require a fiber other than steel or risk high
corrosion rates for the steel. H. Kalia (HK) inquired whether or not rapid cooling (~2 weeks)
of heated drifts would provide problems for the concrete.

DR said that steam-curing the precast materials which seems to benefit the formation
of cement. This process may enhance the reaction of alkali with aggregate and the formation
of ettringite, but other than these this seems to be beneficial. This is easy to do with precast
because the longer curing time required is available. HJ said that a general rule is that if
there is room for the phases to form they will. If the phases can form early then it is good,
but if the phases form later after porosity is gone, the cement can crack and buckle. DT
indicated that it is his experience that even using silica fume it is difficult to get much below
pHof 12. MO said that the effect of pH on clay stability was the motivating factor in the
AECL studies. She then presented information regarding the Low Heat High Performance
Concrete (LHHPC) that they are developing. This cement has more silica fume, silica flour,
and fine aggregate than the standard cement/concrete mix. This also had a lower water
content than the standard mix. This concrete and the standard mix were reacted with a
variety of ground waters at 25 °C and 100 °C and the resultant fluids pH analyzed. At
100 °C the LHHPC pore water had pH of from 8 to 9 compared to 10.5 to 11.5 for the
standard mix. At 25 °C, the values were 9.2 to 11.5 and 12 to 12.8 respectively. There is
substantial reduction of pH for this concrete, however it used 10.3 kg of superplasticizer per
cubic meter of concrete (vs. 7.1 kg/m®) which is a large, undesirable mass of organics for the
potential repository drifts. '

The day's discussion ended by reviewing with the experts the PA priorities for
addressing the issv'=< concerning cementitious materials. Aside from asking the .xperts to
focus of these PA priorities in general, they were each asked to address specific topics within
their reports. HJ was asked to focus on the phase behavior of the evolving cements and on
C,S as alternative compositions. DR was asked to include discussion of her work from the
seals program, the steam curing process and alkali activated cements. MO was requested to
summarize the work on LHHPC from AECL and to provide some summary of results of
investigations concerning organic admixtures.’
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Yucca Mountain Site Characterization Project
Performance Assessmént Consequences of Cementitious Materials Scoping Study
Expert Consultation Meeting on Potential Geochemical Effects
of Evolving Cementitious Materials

Thursday September 5, 1996
8:00 a.m. - 5:00 p.m.
Summerlin 1 Facility, Bldg #4; Room 415
1261 Town Center Drive
Las Vegas, NV
Final Draft Meeting Agenda

'8:00-8:45 WELCOME, BACKGROUND OF EXPERTS, AND SITE OVERVIEW

Welcome ' 8:00-8:05 R. Barton, YMSCO
Prof. Della Roy, Pennsylvania State Univ. 8:05-8:10 D. Roy, PSU
- Dr. Maria Onofrei, Atomic Energy Canada Ltd. 8:10-8:15 M. Onofrei, AECL
Prof. Hamlin Jennings, Northwestern University 8:15-8:20 H. Jennings, NU
Site Overview. ' 8:20-8:45 R. Andrews, M&O/Intera

8:45-10:00 PRESENTATIONS

i. Potential Tunnel Support Design 8:45-9:15  R. Nolting, M&O/MK

ii. Types of Concrete Considered 9:15-9:45 R. Nolting, M&O/MK |

ili. Near-Field Environment 9:45-10:15 A. Meike, M&O/LLNL
(BREAK:  10:15-10:30) '
10:30-11:45 PRESENTATIONS AND MORNING WRAP-UP

iv. Performance Assessment Issues/Strategy ~ 10:30-11:00  D. Sassani, M&O/Intera
v. Focus Questions for Afternoon Discussion  11:00-11:30  J. Lee, M&O/Intera
vi. Moming Wrap-Up and Question/Ans-wer 11:30-11:45 ALL

(LUNCH  11:45-1:00)

1:00-2:30  ISSUES DISCUSSION ~ ALL

(BREAK:  2:30-2:45)

2:45-4:00  ISSUES DISCUSSION (CONTINUED) ALL

4:004:45 DELINEATION OF REPORTS CONTENTS ALL

4:45-500 WRAP-UP AND REVIEW OF ACTION ITEMS D. Sassani, M&O/Intera
5:00 ADJOURN
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" OBJECTIVE OF SCIENTIFIC STUDIES IS TO DETERMINE IF
YUCCA MOUNTAIN CANISOLATE RADIOACTIVE MATERIALS
"BY USING NATURAL AND ENGINEERED BARRIERS ©*
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PA Meeting on Cementitious Materials

Repository Ground Support
Design and Materials

Dr. Rick Nolting
Rep051tory Lead Geotechnical Engineer
September 5, 1996
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Discussion Topics

e Repositorylayout
o Design Of grpund support

e Materials for ground support
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CAUNCHING DRIFT
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EXCAVATION SUMMARY

Length Volume
(m) _(cu.m)

7.62 m Diameter TBM 13,286 605,889
5.0 m Diameter TBM 164,797 3,235,773
Roadheader 11,997 571,389
Raises 5,320 19,314
Shafts 661 23,305
TOTAL 196,061 4,455,670
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Ground Support Alternatives for '
Empiacement Drifts

. Expanded precast segmental lining
¢ Cast-in-place concrete lining
* Steel sets
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Lining'Design |

Current Approach to Accommodate Thermal Effects is
- to Examine Effects of:

* Modulus reduction

* Creep | |

* No bond between lining and rock

* Joints between segments

Additional Considerations:

. Compressnble elements in Immg joints
i Compress:ble annular material
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Use of Steel and Concrete

Performance Assessment (PA) uncertainty with use of
concrete in the subsurface

Current design requires concrete in ramps, mains,
crosscuts, and turnouts

We need to question PA concerns - compromise solution

- such as limitation on concrete use and low PH concrete

We can design “All Steel” ground support and track - but
expensive |

Long term stability of steel support questionable - steel
sets generally considered temporary support

. Emplacement drift environment will minimize potential

for steel corrosion
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Concrete Design

e A goalof the conéreté design is to develop an
acceptable concrete formulation with low pH. |

o Material properties will be determined for the

=

.resulting.formulation and these properties
incorporated into the structural design.
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Concrete Design, continued
Type 11 ﬁortl:md cement is the preferred cement type

Limestone aggregate - non reactive (tuff and its
constituents are potentially reactive with cement),

‘good high temperature characteristics

Silica fume - preliminary study indicates 30% by

weight of cement (approx. 10% by weight of concrete)
may be needed to reduce pH to a value of 12. The
desired range appears to be greater than 11 but less
than 13
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Concrete DeSIgn

- (continued)

Reinforcement - structural reinforcement is not necessary,
reinforcement would be specified to i Increase concrete

toughness and tens1le strength

Rebar is to be avoided to minimize possnble long-term
degradatmn due to differential expansion between concrete ..
and steel. Steel fibers are the preferred alternative.

For example, steel fibers (nominally 0.5% by volume of
concrete) would be added to precast concrete segments to

reduce cracking during handling and installation.

Aot & B0~ 17 o517
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Laboratory Testing

Laboratory testing is necessary because concrete properties
cannot be accurately determined from field testing alone.

Laboratory testing will supplement data from the drift scale
heater test. o |

Laboratory testing is necessary to determine the variation

of concrete strength, modulus, and creep for representative

repository conditions and for anticipated materials.

These data will be used in the design of concrete linings for
ground support.
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Laboratory Testmg

(continued)

F Test requirements include temperatures to 250 °C, test

duratlons of several years, and variations in mix designs.

An example is a series of laboratory tests to examine the
effect of elevated temperature on the propertiés of concrete

" containing silica fume. Silica fume may be used to control
concrete pH. |
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Effects of Silica Fume in Concrete

Reduction of pH valuc of cement paste pore solution

Production of low permeability concrete with enhanced durability,

Increase resistance to sulfates

Production of high-strength concrete
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Questions About Silica Fume for Repository Use

* With addition of 30 % silica fume, the pH value does not drop below 12. Can the pH value
of cement paste be reduced below 12. Do we need such a low pH ?

» Concrete containing silica fume in excess of 10 percent by weight of the cementitious
materials may become sticky. Superplasticizer is required to increase the workablity of
cement containing silica fume. Will superplasticizer introduce too much organic material in
the repository drift environment ?
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Typical Chemicai Composition of Precast Concrete in the ESF

Silicon ( as SiO, ):

Aluminum ( as Al,0, ):

Iron ( as Fe,0,):

Calcium ( total CaO ):

- Magnesium ( as MgO ):

Sulfur ( as SO*):

Free Lime (CaO):

22.40 %

- 329 %

3.12%

65.07 %

1.73 %

1.88 %

1.70 %

A‘%%[\mw‘{’ C Lpr- 2o

Loss on Ignition:

Insoluble Residue:

Total Alkali:

. C4S (Calculated )

C,S ( Calculated )

C,A ( Calculated )

-~ C,AF (Calculated )

RV A

1.50 %
027 %
042 %
61 %
18%
4%

9%



L Hy

Typical Mix Design for Precast Concrete in the ESF

« Required Compressive Strength (f'c)

o Coarse Aggregate - 1/2" max size

* Fine Aggregate

 Cement - Type II portland cement
» Water-Reducing .Admixture - Polyheed
» Water

« WI/C Ratio

Mbachmat &

5000 psi
1540 Ib/cu yd
1420 Ib/cu yd
750 1b/cu yd
126 oz/cu yd
37 gal/cu yd.
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~ Preliminary Composition of Concrete for Repository Emplacement Drifts

« ‘Cement: Type I portland cement, 750 to 875 Ib/cu yd

« Water: 300 to 350 1b/cu yd based on 3" slump and 3/4" max aggregate size
» Coarse Aggregate: 3/4" maximum size, crushed from limestone type rock

 Fine Aggregate: from same source of coarse aggregate

« Silica Fume: 15 to 30 %

» Water-Reducing Admixture: Polyheed or similar type
* Superplasticizer: Rheobuild or similar type, 15-40 oz/cwt
 W/(C+SF):<04

» Steel Fiber: about 0.5 % by weight of concrete

Note The above listed information is prchmmary Testing needs to be done to determine the
optimal composmon of the concrete.

