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Introduction

 

If Yucca Mountain is recommended as a site for 
a proposed high-level waste repository, a license 
application (LA) will be submitted to the Nuclear 
Regulatory Commission (NRC) in few years. As 
part of this application process, we must better 
understand the long-term chemical implications of 
introducing natural and fabricated materials as 
well as microbes into a radioactive waste reposi-
tory. Some of these materials would be introduced 
during construction; others would be introduced 
passively, even unintentionally. For those materials 
that are explicitly chosen for construction, we may 
be able to substitute alternates if suitable replace-
ments can be found. Other materials may not be 
interchangeable. Thus, the advantages and disad-
vantages of using various materials are being con-
sidered by groups working on repository design 
and performance assessment. 

The goal of the Introduced Materials Task is to 
identify explicitly the materials that may be intro-
duced, intentionally or unintentionally, and to pro-
vide sound science to support decisions regarding 
the use or restriction of those materials. Our pur-
pose is to identify the chemical modifications that 
mark significant deviations from the natural envi-
ronment and that thus may render predictions of 
repository performance based on the natural envi-
ronment less than complete. We intend to refine 
and narrow chemical bounding conditions related 
to materials that are at present not well defined for 
the durations and conditions of interest and, thus, 
improve the ability to demonstrate the potential 
effects of these materials on the repository lifetime. 
This work will support the determination of impor-
tance evaluations (DIE), the performance assess-
ment (PA), and the repository design decisions to 
include information on restricting and substituting 
materials on the basis of sound scientific and eco-
nomic grounds.

The initial concepts regarding materials and 
construction effects were obtained from the litera-
ture (West, 1978), from an assessment of the materi-
als and methods used to construct the Exploratory 

Studies Facility (ESF) (see Meike and Spragge, 
1995), and from an analysis of historical analogs (see 
Meike and Spragge, 1995; Bruton et al., 1995; Rog-
ers, 1995). From this information, we quantified and 
evaluated the chemical implications of materials, 
determined accessory materials that are implied by 
repository design, and defined suites of materials by 
design function. This work is fundamental to estab-
lishing the initial post-closure environment.

There are three reasons for using modeling to 
understand the chemical modifications of the natu-
ral environment in a repository setting. First, the 
chemical consequences of some of these materials 
are not common to our experience for the long time 
periods nor for the conditions of an underground 
radioactive waste repository. Computer modeling 
using fundamental chemical principles allows us to 
project chemical conditions far into the future and 
to examine the system from selected points in time. 
Second, modeling can significantly reduce the 
number of experimental trials required to demon-
strate a similar understanding of chemical pro-
cesses. Modeling chemical processes is economical 
and efficient both for simulating long time periods 
and for investigating the consequences of multiple 
combinations of materials. Third, modeling pro-
vides the flexibility required to support repository 
design and performance assessment at a stage 
where multiple options are being considered. 

Modeling is effective—not as an end in itself, 
nor as a tool to be used independently of other 
efforts—but rather as one facet of a program that is 
coordinated with experimental and historic analog 
activities. Such a coordinated program on a small 
scale is demonstrated in a progress report on the 
long-term chemical impact of diesel exhaust (Meike 
et al., 1994a). In that report, the modeling program 
is reviewed with respect to the development of 
modeling capability in the area of cementitious 
materials (ordinary Portland cement, grouts, and 
concretes) because the work in this area is more 
advanced than that for other materials. The cement 
work has been supported primarily by the 
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International Program of the Office of Civilian 
Radioactive Waste Management (OCRWM) with 
the intention that work would continue under the 
auspices of the Introduced Materials Task. How-
ever, the following report demonstrates modeling 
considerations and the progression of modeling 
steps that will be required for all materials.

The strategy of the Introduced Materials Task is 
focused in two areas. First, we are developing 
material-specific modules that can be operated 
independently or can be interconnected to simulate 
design and construction options under consider-
ation (Sections 1.1 and 3). Second, but concurrently 
to the first, we are developing the capability to sim-
ulate and visualize chemical processes in three 
dimensions within the geologic context of Yucca 
Mountain (Sections 1.2 and 2).