Mbpchood & w22t
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Repository-h_éat—driven buoyancy flow in the saturated zone (S2)
becomes very significant for t > 1000 yr, possibly dominating
the ambient SZ flow system for tens of thousands of years

Temperature increase above ambient {red cantours) and liquid velccity field below the water
table for 30-yr-old fuel, an APD of 114 kW/acre, and a recharge flux of 0.0 mm/yr; temperature
contour interval is 10°C; velocity vectors are scaled logarithmically from 0.04 mmyyr to 2 mjyr

] | J ' v v ) l 1 | ) L) I ) ) ) l | L) ¥ ' ] ¥ ¥ J l ¥ v L l v T | l T L] T l L) LI v l i
Repository 1 E Repository Z
200 ~ -1
, : :
— . y - -
E 40} 1 E ]
@ ¥ | A
‘::.'3 - \ 4 | \4 .
""y - - - .- . S - s = s e - - - —_—. a
: Gm -—/ = - - - - . . . : -~ - - - - - - - .
wn o > 7 '
n » . e ™ = s e o LR Y . . .
g " N ~ - - .o ~- W T * o~ . o
= 4 K ~ — -~y T -~ .
E 800 Lt 0 PO L L . - oy “* -~ . f
(o) ] L 0% W e s s e * z gl Y SR S =
; |t = f . v v v s b . : i T Y “ % w4 e = e . -
O ! J R : - = Il YR | = . » L T
?’ 1000 (1 =~ : : : : . e e . d ’ T T T T o .-:
= Y~ P T R T o t oS s ¢ L .
5 KR} PSRN . d : : N T N .
a [ 3 N L T T B -~ ~ a4 ¢ ° L L —
[ 1200 Lt s : : [ i L ! '_ -3 0 V' .
Q KK s v s . d T B v o4 ¢ L I ] . . .
. . I o d .ttt PR T A BN . .
1400 -—l s i 4; [Y (Y 1) ol —t t * 4 'y $. ' N ] . * —
o T T TN . - N T A B .o ]
FY Y e e e e e e e e " ST SR . ‘ -
h SETANWYINY EETHRTENCTNC B W BN S JN G UHN L LA LA R B ST BFTTEL T I T T B S GAT IO G ST R R R
0 2000 4000 6000 8000 10000 O 2000 4000 6000 - 8000 10000

Radial distance from repository centerline (m)
t = 1000 yr ( | t= 5000 yr ( A 5ab (1110828

{

2b)s[b

W
) Y
I HY

.~ "




Reposntory heating can result in a single-phase above-bmlmg
zone, a two-phase boiling zone, and a condensate zone &

dimensionless liquid saturation contours for 30-yr-old SNF,
an-APD of 114 kW /acre, and a AML of 154.7 MTU/ acre
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'S‘trategy to Address Potential Post—Closure
B Performance Impacts from Cementltlous
Materials

5
§
()

D. C. Sassani, CRWMS M&O Performance Assessment & Modeling September 5, 1996 Information Copy, Page 1 of 5



Prioritized Potential Effects and Impécts

1. Generation of High-pH (Alkaline) Fluids
% Increase Release of Radionuclides (Solubility Limited)
% Accelerate Transport/Decrease Sorption

- 2 Alteration of Host Rbck |
¥ % Change Porosity and Permeability
E % Change Transport Properties

'3, Generatron of Collords

| § % Enhance Mobilization and Transport of Radlonuchdes

4. Water Source in Drift
% Increase Relative Humidity

D. C. Sassani, CRWMS M&O Performance Assessment & Modeling September 5, 1996 Information Copy, Page 2 of 5
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C G -
Strategy

| + Perform Sens1t1v1ty Studies at PA level for Ranges of
~ Impacts |

4 Constrain Geochemical Effects at Process Level, both in Drift
: and Geosphere (SPO data need) D |

:E Censtrain Impacts to Performance Parameters, both in Drift
. and Geosphere (SPO data need)
E\ |

\ Assess the Impacts to Subsystem Performance (e g., EBS
g release ‘Geosphere transport)

4 Analyze Consequences tov Total System Performance of
Specific Impacts -

D. C. Sassani, CRWMS M&O Perfonnance Assessment & Modeling September 5, 1996 Information Copy, Page 3 of 5



Methods to Constrain Effects and Impacts
4+ Review and Suramarize Literature Studies

4 Elicit Input of External Experts on Cement System
Behavior/Evolution

4 Process-Level Thermochemical Modeling of Water-Cement-
Rock Reaction

E

4+ Strategic Experimental Work as Tests of Reacuve Transport
g Modelmg Results
S~
(\

D. C. Sassani, CRWMS M&O Performance Assessment & Modehng September 5, 1996 Information Copy, Page 4 of 5
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Performance Analysis of Impacts

4+ Sensitivity Studies for Ranges of Impacts to Source Term and -

‘Geosphere Transport

~ 'Comparison of Impacts to Performance Parameters with
.él Ranges Used in Total System Performance Assessment

. Perturbed-Case Consequence Analyses for SubsYstems and

§ - Total System | |

E:
S

('3

D. C.. Sassani, CRWMS M&O Performance Assessment & Modeling September 5, 1996 Information Copy, Page 5 of 5
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... Focus.Questions.on Potentlal Geochemical. .
Effects of Evolving Cementitious Materials

Joon H. Lee
-September 5, 1998
Las Vegas, NV
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Areas To Be Included for Focus desﬂons

¥ Evolution of cementitious materials in emplacement drift

B Effects on in-drift water chemistry from evolving
cementitious materials

B Eftfects on colloid generation from evolving cementitious
materials

B Effects on alteration of (sillca-abundant) tuffaceous host
rock from evolving cementitious materiala

B Suggestions for potential mix design of precast concrete for
emplacement-drift lingings
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Evolution of cementitious materials in emplacement drift

'm Major hydrated cement phases to be consldered

Calclum silicate hydrate (CSH) phases
Calclum hydroxide (portiandite) phase
Alkalies (Na*and K*)

~-AFm (AL 0,-Fe,0;-monosulfate) phases
~ AFt(Al,0,-Fe,O,-trisulfate) phases

- Other phase(s)? )
® Evolution of CSH phases?

= remaln poorly crysialline or crystallized?
= Herystallized,
< what is Its kinetics In emplacement dift conditions?

¢ what are the impacts on the pore solution chemistry and the
concrete physical properties?

s —
SMIIMMO:CHVOW” Porti nt Gl . e
ansgement System and Modeling .
[
lanagemant & Opersang

Evolution of cementitious materials in emplacement drift
{continued)

N

% Fate of alkalies?

- Incorporated into zeolite and/or other (Na,K)-bearing phases?
m Evolution of AFm and AFt phases? )

& Carbonation of hydrated cement phases (CSH ponlandne,
AFm ani’ AFt phases)

- assume atmospheric CO, partial pressure
mineralogical changes in concrete?
¢ calcite precipitation and others?
effects on the chemistry of concrete pore water?
¢ lowered pH and cthers? ’
physical property changes of concrete?

o - _
Civilian Radioactive Wasw Part A e . o
ﬂ_‘t_‘#" ment System and Bodeling
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Evolution of cementitious materiais in emplacement drift

) B {continued) -
PRSISRREREERRE S S e -

B Long-term effects of alkall-aggregate reactions In concrete
(assuming relatively sound aggregates used)
- mineralogical changes In concrete?
- effects on the chemistry of concrete pore water?.
--= -physical property changes of concrete?

Civillan Radicactive Wase - Port A [ ] .
T and Modeling
Maragemant § Opsnrg

Effects on In-Drift Water Chemistry

u Effects of high pH conditions from evolving cementitious
materlais?

B Effects of abundance of cationic species from evolving
cementitious materials? A

- Ca, S|, Al, Na=nd K, etc. -
- mineralogical evolution within emplacement drift?

 precipitation of calcite, calclum silicate phases, siderite (Feco,)
(Fe from waste package container materials)?

+ other potential phases?

B Effects of abundance of SO lons from evolving
cementitious materials?

B Potential incorporation of chloride ions (CI') into hydrated -
cement and other phases?

L DR R

MnMo;cana- Port A . )
ystem and Modeling )

Nanagerant § Opwraerg



Effects on Colloid Generation
8 Enhanced generation of colloids from evolving cementitious
materials? ' .
- provide conditions for collold generation by large changes in
PH? , ) : ' -
- . generate coliolds by ge! particles spalled off from the cement
paste matrix?
-~ others?

A e ————
Civilian Radiosctive Waste Part A r o
$: and Modeling

Effects on Alteration of (Si-abundant) Tuffaceous Host Rock

® Extent of mineralogical changes In host rock?

- mineralogical characteristics of alteration products?
- effects on evolution of pore water chemistry in host rock?
- accompanying physical property changes In host rock?
8 Potential plugging of pores und fractures by alteration
products? '




Suggestions for Potential Mix Design for Precast

Emplacement-Drift Llnglng Concrete

. B What concrete mix design(s) are best suited to mitigate
maximally the Issues and concerns on post-closure
repository performance?

~ type(s)of cement?
- . use of mineral additives (pozzolans)?
+ gilica fume, fly ash, slag, etc.
- type(s) of chemical admixtures, if necessary?
+ minimize (none if possible) organic admixtures
-~ range of water to cement ratios?
- type(s) and sizes of aggregates?
- steel-rebar, steel fiber, and/or Inorganilc flber relnforcement?
-~ benefi(s) from steam-curing?

-~ others?
_ __ _ _ __
Clvillan Radiceciive Wesw
) mmhm ety et st L]
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POTEN TIAL GEOCHEMICAL EF FECTS
OF |
EVOLVING CEMENTITIOUS MATERIALS

Report To:

- Intera, Inc.
~ Civilian Radioactive Waste Management System
Management and Operating Contractor
| 1261 Town Center Drive
Las Vegas, Nevada 89134
by

 DellaM.Roy

Septémber 23, 1996 |

- Aachwedt T-



INTRODUCTION

This report follows discussions held on September 5, 1996, at Las Vegas. concerning the probabl¢ "
consequences of using cementitious materials as a means of generating tunnel/drift support in the
Yucca Mountain repository. The focus questions posed included: 1) Evolution of cementitious
materials in emplacement drift; with T, t; 2) effects on in-drift water chemistry from evolving -
cementitous materials; 3) effects on colloid generation from evolving cementitous materials: 4)

" effects on alteration of (silica-abundant) tuffaceous- host rock from evolving cementitious materials,

and 5) suggestions for potential mix design of precast concrete for emplacement-drift linings. .

Because of the abbreviated time scale and limited time available to address the questions posed, this
discussion will emphasize technical areas with which the author has had experience, and also those
questions specifically addressed to her, insofar as time permits, and provide references to
publications which may be helpful.

A. Relevant Thermochemical Data.

Introduction

In the prcscntanon Ms. Meike pointed out the dxfﬁcultxes in calculating stabilities of cementitious
materials in the Yucca Mountain environment because of the incompatibility of the data sources.
This is consistent with the author's experience. In an earlier study and in a report to Los Alamos,
Freeborn and Roy (1983) had surveyed three types of data in an attempt to predict whether tuffs of
the sort found in the Yucca Mountain vicinity were compatible (that is. could be in equilibrium)
with concretes made from portland cements at low to moderate temperatures and pressures. The
three types of data surveyed were thermodynamic data (frcc energies of formation), experimental
determinations of phase equilibrium, and naturally occurring- assemblaoes None of these source
of data was adequate in itself for the purpose.

The incomplete work by Gustafson (1974) on the relative stability of xonotlite and wollastonite has
been a critical component of the interpretation for stability of high-silica calcium silicates.
Gustafson was able to show that xonotlite could be converted to wollastonite plus water at
temperatures as low as 225°C at 200 megapascals water pressure. He was not, however, able to
show that wollastonite could be converted to xonotlite under any conditions. Taylor and Roy
(1980) have pointed out some of the difficulties in establishing the upper stability temperatures for
some of th» hydrated calcium silicat=s.

Gustafson, by showing that the anhydrous wollastonite could be converted to the hydrous phase
xonotlite, clearly demonstrated that between 300° and 400° xonotlite was less stable than
wollastonite; the results between 225° and 300°C depend upon the interpretation of the relative
strengths of the X-ray diffraction peaks, which Gustafson took to indicate that wollastonite was
more stable over this interval as well. There are some reservations about these results.
- Wollastonite is well known for polytypism and xonotlite is susceptible to being polytypic as well,
so that the reaction could have been carried out on metastable polytypes rather than the stable
forms, affecting the reliability of the results.