 

1.1 Modular Needs: Biotic and Abiotic

 

The most important role of the material-specific 
chemical module is to reflect a material’s chemical 
significance in a streamlined manner. Thus, if the 
module can demonstrate that a material has no 
effect on the chemical environment, then the mate-
rial can be eliminated from modeling that scenario. 
More realistically, if the module can demonstrate 
that a material is involved to a significant extent in 
only certain chemical processes, then computer 
simulation is needed only for those processes. Of 
course, the modules are only as robust as their 
foundations; thus, the chemical role that any mate-
rial plays must be examined carefully across the 
range of changing parameters to assure that 
assumptions have not been overly simplistic. If 
done correctly, the modular approach can stream-
line the computer modeling significantly without 
affecting the capability to comment on questions 
that are significant to repository design.

At present, our chemical modeling strengths lie 
in the ability to model the abiotic geologic system 
over long periods and a range of temperature and 
chemical conditions using aqueous geochemical 
modeling packages such as EQ3/6. This code is 
based on fundamental chemical principles and, 
thus, should be adaptable to any materials. How-
ever, adapting this code to simulate the long-term 
chemical degradation of nontraditional geologic 
materials involves two considerations: (1) signifi-

cant chemical processes must be represented 
adequately, and (2) data for the appropriate phases 
must be represented in material-specific databases 
that support the modeling packages. The database 
requirements are described in detail in Section 3.2, 
with respect to cement. In the process, we hope that 
some general considerations involving the data-
bases will become clear. 

Two aspects of chemical processes also must be 
considered. First are those processes that have not 
yet been included in the code: abiotic processes, 
such as redox, which are fundamentally important 
to modeling metal degradation (this research is 
being developed within the Geochemical Modeling 
Task). Second are those processes that were not 
intended to be part of the code. These include all 
biotic processes, specifically the chemical conse-
quences of microbial activity.

Modeling the chemical effects of biotic pro-
cesses in a repository is a more demanding problem 
than those that traditional geologic models were 
designed to solve. Abiotic chemistry seems to ade-
quately describe the rates and results of chemical 
processes in systems of traditional geologic interest. 
However, in a radioactive waste repository, the abi-
otic chemistry is only one part of the chemical 
needs. In a natural system—even in the deep sub-
surface—microbes are bound to be present (native 
and introduced), and many of the materials that 
may be introduced into a radioactive waste reposi-
tory may provide nutrient sources to initiate micro-
bial blooms (Horn and Meike, 1995). Thus, in the 
rest of this chapter, we examine the state of abiotic 
and biotic modeling, primarily in terms of the 
requirements for modeling cement.

The material specific modules as well as the 
abiotic and biotic codes will be linked together via 
a modeling environment called Explorer™. The 
capabilities of this modeling environment are also 
in the initial stages of being tested.

 

1.2 Modeling Needs: Drift and Mountain 
Scale

 

The needs of the Yucca Mountain Project as 
defined in the Nuclear Waste Policy Act of 1982 
(NWPA, 1983) as amended (Dec. 22, 1987) PL100203, 
Section 135(a) of 10 CFR Part 60 (NRC, 1988), and 10 
CFR 60 (NRC, 1990) push science and technology to 



 

Chemical Modeling Modules of Concrete and Cement Degradation 3

 

the edges of present capabilities. In modeling, this 
is certainly true, especially when the goal is to 
examine the effects of multiple complex processes 
at different scales. Therefore, the Introduced Mate-
rials Task has initiated work in three-dimensional 
modeling. We chose a three-dimensional modeling 
software that can integrate a range of material 
properties (chemical, hydrological, and mechani-
cal), and that is established as a platform for model-
ing geologic processes. We plan to work from drift 
scale to repository scale, and ultimately, to mountain 

scale, progressively establishing those spatial and 
temporal characteristics that must be transferred to 
the next larger scale. Thus, we did not choose a soft-
ware program that provided ease in initial render-
ing of the engineered features. Rather, we worked 
closely with Dynamic Graphics, Inc., to explore the 
limits of a geologic modeling program called Earth-
Vision™ in its ability to render engineering details. 
The initial efforts toward drift-scale, three-dimen-
sional modeling are discussed in Chapter 2.
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2. Drift-Scale Modeling Using 
EarthVision™ Software

 

In this study, we wanted to determine whether 
repository design features could be represented 
within the EarthVision™ software modeling frame-
work. EarthVision™ software was developed by 
Dynamic Graphics, Inc., for geologic modeling 
applications. It has been used elsewhere in the 
Yucca Mountain Project to visualize the structural 
geology of Yucca Mountain and the excavated 
block from Fran Ridge, which was designated for 
the Large Block Test. By using this

 

 

 

package, we 
increase the potential of efficiently interfacing with 
other Yucca Mountain Project activities.