The other work which was relied upon very heavily is the collection of work by Liou concerning
zeolitic phases, which, of course, relate to the wff compositions. The qualification attached to the
work by Gustafson about the interpretation of X-ray diffraction patterns applies here as well (and
perhaps even more strongly, since Liou depended upon changes in peak heights for peaks whic’

At T ~
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would be expected to be near the detection limit of the technique.) In addition, there is the problem
of ordering of aluminum and silicon in the phases whnch LlOU studacd (1970, 1971a.b.c).

These are two sets of experimental data that provided the principal ca.hbrauon for temperature in the
natural assemblages, and even so, provide prmc:pally an upper hmn rather than a tcmpcrature
scale. : .

~ There are two classes of problems associated with the use of the thcrmodynamic data: the
uncertainty in the data mentioned above and the paucity of data’for the phases of most interest.

‘The only work which includes thermodynamic data for a moderately complete set of phases is that
of Mchedlov-Petrossian (1972, in Russian) which is based upon an estimation technique. The
German and English versions (Babushbin et al., 1985) do not improve the situation, only make the
data more intelligible. The results of the calculations of the stability relations in the simple lime-
silica-water system usmg this data resulted in no stabxhty fields for any of the hydrous phases; this
suggests that there is a systematic error in the estimation scheme, if the occurrence of these
hydrated phases in natural occurrences is taken to mdncatc that there is a stability field at low
temperature.

Among the more recent useful attempts to quantify thermodynamic models of cements has been
that of Atkins et al. (1992). A computer program CEMCHEM was developed to predict stable
phase assemblages in blended cements in the 6-componcnt system Ca0-A1203-Si02-S04-MgO-
H>0. Solubility data are used in the model, using measured pore solutions on cements up to 5-
year-age. However, the model was limited to 25°C and did not include data involving alkalis.

The natural occurrences then have been the principal source of data for estimating the probable
stable assemblages at these low temperatures. As was mentioned previously, the experimental
phase relations were relied upon heavily to provide the high temperature relations which the
interpretation of the natural occurrences was forced to fit (the high temperature natural occurrences
and the experimental results are in generally good agreement, so this is not an unreasonable
approach). Shulamit Gross (1977) “and colleagues have described a complcx geology, the
Hatrurim formation in Israei whica was thermally metamorphosed by the ignition of bitumen. then
undergoing retrograde metamorphism, hydrothermal mineralization and weathering. Altogether
more than 40 rock types are distinguished, and the minera! assemblages have much relevance here, -
as theéy include most of the known calcium silicates and calcium silicate hy irates; calcium
aluminosilicates found (some 120 listed) range from hatrurite (named from the locahty) (Ca3SiOs)

- which presumably is stable only above 1250°C, to the hydrates tobcrmonte. and plomblemc (=~
60°C or less) and many zeolites, clays, (cclosﬂxcates etc.

The principal results of this survey were that there appear to be stability fields for the crystallmc

- . phases which appear in concretes, although they are restricted to tempcratures less than about

200°C (perhaps as high as 300°C). We also concluded that there are serious incompatibilities
among the various phase assemblages which might appear in separate parts of the engineered
repository. In particular, the aluminous clay minerals are probably not stable in contact with
concretes derived from portland cements. Another probably incompatible assemblage identified in
this survey is the combination of siliceous zeolites and traditional portland cement concretes. Itis
likely that a portland cement concrete modified to be high in silica is compatible with the range of
zeolites found in Yucca Mountain or that adjustmcnts can be made to obtam such a result. (See
later discussion of high-silica concretes). :
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- B. Evolution of Cementitious Materials Under Conditions Likely to be
Encountered in Emplacement Drift.

Introduction

Most concretes are used at room temperature or at most, the ambient generated by the exothermic
heat of reaction of the cement phase when large pours of concrete are made, and there is not a large
body of data on high-temperature performance. Exceptions are in prccasting (steam-cured) or in
specialized applications such as oil well or geothermal cements, encountering higher temperatures.
In earlier studies, we undertook an evaluation of cementitious materials which might be used in an’
unsaturated tuff (Yucca Mountain) environment, A broad range of mechanical and physical .
properties (such as strength and permeability), of potential mortar and grout formulations (Licastro
et al., 1990) and later concrete formulations (Roy and Scheetz, 1989) were investigated. to provide
a data base.

Preliminary screening Phase I. -This study consisted of the formulation and testing of mixes
representing mortars and grouts, both expansive and nonexpansive, with bulk compositions
approaching those of tuff. Short-term evaluation of these mixes included the determination of -
physical/mechanical properties as a function of time (up to 28 days) and curing temperatures (38
and 60°C). Ancillary data included characterization of starting materials, phase identification, and
limited interface experimentation, i.e., bond strength and permeability, using a nonwelded tuff,
which was available when testing was initiated. Unless otherwise noted, samples used to measure
unconfined compressive strengths, bulk density, porosity, thermal conductivity, permeability of
the seal material, and interface permeability, were stored by immersion in water following an initial
curing time in a high-humidity room (>95% relative humidity). Samples for bond strengths were
stored in a >95% relative humidity room. Viscosity and dimensional stability measurements were
done on samples in a plastic state. : . (

In preliminary screening studies (Phase I), several cementitious mortars and grouts were
formulated for chemical compability with tuffaceous rocks of the Yucca Mountain area. Intitial
tests of physical and rheological properties of these mixes showed that desirable properties could
be achieved. Expansive mixtures showed particular promise. yielding strong, high-density
materials with low permeability and adequate bondmo to nonwelded tuffs. -

Phase II of this work concentrated on two expansive mixtures: a mortar dcsngnatcd (82-22) high
in silica and a pumpahle grout designated (82-30) w.th potential for use in concretes or to meet
special sealing requirements. These mixtures were tested for up to 720 days of cunng at 38, 60,
and 90°C. In general, their physical properties continued to improve throughout the curing period,
with some fluctuations in compressive strength values possibly related to curing in an unconfined
condition. Strengths to 124MPa were maintained after 360 days at 90°C. Permeabilities were
consistently very low, commonly less than 10-8 Darcy.

Phase II also included long-term experiments of the properties of interfaces between these mixtures
and site-specific rocks, whlch used welded tuff from the Topopah Spring Member of the
Paintbrush Tuff. Permeabilities of these interface samples were less than or equal to those
measured for the wff alone (on the order of 10-7 Darcy or less). A general increase of bond
strength with curing time was observed for both formulations. Mixture 82-30 gave higher bond,
tensile strengths, achieving over 3.45 MPa at 90 days of curing at 38°C. Pretreatment of the tuff
surface before casting the cement gave higher bond strengths at 90°C with this sand-free
formulation. However, this pretreatment decreased bond strength for samples cured at 38°C.
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An additional mixture, 84-12 was examined because it addressed a geochemical requirement

: togcthcr with maintaining the physical'and mechanical propérties of Mix 82-22. The geochemical

requirement was reduction of the total amount of sulfate that could be released. This requirement
was achieved by reducing the amount of sulfate added to the original mixture. Reducing the
amount of Portland cement and using silica flour, silica fume, fly ash, and slag additives to
maintain a high content of reactive silica (and alumina) with <20% (by weight) of cement in the
total formulation achieved this requirement. Preliminary data for Mixture 84-12 suggest attainment

“of a dense, pumpable product that hydrates to a solid of very hxgh strength (140 MPa compressive
" up.to 360 days) and low porosity, with a chcmxcal composmon that should make xt highly

companble with NTS tuffs.
C. Potential Effects on Drift Water Composition.

Introduction

One aim of any designed cementitous material used in a geologic repository is to minimize any
chemical potential gradients and prevent destabilization of the system. Compatibility of the
concrete with respect to host rock can be approached in two ways. First, sands and aggregates
derived from the host rock can be used in the concrete formulations.  The assumption in this
approach is that the bulk of the concrete is composed of rock similar to the rock of the emplacement
environment. Therefore, the chemistries of the host tuff and concrete should be similar, with only
a minor perturbation to the long-term compatibility caused by the relatively small amount of cement
in the concrete (20 to 30%). Below are summarized cxpenmcntal studies using both this and 2
second approach.

Experimental Concretes, Grouts, Mortars. Our first experimental study examined this
concept through an investigation of the reactivity of a tuff-bearing concrete, CL-40 CON-14
(Scheetz and Roy, 1989a) using a partly modified cement composition, local Nevada Test Site
(NTS) concrete sand, and coarse aggregates made from the Grouse Canyon Member of the Belted
Range Tuff. The results of this study are described later.

The second approach to design of compatible cementitious materials is to control the bulk chemical
composition of the matrix material so that it approaches the bulk chemical composition of the
geologic host (Scheetz and Roy. 1985. 1989b: Scheetz et al.- 1989a). Ideally, both approaches
could be combined. Because of the high-silica content of the Yucca Mountain tuffs, concretes with

" a cementiiicus matrix having higk: silica content are likely to be more compaublc with the tuff than

are normal portland cement concretes with high calcium content matrices. This was also as
predicted from the Freeborn and Roy (1983) studies. It is also consistent with experience with oil

~"well and geothermal cements which must withstand higher temperatures (Langton et al., 1980).

* This latter approach was followed in the design of the two grouts mortars that were evaluated. The

design of the material was initially based upon the use of a2 commercially available shrinkage-
compensating cement to minimize dimensional change, which in turn was modified with reactive
silica-rich admixtures. The bulk chemistry of the grouts was carefully chosen to provide for the
maximum formation of cementitious phases by reaction between the cementitious matrix and an

' aggregate that was a constituent of the host rock. It was also desired to minimize the impact on the

waste package when used in drifts, including keeping the pH lower than in normal portiand cement

- materials. The expansive agent which is developed in the commercial cement is ettringite, which is

formed during the cement hydration by the reaction of a soluble calcium sulfate source and a source
of calcium aluminate. An altenative formulation was developed that closely approximated the

A+t IOC

5



shrinkage-compensated mixture in bulk chemistry but did not contain the calcium sulfate source.
This latter low-sulfate formulation was evaluated in an effort to minimize the release of sulfate to
the ground water, which was considered possibly problematic. U/

Observations Regarding Phase Stability and Water Chemistry. The two formulations
represent examples of an expansive (82-22) and a nonexpansive (84-12) cementitious sealing
material ‘The expansive grout relies on the formation of ettringite to ocncrate the cxpansivc forces.

Phasc characterization of the reaction products for the expansive grout revealed. that the expansive
agent, ettringite, was not stable above about 100°C (Ogawa and Roy, 1981; Satava and Veprek, .
1975). Tobermorite was observed at all temperatures, even at 300°C, well above its cxpcctcd
stability limit. The incorporation of Al into the tobermorite structure is postulated as contributing
to the enhanced thermal stability. In the longer experiments, at 200 and 300°C, the Al-tobermorite
partially reacted with excess SiO; to form truscottite, another high-temperature calcium silicate
hydratc This observation is consistent with the solution analyses that suggest that the liquid phase
in contact with the cementitious grout/mortar is very nearly at equilibrium with réspect to quartz at
150°C and slightly undersaturated with respect to quartz at 200°C. It appears to be limited by the
low solubility of the calcium silicate hydrates.

Solution analyses were made after reaction of vapor from J-13 groundwater at temperatures of
1507, 200° and 300°C. The pH values appeared to cluster near 9.50 + 0.2, although some reached
about 8.7. The pH was found to be as high as 11.6 at 150°C, and as low as 7.5 at 300°C.

Experiments, in which tuff was included along with the grout/mortar, showed a pH of 8.5 for 500
hours at 200°C, then dropping to 6.5 for one of the compositions.

Several different types of experiments were performed with tuff as coarse aggregate, studying a —/
concrete formulation first prepared by the U.S. Army Waterways Engineering Station, in
experiments exposed to J-13 groundwater (or its vapor) in both static and dynamic experiments.
Concrete disc samples appeared quite intact after the experiments. However, vitreous components

of the tuff showed some alteration.

Coarse powdered samples were also exposed to the solutions. It is a bit more difficult to
generalize the interpretation of the results of the determinations of the solution composition with the
wff concrete beccuse of the variety of experimental conditions used. After static hydrothermal
experiments, usual phase assemblages included quartz, feldspars, zeolites, tobermorites;. calcite
and dolomite (residual from the concrete sand) and, surprisingly, smectite. The accompanying
solutions contained Ca, Na, K. and Si at higher concentrations than in the original J-13 water, and
at a relatively low pH (~5).

D. Alkali-Activated Cements: Ancient and Modern
Ancient Cements and Concretes

In recent years studies have been undertaken to determine why ancient concretes are so much more
durable than their modern counterparts (Malinowski et al., 1961; Roy and Langton, 1989). In the
beginning it was assumed that portland cement negatively affects the carbonation of lime resulting
in a volume modification of the cement matrix (about 10 to 11%). In ancient cements, however,-
this high degree of carbonation has not been deleterious to the durability and strength of concrete
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Some of these concretcs look hke hard natural stone even after 9000 years in use (Glukowskl
1994).

Investigations (Malinowski et al., 1961) have revealed that, while ancient concrete in Roman
structures has remained unaffected by severely corrosive conditions, such as flowing water and
salt-laden air, in a period of 2,000 years, modem portland cement concrete has suffered extensive
damage in the same localities and under the same conditions in a period of ten years. A convincing
example of this is the rehabilitation of the Roman baths in Tiberia where portland cement concrete

_has been used. The structure restored by using portiand cement concrete have been dramatically

- damaged by hot solutions, while the 2000 year old Roman concrete remains unaffected
(Glukowski, 1994).

X-ray diffraction analyses’ of ancient lime-pozzolanic concretes from Italy, Greece and Cyprus,
indicate that the calcite is the predominant crystalline phase together with some weak crystalline
phases of analcime, Na;0-A1503-45i02-2H50, while some poorly crystalline phases resemble
calcium silicate hydrates (Langton and Roy, 1984; Roy and Langton, 1989).

The lime-pozzolanic cements of Rome contain a significant amount of alkali (Nay0, K20, 4%),
which was added in the form of volcanic ashes. Lime is the ingredient responsible for the
properties of binding mixtures. When subjected to cation exchange with ashes, lime frees NaOH
dissolving silicon dioxide (SiO3), and on the whole, it activates the synthetic process of the CSH-
gel and synthesizes the binding system of alkaline analcime (Na20-A1703-45i02-2H,0). Free
lime carbonates and, gradually, CSH-gel-type products are formed, too. The formation of
analcime contributes to the long-term stability of concrete.

Langton and Roy (1984) and Roy and Langton (1989) mvesugatcd ancient concrete analogs from
Italy as specnfically relevant to applications in the tuff repository program because of the general
similarities in the composition of materials that were incorporated in the mortars, plasters and
-concretes of Rome, Ostia, and vxcxmty to the pryoclastic rock_s of the Yucca Mountain area.

Modern AIkalz-Acnvaled Cements

New binding materials were suggested by KICI (Kiev Civil Engineering Institute in the USSR) in
1957 (Glukowskl et al.. 1967; Glukowski, 1974). The concretes were called "soil silicate

concretes”, and the biuders "soil cements'. The soil cements are obtained by mixing w.ll-ground.
mountain rock and industrial wastes dissolved .a caustic alkalis and salts of sodium and potassium.
They are modelling the formation of natural zeolites of the type RzO -RO-R203 - (2-4)Si02:nH70.
The synthesizing of these materials, i.e. their solidifying process is practically analogous to that of
-the minerals in the earth's crust, like zeolites, mica, hydrous mica, which at high temperatures
crystallize to nepheline and feldspars. The synthcuc process is similar to the natural processes of
uuncral and rock formation.

Others followed in dcveIOpmg related materials which added only a modest amount of alkali to

-activate an unconventional material, including Forss (1983), who described a binder based on
-granulated blast-furnace slag. Further, in the development of cementitious waste forms the
principle of alkali activation was found to have important application (Kaushal et al., 1986, 1987)
in studies in which both high-silica fly ashes and granulated blast fumace slags were used-as major
components for the solidification of highly alkaline wastes. The cementitious reaction products
included various zeolites. analcime and nosean.
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Davidovits (1987) discussed the relation becween ancient and modern concrete, and patented alkali-
activated cementitious materials which were blends of alkali-activated cements and portland cement
(Heitsman et al., 1987). He also synthesized materials which he called "geopolymers” L/
(Davidovits, 1979).

The range of alkali-activated cements vary from those with strengths some 30% higher than
portland cement concrete (Forss, 1983) to commercial cements such as pyrament, with very early

~ high strength to a number of varieties. Roy et al., (1991, 1992; Roy and Silsbee, 1995) have
investigated some of the mechanisms of reaction and strength developmcnt

“The activators used in these materials may include: 1) causue alkalis; 2) non-silicate salts of weak
acids; 3) silicate salts and, 4) miscellaneous. Dosages in the range of up to 3-10% as NayO (used
as NaOH) are utilized but dosages in the range of 3-6% give optimum strength development. This
is contrasted to the activation of ash with calcium which typically requires additions of up to 20%
CaO equivalent. Relatively small quantities of alkalis in combination with lime may also provide
suitable activation,

The hydration of the fly ash, and to a certain extent, glassy slag, requires the breaking of bonds
and dissolution of the three-dimensional network structure of the glass. The network contains
interlinked SiO4 and A10; tetrahedra and A10g octahedra which are attacked by the OH- in a high
pH environment. In order to maintain active hydration of the fly ash, it is necessary to supply
hydroxyl, because the amounts of hydroxyl ions along with the alkali and/or alkaline earth ions
derived from the fly ash alone, generally are insufficient.

The major components of the cements include fly ash (Class F or C), granulated blast furnace slag,
meta-kaolin silica fume and sometimes pordand cement (Roy and Silsbee. 1992). Wu et al. (1990)
have discussed the effectiveness of different activators and combinations of activators. \/

There are many reasons to expect that such alkali-activated cements and concretes might suitably be
applied in drift linings, among them the fact that many of the components of such cements undergo
thermal activation (Wu et al., 1983; Forss. 1983), which also suggests their suitability for pre-
casting methodology.

E. Performance of Specialized Concretes ai: Elevated Temperatures

General Thermal Stability

In the previous sections we have alluded to the higher temperature performance of some mortars
and concretes which may be compatible with a tuff repository environment (Scheetz and Roy.
1989a, b) for which some studies were made at temperatures up to 300°C. During screening
studies a number of cementitious materials were evaluated for their physical and mechanical
properties at temperatures up to 250°C Nakagawa et al.,, 1983, 1984). It was necessary to
consider the total system; in particular, cementitious materials containing basalt sand (which is
known to be refractory) were found to possess much higher strength at higher temperatures than
those with quartz sand: when heated at 230°C (Nakagawa et al., 1983). As a result, chemically
modified material maintained a strength of 190 MPa at 250°C (245 MPa at 175°C) while without
the chemical modification the strength was only 125 MPa at 250°C (Roy et al., 1985). The
following figure shows the advantage to be gained by thermal activation of the cements. There is a
steady increase in the strength with time and temperature up to 175°C. Although the 250°C
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samples are not as strong as the 175°C samples, there is not a.major diminishment in strength nor
drop with extended time at the highest tcmperature studied (Roy and Idorn, 1985).

Information on the thermal stability of concrete is generally accessed through compilations such as
studies related to fire exposure (short-term exposure) or geothermal well applications (longer-term
exposure) or for pre-stressed concrete reactor vessels. However some studies were performed
with a more specific view of the tuff repository environment (Scheetz et al., 1989b). Systematic
studies have been carried out of the physical, mechanical, and geochemical properties of some

L T T ——r— ~

"3

5

——— Bos

STNENETH (Mtg)
2

20

" .

" consngsave

S S S R Sy S )
? © » »n

Thermal Stability of Potential Concrete Material for a Tuff Repository

candidate cementitious materials for use in a tuff host rock environment. One particular sanded
cementitious grout (mortar) described here, was designed with substantial replacement of portland
cement by low-calcium fly ash and silica fume, yet remained fluid at a low-water/cementitious solid
ratio of 0.32. The ash and the fume were used in order to achieve a higher SiO2, and A1203
content which is more compatible with the tuff geochemistry than is a plain portland cement.

It was expected that such materials might be used near waste canisters where they would be
exposed to elevated temperatures. Therefore, the effects of elevated temperatures, 150°-300°C on -
the matenal properiies were investigated. Initial compressive strengths of materials cured at 38°C

for 7 to 900 days ranged from 100 to 125 MPa. Other properties investigated include bond

strength (to tuff), water permeability, interfacial permeability, Young's modulus, density,

porosity, expansive stress. and phase changes. Samples heated to 150°C for extended periods (28

days) either dry or hydrothermally, maintained their strength and well bonded microstructure, -
while the results of heating at 300°C were mixed, with some strengths remammg high (95-110

MPa) and others diminishing (44-51 MPa). The water permeability did not increase much at

150°C, but it did increase at 300°C.

The data obtained support the stability of this particular formulation and maintenance of its
engineering properties up to 'approximatcly 300°C in a groundwater saturated environment and up
at least to 150°C in an undersaturated environment, even after a significant alteration in the bulk
mmeraloglca! composition of the solids which is associated with these temperatures. These results
are encouraging and warrant the careful detailing of the rates of change of these properties as 2
function of time to determine the likely consequences of the dcgrec of change observed. There is
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good reason to expect that properties/performance could be improved by more careful tailoring of
the composition of the mixture, possibly along the lines, as discussed in the previous sections. ‘
: ‘\\/

F. GENERAL COMMENTS
Discussion

Nothing has been said about the potential effect of concretes on radionuclide release. Earlier in the
year it was apparent that several studies of actinide solubilities (including colloid formation) were
in progress at a number of the national laboratories. Perhaps this information will be forthcoming.

I might point to an earlier study of comparative waste forms regarding plutonium and americuim -
releases (Ross et al.,, 1982). In that study cement waste forms pcrformed'relauvcly well at
temperatures up to 90°C as compared to borosilicate glasses, e.g. It is also worth pointing out that
other studies provide information on the solubilities of othcr radionuclides. The studies of
Komameni et al. (1982, 1983, 1985) have considered some interactions of cements with tuff
minerals, and have also shown that some of the high-temperature cement minerals (A1-substituted
tobermorite) show very significant Kp values for radionuclides such as Cs.