EarthVision™ is not a simple computer-
generated architectural design (CAD) program. In 
fact, developing the visual display for drift scale 
features was much less straightforward than might 
be immediately apparent. The various features 
shown in these models were produced by routines 
that were originally formulated to produce geo-
logic features. Therefore, all of the physical features 
were produced by combinations of faulting, depo-
sition, erosion, and drilling.

Certainly, the work that went into producing 
these three-dimensional representations of potential 
repository designs would not be worthwhile if they 
were intended as only graphical representations. 
However, once built, the potential benefits are great. 
Our goal is to use these representations for drift-, 
repository-, and mountain-scale hydrological and 
chemical modeling. With EarthVision™, we can 
assign physical attributes to the various forms; thus, 
these attributes can be used to visualize the pre-
dicted evolution of the repository based on input 
from complex chemical, hydrological, and coupled 
chemical–hydrological models. We also can use it to 
locate materials, calculate volumes with ease, and 
locate the interfaces between materials (to highlight 
sites of a specified chemical reaction).

EarthVision™ software has two potential advan-
tages; it allows us to: (1) use existing Nevada State 
Survey coordinate data to interface with existing 
geochemical and hydrogeological models, and 
(2) develop an interactive approach between drift, 
repository, and mountain scales to address hydrolog-

ical and chemical questions. We expect that the first 
use of this software will be in support of drift-scale 
hydrological and chemical modeling, using the 
chemical formulations for grout and steel that have 
been provided by the Yucca Mountain Project 
(Appendix A). 

This exercise has explored the limits of the 
EarthVision™ software in several ways with satis-
factory results. The figures in this chapter demon-
strate the software’s capabilities. In Figure 1, a 
repository layout that is being considered is plotted 
using Nevada State Survey coordinate grid refer-
ences, so that it can be easily placed into any other 
EarthVision™ representation of Yucca Mountain 
processes. The actual relative sizes of main and 
emplacement drifts are shown. We demonstrated a 
level of detail sufficient to use modeling to help 
solve major hydrological and chemical questions 
concerning repository construction. 

Figures 2 and 3 illustrate various aspects of the 
emplacement tunnel. The cutaway view of the tun-
nel shows how EarthVision™ can represent discon-
tinuous shapes (Figure 2). We found that waste 
packages were more easily modeled with rounded 
ends. Although the depiction in this case is for com-
putational simplicity, the shape may have some 
merits for structural integrity. Figure 3 is illustrated 
to scale: a 25-m section of a 4.3-m-diam emplace-
ment tunnel, with concrete invert, gantry tracks, 
and concrete waste package supports. 

Figures 4 through 6 show various aspects of the 
service tunnel. The simplified cross-section render-
ing of a 20-m section of the main 7.6-m-diam service 
tunnel (Figure 4) shows concrete invert, shotcrete 
layer, and rock bolts for the metal grate platform 
anchored into the surrounding rock. The metal 
platform supports are placed at about 2-m inter-
vals. A similar length of exposed service tunnel 
(Figure 5) demonstrates the level of detail that can 
be obtained for chemical and hydrological model-
ing at the scale of tens of meters. The cementitious 
materials, concrete invert, and shotcrete are 
illustrated. The metal materials illustrated are the 
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gantry car rails, platform supports, platform, and 
platform anchor rock bolts. 

Figures 6 through 10 illustrate the rock-support 
rock bolts. The oblique view of the service tunnel 
(Figure 6) illustrates rock-bolt holes. Given stan-
dard spacing (1.5 m) as depicted on engineering 
drawings, 104 rock bolts would be used in a tunnel 
this long. A cross-sectional rendering (Figure 7) and 
a cutaway view (Figure 8) show the rock-bolt holes 
for the main 7.6-m-diam service tunnel. Figures 9 
and 10 show the cross-sectional rendering and cut-
away view of a 20-m section of emplacement tun-
nel; given the standard spacing (1.5 m) as depicted 
on engineering drawings, 36 rock bolts would be 
needed for a tunnel this long. Using these visual 
and calculational tools, we can examine the chemi-
cal and hydrological effects of a plume of fluids 
equilibrated with cement (e.g., elevated pH) mov-
ing into the mountain. Also, the orientation and 
spacing of rock bolts can clearly influence hydrol-
ogy. Using EarthVision™ software, we can examine 
how rock bolts influence hydrology at different 
scales, from single drifts, to the repository, and 
finally, to the entire mountain. 