In the previous sections we have discussed several of the questions relevant to the performance of
concrete in waste package emplacement drifts. There is by no means an unqualified consensus that
all the questions have been answered, but only that there are considerable data available suggesting
that use of concrete may be justified. The time has been too short to present a more coherent
synthesis but only a scaffolding upon which more complete conclusions could be reached with
- additional directed studies.
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Report on Potential Geological Effects of Evolving Cementitious
Materials Used in the Yucca Mountain Waste Disposal Project

Prof. Hamlin M. Jennings
Departments of Civil Engineering,

and Materials Science and Engineering
Northwestern University

BACKGROUND

The necessity of placing cement-based materials into the storage area of Yucca Mountain,
as part of the tunnel lining and base, raises several questions about the materials’ long-
term stability and long-term influences on the environment. It is anticipated that approxi-
mately 500,000 m® of concrete will be used. This will satisfy structural requirements until
the area is sealed and afterwards for about 100 years, during which time the waste should
remain retrievable in the event of an emergency.

During the first 50 years, parts of the site will experience increasing temperatures up to a
peak of about 120°C. Temperatures of 100°C can be expected to last for about 2000
years. Also, during the first 50 years, the relative humidity is expected to fall from 100%
RH to about 50% RH, and then it will gradually increase to about 85% RH during the
next 2000 years.

The issue is: what happens to concrete in the long term when it is exposed to these
conditions? Also, how will any expected changes, including deterioration of concrete,
affect the performance of the repository?

During a one-day meeting on the 5th of September, 1996, a broad discussion took place
that covered the tentative plan for developing the Yucca mountain site, as were some of
the anticipated conditions that the concrete will be exposed to during the next 10,000
years. Towards the end of .he meeting a numbcr of topics were posed to the expert panel.
These topics will be discussed in the following section. Additionally, we were asked to
make general comments and to discuss any of our ideas.

Prediction of the performance of concrete in Yucca mountain is extremely complex. The
first problem is to decide on the meaning of concrete; it is presently defined as a Type II
Portland cement with limestone aggregate. Approximately 30% of the weight of cement
will be replaced with silica fume. Steel fibers would be used for reinforcement, nominally
0.5% by weight of concrete. It is not certain whether the concrete will be precast or cast-
in-place, but the agreement is that precast has several advantages. This report first deals
with the questions and issues relevant primarily to precast concrete and then provides
comments on special concerns and “brainstorms” the overall problem.
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OVERVIEW COMMENTS

v | The primary purpose of concrete is structural ‘The material must maintain strength and
toughness for at'least 100 years, during which time the waste must be retrievable. Since
the storage vaults must “breath,” allowing H; (from corrosion) out and CO; in, the

- concrete should not act as a seal. Throughout its life it should be as inert as possible, in
particular, it should not alter the chemistry or physics of the mountain.

Cement is a multimineralic powder that reacts with water to produce a number of
products. Soon after the reaction has started, the water phase, or aqueous phase, becomes
saturated in alkali and hydroxyl ions and, therefore, has a pH typically around 13. This pH

" is highly buffered by undissolved phases, the most important of which is portlandite, or
unpure Ca(OH),. As the reaction products are formed the space occupied by the original
water is gradually filled by reaction product and the original unreacted solid phases are
replaced by hydration product. Excluding air bubbles, the volume of the largest pores, the
capillary pores, decreases with time. Fig. 1 shows the volumes of the most important
phases, including pores, for a typical cement paste. If the original water:cement ratio is
decreased, the volume of capillary pores is also decreased, and if the ratio is too low, the
reaction will stop for lack of space. Most of the water that can escape from cement paste
resides in the capillary pores. Thus, reducing the water: cement ratio reduces the capillary

. porosity and lts associated water [1].

v w/ic= 0.50
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Figure 1: Model predictions (lines) for relative volumes in a Portland cement paste with a
- ' water.cement ratio of 0.5. The symbols represent experimental data [1). Assumed cement
\-/ . composition: 60% C3S, 25% C,S, 5% CsA, and.6% C.AF.
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Cement-based materials are complex and the present state of knowledge is inadequate to

predict their behavior over long periods of time, especially in a variety of extreme

environments. A basic principle employed in the following comments is that, thermo- N4
dynamically, stable phases probably will form given enough time and that, wherever

possible, the concrete should be formulated in such a way as to minimize changes with

time, both microstructurally and chemicaily.

Several concerns have been raised: 1) the water with a hxgh pH in the pores could i mteract
with the repository rift environment. 2) the decomposition of cement would produce water
that could contribute to corrosion and 3) colloidal material and water could carry toxic
waste out of the repository.

SPECIFIC TOPICS (comments on topics discussed in Las Vegas)

A) In addition to the main hydration products that normally form in cement paste,
including C-S-H (calcium silicate hydrate) CH (calcium hydroxide) AFm (aluminum
monosulfate) and AFt (aluminum trisulfate), the high temperature conditions may produce
zeolites and hydrogamnet.

B) High temperatures (200°C) and relatively dry conditions for extended periods of time
will probably have several effects on the hydration products. Two or three trends may
compete as follows.

At first, the higher temperatures will encourage the silicate chains in the C-S-H to
polymerize. This will have the general effect of causing the phases to become
slightly more crystalline. The tendency will be for zenotalite and/or tobermorite to
form.

High temperatures and relatively dry conditions will also mean that dehydration is
possible. Thus, the general drive towards crystallinity will be countered by
conditions that will remove water, including bound water, and this will cause the
C-S-H to decompose as will other phases such as ettringite. Slightly hydrated silica
gel and calcium hydroxide could result. It is uncertain how temperatures less than
200°C (i.e. 120°C) wull affect the concrete.

Finally, it is anticipated that CO, will be available for reaction and, if this is the
case, the conditions will be ideal for the formation of calcium carbonate. Silica gel,
calcium carbonate, and unreacted cement could be the phases present at the end of
the heating cycle.

C) The alkali in cement is highly soluble. During hydration some of the alkali can be

incorporated into the products, but they are generally not tightly bound and, at the high
temperatures, could be relatively easily resolubilized. The possibility of forming zeolite is
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very attractive becausé; if this type of phase forms, it mcorpomcc sodium and potassium,
and it efficiently incorporates other ions and is very stab!e

D) The aluminates and the silicates will probably become carbonated under the anticipated
conditions.

E) Carbonation will certainly lower the pH of the aqueous phase. Most of the solid
reaction products will carbonate and the resulting material will probably have reasonable '

- strength.

F) Carbonation should be considered good for both product stability and lowering of the
pH, however, in an environment that contains some moisture and oxygen at elevated
temperatures, steel reinforcement will be susceptible to corrosion. It is difficult to imagine
that corrosion would not consume all of the steel during the first 100 years or so.
Although it is noted that fiber is much more resistant to corrosion than conventional
reinforcement, the Ingh temperature and availability of CO; to decrease the pH would be
particularly aggressive.

GENERAL COMMENT ON QUESTIONS

- Most questions asked at the Las Vegas meeting were related to what happens to the
concrete and how its presence would affect the water chemistry of the host rock. These
questions are very difficult to answer. Cement-paste plus aggregate systems are complex,
the environment is complex, and the time is long. The environment is not only complex,
but it is very heterogeneous. For example, the temperature and composition of the
atmosphere and the local chemistry will change from place to place; some of the concrete
may be exposed directly to CO, while, in other areas, it is not. Therefore, questions to do
with the specifics of the phases present and how they will perform over long periods of
time are very difficult to answer with confidence. There are currently too many variables
and some of the following comments are related to simplifying and bounding the problem.

RECOMMENDATIONS ON CEMENTITIOUS SYSTEMS
Basis for Recammendatwn

The concrete must be as simple, as predictable, and as robust against the anticipated
conditions as possible.

There are several exceptional differences between the Yucca mountain project and other
civil engineering projects. The most unportant difference is that Yucca mountain must
perform reliably for at least 10,000 years. It is also a project that will take decades to
implement and is not a “fast-track” construction project.
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Modern cements are formulated to gain strength relatively quickly and, when all is said
and done, long term durability is not always the most important consideration. Although
the concrete will undergo some changes with time, any proposed formulation should
maximize the following:

1) Predictability and simplicity
2) Stability with temperature, drying, and rewetting
3) Mechanical properties for 100 years

4) Compatibility with host rock

Cement composition

The host rock is a Si-rich Ca-poor tuffacerous material. However, all modern cements are
calcium rich to the extent that “free” calcium hydroxide almost always forms. The calcium
hydroxide is relatively easily leached from concrete and, over long periods of time, this
could raise the pH of surrounding water. One objective is to change the ratio of Ca to Si
in the cementitious material and this can be accomplished by adding reactive silicates, in
the form of silica fume, blast furnace slag, or fly ash. There are a number of advantages
and disadvantages to each of these additives.

Silica fume is the purest, but it is typically a very ﬁne-gramed material requiring large
amounts of superplasticiser as a dispersant. This adds organic material that may cause
problems in Yucca mountain.

Blast furnace slag has a very uniform composition but is not pure. It does not require
superplasticiser. The aluminates react to form AFm and AFt in the same way as they do in
ordinary Portland cement, except that the reactions are much slower.

Fly ash has a variable composition, but this can be overcome with good quality control
and using material from one source. It is spherical and often helps produce a workable
mix.

All of these materials are reactive and consume calcium. All of these materials also are”

known to greatly reduce the permeability of concrete, as shown in Fig. 2. This is
accomplished because the reactive silica forms product that tends to clog the pore system.
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Figure 2: Normalized conductivity (analogous to norma!xzed d:ﬂi:smty) versus hydration
time for a cement paste composed of blended cement (68 wt% class F fly ash, 21 wt%
type I/Il Portland cement, and 11 wt% attapulgite clay) and a highly alkaline solution (4
molar) that simulates the low-level radioactive waste present at the Hanford site. The
paste was mixed in a 1:1 solution-to-solids ratio and was cured adiabatically. Also given is
the normalized conductivity of an ordinary Portland cement paste of w/c ratio 0.5.

Aggregate

Using the strategy that the concrete should resemble the Tuff as closely as possible, it
seems reasonc*!2 to use Tuff as aggregate. If limestone is chosen, possibly because it does
not react with the alkali in cement, it should be noted that the conditions of Yucca
Mountain are not favorable to alkali-silica reaction. Furthermore, since the mountain is the
main defense, the paste portion of the concrete should be compatible with both the
mountain and the aggregate. -

New Special Cements

In addition to formulating a cement paste and concrete using, as a basis, conventional
commercial cements, this project may warrant the production of a special cement.

- C2S Cements: At the tun of the century extremely good concrete was produced

which had higher C,S content than cements produced today. The reason for the
change in recent years is primarily related to fact that the older formulations
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develop strength more slowly than modern cements and fast-reacting cements have
commercial advantages. The old cements are generally considered to be equal to,
or superior to, modern fast-reacting cements. Most important to this discussion is
that C,S produces 1/3 less Ca than C;S, which may be very favorable for the
Yucca mountain project.

- Strength and Toughness of Concrete: 1t is very important to establish the strength
requirements of the concrete. The foundation and the tunnel lining may not require
the same strength. The formulation of concrete, and specifically the need to -
incorporate reinforcement, is sensitive to the toughness requirement. The main
reason for reinforcement is to increase toughness and, therefore, toughness and
strain to failure must be specified carefully. The amount of steel fiber should be
chosen so that the strength and toughness meets specification, but does not greatly
exceed specification.

Chemical Stability— A Further Case for Low Water:Cement Ratio

Unreacted cement clinker is chemically very stable and can easily withstand the
temperatures and other conditions expected in Yucca mountain. When clinker is ground to
make cement, gypsum is added to control the rate of hydration of the aluminates and this
prevents premature set. Gypsum, Ca(SO)s2H;O, contains a significant amount of water as
well as sulfate. If the material is cast in a factory, the issue of set may not be as important
as it is in the field and, in addition, formulations incorporating little or no aluminates, or
aluminates in a form that react slowly (fly ash or blast furnace slag), might be desirable

anyway.

Using the philosophy that any water added to cement has the potential of becoming free
water during long periods of higher temperature, it is desirable to produce concrete with
very low water:cement ratio. If this is employed, in addition to achieving very high
strength, the material will contain much unreacted cement that has the potential for
combining with water when the temperature is lowered and/or when water is introduced
into the tunnel. In o*her words, the unre icted material can act as a buffer to the flow ~f
water. There are natural analogues that can he studied to determine durability of unreacted
clinker.

Very High Strength Non-Reinforced Concrete

A number of strategies should be considered for producing concrete of sufficient strength
for Yucca mountain without requiring reinforcement or, at least, minimizing the amount of
reinforcement. Using the idea that cement-based materials are basically brittle and,
therefore, have a strength determined by the size of the largest flaw, all strategies have in
common the production of a dense material with exceptionally low water content. The
space occupied by water eventually is the space that can be associated with the flaws.

- Furthermore, as stated above, low water content may be an advantage in itself. Some of

the possibilities are as follows. _
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There are a number of materials that use highly controlied particle size distribution (PSD)
to achieve efficient particle packing. DSP (densified with small particles) is an example.
Ceramics use this strategy routinely. Several advantages result.

1) The flow or viscosity of a particulate system can be expressed using the Krieger-
Dougherty relation: :
| =, [1--L i
On

where 1. = viscosity of concrete, 1), = viscosity of paste, = intrinsic viscosity, ¢ = volume
fraction of solids, and ¢, = volume fraction of maximum packing of solids. The term of ‘
relevance here is ¢, which incorporates the volume of solids that can be incorporated into
a box of a given size. Thus, a PSD that fills space efficiently also produces a more fluid
material at a given water:cement ratio than does a PSD that is random. :

2) Because the solid particles are tightly packed before the reaction starts, only a small
amount of hydration is necessary to bind the particles together. Early strength
development occurs, and very high strength is eventually achieved, even if some of the
components are not lugh!y reactive.

3) There is little water in the system and um'eacted cement has the potential to react with
- water at later ages.

4) The concrete will be chenucally very stable at the elevated tcmperatures of the storage
site.

If pre-cast low water:cement ratio material is chosen, then there are a number of possible
manufacturing strategies. In all cases the problem is to consolidate the material into the
desired shape. Organic admixtures are most often employed but they may not be desirable
in the Yucca mountain site. The following suggestions are based on alternate technologies.

1) The application of pmsﬁre during the first several hours after mixing can be a very
effective way of compacting the concrete. This is especially true if the desired shape is
relatxvely simple. V'bratxon can help the process.

' 2) Pressure consolidation of cement followed by mﬁltraﬁoﬁ of Wer. This technique
takes advantage of powder technology to produce a dense solid mass and then the
infiltration of water produces high strength concrete [2].

3) Warm pressed materials. Roy [3] showed that warm pressed materials can be
- produced with exceptional strength. The technique involva applying pressure during
~ the early stages of hydration. Although warm pressing may be best applied to relatively
sma!l samples, it mxght be useful for panels that form tunnel lmmg and posstbly rail
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4) High temperature curing and/or steam curing might be useful ways of producing
materials that are preconditioned to a high-temperature environment. Microwaves -
might be employed to achieve uniform heating.

Pre-Cast vs.' Cast-in-Place

For the purpose of clarity, pre-cast simply means that the concrete will be cast into the
relevant shape in some sort of factory, while cast-in-place means that a fluid concrete will’
be formed into its relevant shape in its final location.

Cast-in-place concrete must be relatively fluid and it must gain strength rapidly under
ambient conditions. The advantage of this process is that the concrete may adhere to the
local rock, which, for tunnel lining, simplifies the process. Also, irregular shapes can be
accommodated. However, especially for the base structure, some sort of form work may
be necessary, and on-site consolidation, such as vibration, and final finishing are required.
Ordinary Portland cement and a normal water:cement ratio may be required, but if a low
water:cement ratio is chosen, then organic admixtures vnll be required that ﬂuxdlze the
material for placement.

Pre-cast concrete is fabricated and then moved to the site for attachment (tunnel lining) or
placement. Because this concrete can, in principle, gain strength more slowly than cast-in-
place material, a much larger variety of materials can be considered. Furthermore, curing
can be aided by high temperatures and possibly pressure and special consohdatxon
techniques can be applied. This is the preferred technique.

Recent Relevant Research

Even if cements are formulated to have relatively low Ca content, accomplished by
increasing C,S and adding reactive silicates, and they are formulated to contain relatively
small amount of water, the aqueous phase is still of high pH. Recent unpublished' research
has produced some interesting and relevant results. :

Research at Northwestern University (Jennings group) and at the University of Illinois (JF
Young group) was intended to help define a cement system for isolation of liquid waste at
the Hanford site. Portland cement was blended with fly ash and attapulgite clay and mixed
with a highly alkaline solution. The material was cured at temperatures up to 90°C. The
material hardened rapidly and pH of the aqueous phase was found to drop to levels well
below that of a control sample prepared by mixing cement, fly ash and pure water. The pH
is apparently continuing to fall even at the end of the experiments. In other words, the
addition of alkali resulted in lowering the pH of the aqueous phase after several hundred
hours as shown in Figure 3. Analysis of the solid phases indicated that a sodalite-type
zeolite appears at about 10 h. At 30 days the stabilized crystalline composition includes
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zZiolite, apatite and minor amounts of CaCOs, quartz and monosulfate. These formulations

\_/ produced material with exceptionally low permeability. The formation of zeolite at the
carly stages of reaction may be of particular interest if concrete is to help separate waste
from the far field and this might be the subject of further research.

14

13

124‘ LN

]
11 SRR SR R —

| 1 1 - 10 100 1000 10000
~ TIME ) -

Figure 3a: pH versus hydration time for pore solutions extracted from pastes composed
of blended cement (68 wt% class F fly ash, 21 wt% type I/Il Portland cement, and 11 wt%
attapulgite clay) and a highly alkaline solution (4 molar) that simulates the low-level

radioactive waste present at the Hanford site. The paste was mixed ina 1:1 solutxon-to-
solids ratio and was cured adiabatically.
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Figure 3b: pH of extracted pore solution versus hydration time for an ordinary Portland
cement paste and a blended cement paste containing 65 wt% ground granulated blast u
furnace slag (by weight of solids). These materials are mixed with pure water.

Postscript
Finally, long-term prediction is only possible with the development of relevant phése
diagrams. Fundamental research must be supported in this area.
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1. BACKGROUND AND SCOPE

n 1996, September, TRW Environmental Safcty Systems Tne. issued contract RFQ NoLV

'CS.YS.8/96-21 to AECL WL who was required to assist in M&O PA staft to assess long-term

svaluation of cementitions materialx in the anticipated near-ficld conditions and their effects
on the near-field performance parameters. l'hxs draft letter report, which is an independent
analysis of issues related to repository performance, arises from (hg conttact mstruct:ons and
various issues raised m the technical 1ueeting with M&O/INTERA, Inc and DOR Staff The
techuical Liicfs are prc.scntod in Appondix 1 of this draft lctter report.

Through the contract dircctions, AECL-WL was adviscd that the Performance Assessment
and Modeling (PA) group of the Civilian Radioactive Waste Manugement System
Management and Uperating Contracior (CRWMS M&O) is leading scoping study efforts to
evaluatc the Vlmng-wnn immpacts of thc ccmentitious materials on the repository system

perfermance.

As part of the geological investigations of potential site at Yucca Mountain and associated
developments for a desp geological repository for radivaclive wastcs, precast concreto
segments is considered the primary vption for ground support in the emplaccment drifts. The
tining is intcnded to cnhunce the stability of the emnplacement drifts and io recduce the potential
rock falls on the w-ste packages in the »arly posi-closure siages. The cementitious materials
will constitute a major part of the near-ficld, The accessibility of cementitious matcrials 10
groundwater means that it will have great mfluence on the chemical cavitomont of the
repository. Concrete may provide a physical barricr to radionuclides transport. However,
because of the favourable govsphere (i.c., above watcrtable), this mle is of secondary
importance.

Geological disposal of radioactive wastes is recogaized intcruationally as probably the only
viable method of ensuring protcclivn from the hazards presented by these materials to man
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and environment. Nearly all countries that produce radioactive wastc have ongoing programs

10 develop concepts for the waste disposal repository. ‘Ihe wide vaniely ot geologic tormations
under investigations in which repositories can be constructed reflects e roge of peolugics
of the counrics involved. Tn all cascs, once the ropository is closed end sealed, the most likely

" mechanism through which waste can escupe to the biospherc is through dviss_c.\lminn in and

movcmcnt‘gmundwaier. Tt is generally acccppd that the materials used to seal repositories
must be affordable, emplaceable. and cffective in 2 wide range of environments. Moreover,
in view of the tact that the hazardous matcrials In mdioacdvc- waste urc very long-lived, the
probuble perfurmunce of e sealing matcrials and systéms over very long timc has 1o be

‘undervtond.

2. Tssues Related to Repository performance

2.1 Evolution of cementidous materials in emplacement drift

Concrete in'many engineering applications can suffer undesirable degree of changes with time
as the result of aging and/or environmental tactors. However, these changes arc not always
detrimental to the peint that the concrete structure/ component has deteriorated and 15 unable

" to meet 1§ tunctional and performance requirement.

Concrcte is a versatie stractural building material, manufactured by mixing cement,
aggregates, witter, and adinixtuies. Cement when mixed with water, reacts to make a cohcsive
mixturc which binds together the uggregate to torm concrete. Admixtures arc added to the

mixture to produce concrete with desirsd properties snch as ennsistency, selling lime, strength.

~ amount of heat of hydration and the reactivity with the alkali in aggregates.

ftis generally uccepted il there are physival and chemical causes of coneretc degradation

The physical causes of conerete dogradation have been divided in two groups: 2) surfuce wear
or loss of mass due to abmsion antl erosion and b) cracking due to temperature and humnidity
giadients. crystallization pressures of salts in pores and structura! loading. The chemical cavses
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of the daterioration includes ccactions leading to formation of expansive products (i.e.,
sulphate expansion, carponation, alkah -agg-cgaws cxpansion, corrosion of rcinforccment),
leaching und cation-cxchange reuction beiween aggressive fluids and the cement paste, 1n
practice these causes are frequently supcrimposc on cach other, 1'or cxample, bracking ard loss
of mass by surface wear-increascs the pexmeabilify of tae concrete, which is onc of the most

important factors controlling the rate and extent of chemical degradation.

it is generally agreed that engineered sysiems are subject 10a phcnomcnoh known as aging.
This is related w0 dme-depended clianges tiat occw in a system. Aging has been defined as
a yraduai und cumulative degradation that oscurs with the passage of time in a componcent,
system or structure due to environmnent and service conditions that can load to 2 loss of
function and an impairment of safety. Gradual changs assumes that changes occur under
nonmal operation conditions. It does exclude degradation produce by the sudden and short-term
environmental and service extremes conditions (i.e.. high temperature).

Exposure of concrete stractures/components above ambient temperature for prolonged time
can degrade the conerete in several ways. Intemal stresses could result from differences in the
thermal axpansion coefficients of concrete constiiacnts and from restrained movement of
concretz by rainforcement. Recrystallizztion and precipitation of dissolved salts in the pores
of the c.:uncmw as the resull of watsr evoportation can also occut. Further crystal growth can
result also in the development of internal strosses. If the internal stresses sxceed the tensil

strength of the matenal, cracking can ocens

Elevatzd temperaturc in cxcess o 100°C are known 1o causc deorcascs in compressive
strength, tensie strength cnd modulus of clasteny, Howevet. diere is no evidence that long-
term cxporurc of concrete at moderate tsmperatures Jouds de degradation in compression
strength. Thenaal cvcling are considered to he mere damaging than constant elevated

temperatuse.

The effects of incrzusing wmperatyre vk Lonete will depend on the dcgrcé of hydration and
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- the moisture state in the cement phase. A saturated cement paste contuing large amounts of

free water and capillary:'w"atcr in additicn to adsorhed water. These types of water are readily
lost on 1uising the temperature of concrete. However, if the vxipour pressure inside the
material increasc at a faster sate than the pressure release of the steam into the atmosphere, -
spalling occurs. The iniorlayer CSII (calciuni silicate hydrate) water and somo of the

' chemically combined water from the CSH und sulphoaluminaw hydrates arc lost when the

concrete is subjected to temperature up to 300°C, contraction ussociuted with the water Joss,
weeurs.  Further dehydration of concrete due to decomposition of Ca{OH), begins at about
500°C. Temperature on the order of 90U"C arc required for complete decomposition of CSH
(Mehta, 1986). At high tcmperatni (> 300°C), the normat aggregate will continue to expand,
and resultant stresyes lead to loss of strength, spalling and cracking (Lca. 1910, Philleo, 1959).

Expericnce of prolonged intermediate temperature, in the range between 15°C and 65°C,
cxposure of concecte matcrials of limited. Cements, hydrate to produce first & dominantly very

- short range ordercd phases, calcium silicate hydrate phase, which is more amorphous (ice.,

gel-like in natare) than crystalline. It is known that temperature in oxcess of 100°C convert
the amorphous calcium silicate hydrate, one of the major phase in (e cement phase, into ¢
dicalcium silicatc hydrates piving rise 10 a week porous matrix. Flowever, there are evidence
that the ambrphous calcium silicate hydrate can persist to ahaut 60 °C except at low Ca/Si
ratios, where pastial crystalfization occur. “Thercfore, there is the potential for possible volume
changes resulting in change in permeability on transttion from amorphous state to a crystalline
state (Taylnr, 1964 Beaudoin and Feldman, 1979).

A wemperature gradient across the concrete structurcs/components will increase the moisturc
wansport in (e concrete, The effects of temperature on moist movement ix particulary
significant &t lower degree of saturation, sitsation which is more likely to exist in the concrete
structurc/components in repository. The rate 6f movement of water through concrete has an
mportant bearing on the resistance of concrete 1o deterioration by defetcrious chemicals
(carbonates, chilondes, syiphates). Moisture movement in cancrete ocours when there is cnough

differences in wnwisture content between layer of concrete to cause a hydraulic gradicnt. Water
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vapour movement takes place by condensation st the higher vapour preseure surface and

cvaporation from the low vapour pressure surface. The increase in moisture teansport through
conciele will aceelerate degradation processes such as carbonation and comrosion of the rebars.

Cement exposed to air will show extensive curbonation. The CO, is quickly cunsumed by the

reaction with the Ca(OH), s air enters the capillary pores of the concrete, It cannot move past

the barriers of the uncarhonated concrete until all Ca(OH), is consumed.

The hydrated silicate ad aluminate phases decompose as carbonation continues and the free
Ca(OH), is depleted brenuse the normal thesmudyuwuic phase equilibrium Is up'set by the
absence of the {ree Ca(OH),. The aluminate phases, C,AH, converts to CaCO, and hydious
alumina. The monosulphate and cttringite decampose to yield CaCO,, hydrous alumina And
gypsum. ‘The CSH is decalcified, initially by lowering the Ca/Si ratio, and ultimately by
cunvening it into a highly porous and hydrous torm of silica. The final carbonated structure
is a framework of silica, alumina, awd iron dioxides fillcd with calciom carbonate (Laylor,
1990).

Carbonation is affectzd by the moisture condition of the concrete; the reaction is much faster
and more complete when a surlace film of water (50% rh) is presenL If the pores of the
ccment pasts ane um:plcwly‘ﬁlled-with water (75% rh), the CO, gas must first diffusc through
the water. Cdnsequently, tho diffusion rate is considcrably less than through the air.

The products of carborution block the pores in concrete and imnpede the further ingress of
COU.. ‘They stabilize the depth of carbonated laycr. In the case of good quality concrete, this
process oceurs [uirly early and the depth of carbonation rarcly exceeds a fow millimetees cven
after soveral decades of cxposure. Concrete of low strength develops deeper carbonated layers

and takes much longer for stabilization of the carbonate layer. In this casc, cracks are

developed in the cancrete, and the process of carhonatinn starts along the sides of the cracks.
This may dcstroy the passive film on the sccl reinforcement and initiate corrosion (Neville,
1950), -
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‘the examination of he Roman concretos shaw uv evidence ot crystalline CSQ and that both
the CSH and Cu(OH). have been converted to CaCO, and Si0,. However, studies of other
ancient structure indicate that crystallise CSH phases have ‘been formed S the minerals
tobermorite, hillebrundite, afwillite, gyroli'tc and reversideite. These mincrals can pormally
only be rsyntheaiaed in Lhc laborawory under hydrothermal cOndiriuns.‘ Therc exists the ’
posubx ny that they may bo formcd undst umblent conditions oOver very ‘fung timescale in 3

&bschee of cerbonation (Roy and Langtoa, 1982 Nichedivv-Pelrosian et.a), 1968, 19€7)

2.2 Suggestions for Potentizl Mix Design for Precast Emplscement-Drift Lining Concrete

The edvancerent of dispasal strategics led to the development of & new generation of cemeat-
based jatcrials chigncd for Muidity. penetrability, low permcability, low heat of hydration,
volumetric stability and resistance to chemical atrack, 1o seal fractures and for usc as massive

seals.

The Cunadian concept for the Jdisposal of heat gcneranug nucloar waste requircs that the
cément-bascd matcrials arust be. able to maintain their potfurmance under a range of physical
and chemical conditicns to which they may be subjectod over the life of a repository. The
longevity of the seals 1o be used in undergrouna disposal vaulis is a unique fdatum; cusuring
this langevity requires estimation o1 the long-term propénfcs and performance of coment-bascd

grouts materiuds for periods Junger than those considerca for classical enginecring structuras.

Members of a new class of portland crment:based maicrials (high pertormance grouts and
corcreles) ute being considered for possible tse in the onstrucuon of seals tor underground
repositorics for hoat-generating, radioactive, nuclear wastes (Joinson et al. 1994, Onotrei et
al, 1952, 1993). Wik rapidly cxpcndfng data-base on the properties of hlgi]-perfnnnance
cements, grouts and mortars ( Onolrei ot tl, 1992, 1993, Onofrei, 1994, Onufrci. 1995,
Crofrel, 1996) there is an increasing confﬂenc.. that the new materials (i.c., high pufomum:e

grouts and vuncre.es) possess raany of the physical, mnhanlcal and chemical puoperties
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required of repository sealaats.

Studies have been shown that in undsrground repository in granitic rock, such as that being
considered by the Canadian Nuclcar Fuel Waste Manapement Program (CNFWMP), high-

'pcxfonnancz: cement-based grouts are durable: hydraulic conductivity can remain very low

(<10 m s") for very Jong time (Alco et al. 1992). In light of thesc obscrvations, high-
performance concrete for usc in the underground construction of, possibly nareinforced mass,
concrete plugs, or possibly to completely backfill underground openings, are being developed
and investigated [or the CNFWMP,

New genera, high-performance, portland cenwnt based grouts and concretes are more durable,
less permeable. of high sirength and othorwisc prefeiable to the cementitions materials
currently used in civil and structural engineering practive, Typically, cutrent generation of high
performance concretes with low W/CM ratio have coment contents between 450 aud 500 kg
m' . 'The new materials have higher heats of hydration than the more conventionally uscd
materials and, hence, like conventional concretes, without special procedures, cannot be uscd
in mass concrete structures or other forms where the high curing temperatures reached during
the ccment hydration adversely intluence performance. This make the materials unsuitable for
use in mass-concrets structures.’f‘hé materials shrink endogenously and crack as the limited
amount of water in the concrete is consumed by the coment hydration rcactions. Morcover,
the materials change volume .wilh significant changes ia tomperature that occur % heat is
gencrated by the cement-hydration reactions and the heat 15 congruently and subsequently
dissiputcd (Mehta and Aictin, 1990; Lanard et. al. 1987; Springenschmidt and Brcite;nbﬁcha,
1987; Neville and Brooks, 1987: Mchta, 1986 ).

Low heut concretes are currently produced by decreasing the cement content. To do this, the
proportion of the aggregate in the concrete is increased. Moreover, the ccment coutent is
further decreased by partial replacement of the cement by materials (povzolans) such as
puivcrized fuc! anad fly ash.
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A high-periormance .concrcte with @ cement content of Y7 kg m™ has been developed ut
ALCL-WL. The Low-TTeat High-Performance Concrete (LHHPC) was specifivally devcloped
for high mass structuie that asc being proposcd for usc in t!u; geological isolation and disposal
of radioactive wastes. The mix proportion und the properties of the fresh and hardened

" concrete are presented in Table 1, 2 and 3 respectively. The propertics of LHIIPC. are heing

comparcd with thosc of Standard High-Performance Concrete (SHPC). Less mineralogically

_complex end, hence, more amenable to thermodynamic analysis than PFA-based low:hat

concretes, the new naterial has an uncoufined cumpressive strongth of 100 MPs at 90 doys
afies casting, exhibits 2 maximum temperature increasc of ouly 15 °C during the h'ydrat'ion
and, compuréd to both conventionsl und hizh-performance eancretes, is volametrically stablc.
LIBIPC shrinks less than SHPC and normal portland cement-based comcretes, cured |
continnously under water the LHHPC expands. The concrete posses the additional advaniages
of high-performance concretes such as low permeability (10 m ™) aud also have low pll
in the range of 7.8 0 9.5. -

A problem of concern is the possibie effect of hyperalkeline plume from cement nialcrials on
the surrounding host rock, Intersctivia between groundwater and the conercte could potentiully
mobilize a strong alkalinc (uid from reposilory. Under such conditions the primary mineral
assemblage is likely o be thént_xodynanﬁca!ly unstahle, thus significant alteration of the rock
could resalt. Changes in yorosity and permeability are expected to oceur as the rock minerals
become unstable and dissoived. Development and the usc of cementitious materials that
establish $igmficantly lower pH when 1o contact with water (ie., LHHPC Figure 1) may
significantly reduce the alteration of the surrounding host rock. The pH risc observed on
LANIPC/water systems is small. reaching values as low as 7.R in the case of crushed concrete
reacted with groundwater {i.e.. Whiteshell groundwater (WN-1), Standard Canadian Shield
Saline Solution (SCSSS)). The suppression of pH excursion in LHHPC fwater systcms may
be aributcd 1o the low cement content ((97 kg wr) in the LHHPC, Morcover, the cement

content was decreascd in the mix by partial replacement of the eement with inert silica flours
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and silica fume (pozzolan). Supplementary comenting matesial (i.e., silica fume) reacts with
portlandite, consequently the content of Ca(OH), in the hardened material will decrease,

Supemplusticizer

‘Concrete was knawn for a long time as a mixturc of cemeul, water and aggragates, ivhﬁsc

workability was essentially controlled hy the amount of wuter ndded during mixing. The
importance ot the watcrfcement 1atio was rapidly recopnized as the most important factor
governiuy sm:ngth' propertics, but was necessary to use ¢xcess water, more than that required
for cement hydration, in vider 1o obwin a3 workable mx. To impro_ve the workahility of
concrete at a given water cement ratio, several aduiiatures were introduced to the concrcte
industry. Such admixtnzes, designated as “water reducers” could achivve 1emarkable effects
on concrete, they could yield a gain in strengrh by all@hg less water to be used, while
waintaining workabibity, Onc particnlar type of water reducer wac‘nhown to be extromely
cffcctive in contolling workability of concretes; these were water soluble organic polymers
designated as "superplasticizer”. Superplastivizers are highly efficient dispersing admixtures
when they are properly used. By using supcrplastisim it is possible to: 1) increase concrete
workability at will without any addition of water 2) produce hydrated cement paste stable and
dense enough Lo bound very strongly 10 apgregates and minforcing steel in order 10 produce
a very sliung composite material 3) make concrete so dens that it can be stranger, and more
durable than many natural rochs.

However, it may bc realized that the introduction of superplasticicer in coucrete involves a -
new chernical component in a complex hydraulic hinder system which already contain scveral
added chemicals such as: gnnding aid that may have been uscd during cement grinding, water
reducer, an air-entraining agent, and someumcs, a retarder or accelerator. In such complex

. Systems, in which each componeat has been individually optimized, incompatibility problems

may devclop.
While the implications of superplasticizers on the enpinesving propertics of high performance
grouts and concrotes suc understood, scveral impaortant issues related to their use in nucler
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waste disposal applications wese not cleur. Supcrplzsﬁcizcr-m'c organic materials. Wil! (hese
materjals ephance the mobility of radionuclides by incrcasing the quantity or changing the
quality of orgauic matter in a repository?

Studies carried out to uddress this question (Onofrei et al. 1992) revealed that supcrplasticizce

- can be Jeached from gronts but the obscrved cumulatively relcased quantitics are very small

(10" kg m?), The release is derived from the unndsorbed fiaction of superplasticizer in the
pore spuve aud concomutant gradual dissolution of the €S and C;A hydrated phases. Analyses,
usiﬁg, electrén-miémuluradiograﬁhy and scanning clectran micruscopy, indicated that \he
majority of adsorbed supcrplastivizer resides on C-A-H and C-S-H phases in the herdcned
cement. It is now cerain thut superplasticizors will increase the total organic lnad in-the
groundwater around a repositnry The significance of this increase can only be judged when
realistic assessment of the quantity and the type of naturally occarviug organic materials in a
repository arc available. The exact structure of the organic materials relcaxed from the high-
nerformance cement-based waterizls remains uncertain as does the influence of the matexia!
on radionuclide mobility in the groundwater, Purther studies are frequired (o clarily these
probiems. |

Other assaciated work (Onofrei et al. 1990) strongly indicate that the low-water-content, high-
perform:incc materials ure significantly morc durable than narmal ceraent and conereles with
high water content. The Jurabifity of high performance cement-based materials is enhanced -
by the 'abilily of the materials, if mecchanically diswrbed, to seal autogenously ( Omofiei,
1996). ' '

Belite rich cements

. Many research groups in s variety of countrics (Chanerjee, 1996; Stark ot al. 1986 Gies and

Knofel, 1986, Muller er. al 1985) have pursued the developuxent of belite-rich cements, and
in some cuuntrics cement of this type are being used. Such cements offers several potential

advantages'
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- saving encrgy in their manufacture,
- usc of low grade calcarzous raw materjals,
- unprovemcnt in durability.

These advantages asise from the fact that Ca,SiO, forms at a lower temperature and the lower
lime requircments not only allow more impure limestonc to be used, bur also reduces the _
amount of heat required to calcine it. ' ' "

The principal drawback to bclitc.écments is the lower rcactivity of dicalcium silicate compared
to tricalcium silicate. However, various rechniques have becn propesed to overcome this -
disadvantages, such ns: reduction in crystallite size, addition of other compunents to offset the
low early strength gain, sol-gel and spry-drying techniques, and coutrul of polymorphism
through solid state subsutution.

Despitc that promising cements havic been produced in several laboratories, inability of helite
cements (o become a commercial alternative to conventional Ponland cement reflect the high
development costs that will be incnrred (0 bring any of these cements to the market place.
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Tuble 1. Mix Propartions in LHHPC® (kg m™)

_— Standard High Performance |  Low Heat hlgh—
Materials ‘Concrete performance concrele
Portlund Cement (Cenadian

Iype 50 ccmenty 497.00 97.02 J
IL Sitica Fusue - 97 97.02 '
I - Silica Flour 0.00 193.85

Finc Aggregate 703.20 894.74
{ Coarse Aggregate 1101 1039.59

Superplasticizer 71 10.32

. Water 1239 91.86

* LHHPC is protected under Ls Putent 08/384,645 and Associated ARINO, Eumpeun and

QAPI Applications

Tahle 2. Properties of fresh concrete

SHPC umre |
w/C 0.25 0.98 .
w/ICM 023 049
r ' Stucp (mm) 230 170
I AirContont (%) 1.8 275 1
Density (Mg.m*) 2482 242 _J
Inert Mineral Content (volSet ‘ 68 80 ]
Temperature nise during cug‘:g_("C\ : >40 . <i4
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" Tublc 3. Properties of hardened concrata

r I

' SHPC
Unconfined cunprcssive strength (MPa) 122 15
28 days , 23 °C :
Unconfined compressive sucnyth (MPa) $7 68
28 days , 50 *C '
Unconfined compressive strength (MP2) 7 67
28 days . 90 °C
Hydraulic conductivity (in s7) <io" ~102
90 day drying shrinkagc (u€) 440 330
Linear coefficient of thermal expansion
- (pe /K .at 28 days) A.00 8.5
Secant Young' modulus at 40 (GPa, : ‘
unconfinzl, 23°C) 40 36 u -/
e — —
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1 o 16 100
'Cl'iring period (days) - logschle

Figurc 1. Evolution of pH in the concrete / water systems at 100 °C
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STATEMENT OF WORK

RACKGROUND

Currenly, precast concreee s the primary opon for ground suppori in the emplatetnent driftg of |
the potential Yuccs Mountain repository. Using precast concrete Lining segments for tannel
excavatiop and construction provides an efficient means of dsvaloping the vast lengths of
emplacement drifts In the poteatial repository. Lining of the cmplacement drifis with procast
pomerotc muay cahance the stability of the etplacement drifta, passibly througlwut thw pre-closure
period. These linings may also help to assuage potential rock fulls on the wasts packagesin the
carly postclosure stagos. However, the potential gsochemicul effcets of the Jong-term evolution
of cementitious materials in the potential repository drift environment may result in both -
beneficial und adverse impacts to post-closure wasts isofatior capabilities of the systcm.

Bascd on the currcut design buse fur the thermal loading of 83 meiric tans of yranium per acre
(MTU/acre) and without beckfil over the waste packege (1.8-meter dirmeter), the drift-scale -
thermo-hydrologic modeling results predict that the wall of emplacement drift (5.5-meter
diamater) is hoated to & peak ssmperature of about §20°C sbout SO years afier wasts packages
were emplaced, and the drift wall wmperature remains above 100°C for about 2,000 years. The
relative humidicy at the drifr wall decroases from the ambiont relative humidity (100% RH) to

~ about SUE a1 SO years, then inceeases gradually to about 5% et 2,000 years. It may bie assumed

that precast concrete in emplacerment drifts is exposad to similar temperaturo and humidity
conditions. This prolonged exposure of concrele to such dry, elevatod-tcmperature conditions
may cuuse the cementdtious materials to evulve in different ways from what s understood for
concretes employed in conventional civi! applications (i.e., dam, power plant, tunnel, bridge,

Perfnrmance Assessment and Modeling (PA) Group of Civilian Rudioactive Waste Manngcmant
Sysiem, Management and Oporating Contractor (CRWMS M&O) is leading souping study
offorts to cvaluate tho lung-tenm Impacts of the cementtlous materials on tie repository system
performance. As part of the cuerent PA cfforts, and aleo valvable inputs to the jnitiation of this
teoping study activity, positions of noted experts in comeatitious materials outstde this project
regarding long-lerm evalution of the cementitious materials and their impacts (o the near-ficld
eavironment arc being aolicited. S '
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SCOPE

In two sepursto tasks that arc detalled below, the cement/concrste experts are asked (0 asist in
the M&O PA staff to assess long-lerm evolution of cementitious materials in tho anticiputed
near-field conditions and their cffects, emphasizing geachemical effects, on the near-ficld _
performuncs parameters such aa carrosion of wasts container, wasto form (spent fuel and vitrified
high-level wasts glass) aiteration/dissotution, aolubility of radionuclides, sorption of -
radionuclide, altcration of host ek, erc, ' .

The experts are requested to actively participato In a tevhnical meeting with the M&O and IDOB .
ataff and provido their positions on various 13sues r21sed in the meeting, The meeting will be a

onc-day nxcting, and IS tentatively scheduled to be held in Las Vegas in the first week of
September, In the mesting, each expert Is asked to take a note for spacific questions related 1o

the repository performance for thele follow-up independent analysis. Tie listof the issnesto bs -

addrmesed by the exports will bo finalized at the end of (ho mecting,

Each expertis asked to conducs iadependant unnlysis to sddress (e Issues which are generated
from Task L Av more specifia lssucs will be discussed In the meating of Task 1, the issues '
oxpocted to be addressed by the expert are ar follows:

1)  Long-tsrm evolution of cementitious materials in expected emplacement drifl
environmeats; and

2)  Effects of cementitious matezied evolution on nesr-ficld performunce parameters such as
- corroslon of wasts contalner materials (carboun stsel and Fa.Ni-Cr atloy);
- alterution/dissolution of wasta form (spent fucl and vitrified high-lsvel waste
glass); ' -
. solubility of radicnuclide; .
sarption and transpor properties of ri, onuclide;
. whteration of (silica-abundant tuffaceous) hast rocks ste.

Each expent's analysis is expected to provide dafansibli bounds for thess near-ficld performance
parameters, which aro bascd on thok expert knowledge and judgement. "Each expert is askad to
provids a technical document for thelr analysis, and the supply of data and reference(s) used to
support their analysis is required,
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DELIVERABLES
Esch expert is asked to dociirisnt their indepe
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ndent analysis in ad:aﬂletm report (ahout 10

Pages) and deliver the leites report (o the M&O by September 23, 1895,
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