Because of its level of detail, EarthVision™ also 
can display individual rock bolts with grout (Fig-
ures 11, 12), and it can model finite objects (Figures 
13, 14). Calculating material volumes is a straight-
forward procedure, as illustrated in Figures 13 and 
14. Figure 13 shows the volume of cementitious mate-
rials calculated for a a 20-m section of 4.3-m-diam 
emplacement drift (approximately 54.1 m

 

3

 

), and 
Figure 14 shows the volume of metallic materials

calculated for the same section (approximately 
14.4 m

 

3

 

 including the waste packages, which have 
a wall thickness of about 0.2 m). The visualization 
can be easily modified or new ones constructed to 
simulate design concepts as they evolve. For exam-
ple, rock bolts, or other elements, can be shortened or 
lengthened or added or even eliminated, as required 
by the design.

Earth Vision™ has proven to be an admirable 
platform for the visual display of complex data 
over a range of scales (i.e., mountain, repository, 
drift, and the multiple material components of a 
single rock bolt). Thus, the potential exists to inter-
face chemical modeling on all of these scales. The 
ability to link physical and chemical parameters 
with location and time will ultimately allow us to 
display these processes in time lapse sequences. 
However, even at this initial phase, the benefit of 
three-dimensional visualization, for example the 
potential impact of rock-bolt placement on hydrol-
ogy, is immediately clear. 

Concurrent with developing the capability to 
display the results of our modeling efforts within a 
three-dimensional geological context, we also fore-
see the need to couple multiple codes that operate 
on varying levels of complexity to describe specific 
scenarios. For example, at the drift scale, scenario-
specific modeling is more efficient in terms of com-
putational time. To do this, we must be able to link 
smaller material- and process-specific models into a 
modular environment. Explorer™ is the software 
with which we will do this work; it is described in 
the Section 3.1. 
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Figure 1.

 

 Proposed 
emplacement tunnel 
footprint illustrated 
using the Nevada 
State Survey coordi-
nate grid, which will 
allow us to easily 
integrate existing 
Yucca Mountain geo-
logic data. Relative 
sizes of main and 
emplacement drifts 
are shown. Colors 
relate to elevation 
(see legend).

 

Figure 2.

 

 Cutaway 
view of the emplace-
ment tunnel, showing 
how EarthVision soft-
ware represents dis-
continuous shapes 
(scale bar in meters). 
In this simplified 
model, waste pack-
ages (blue; 6 m 

 

×

 

 0.2 
m diam), cementi-
tious materials (pink 
and lavender), and 
gantry tracks (red) 
are installed in the 
surrounding rock 
(green). The waste 
packages were more 
easily modeled with 
rounded ends, but the 
shape may also have 
structural merits.
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Figure 3.

 

 A 25-m sec-
tion of 4.3-m diam-
emplacement tunnel 
(scale bar in meters). 
Waste packages (blue; 
6.5 

 

×

 

 1.75 m diam) are 
depicted with 
rounded ends for 
computational sim-
plicity. Concrete 
invert (green; about 
1.5 m 

 

×

 

 4 m), gantry 
tracks (red; about
3.5 m between 
tracks), and concrete 
waste package sup-
ports (gold; 5.3 m in 
length) are shown to 
scale.

 

Figure 4.

 

 Simplified 
cross section of a 
20-m section of 7.6-m 
diam service tunnel 
(scale bar in meters), 
showing rock bolts 
(pink; about 3 m long 
and 0.10 m in diam) 
for the metal grate 
platform (yellow; 
about 0.2 m thick) 
anchored into the sur-
rounding rock 
(brown). The metal 
platform supports 
(light blue; about 
0.2 

 

×

 

 0.3 

 

×

 

 1.0 m) are 
placed at 2-m inter-
vals. A concrete 
invert (purple; about 
1.5 m) and shotcrete 
layer (gold; 0.2 m 
thick) are shown.
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Figure 5.

 

 Exposed 20-
m section of the main, 
7.6-m-diam service 
tunnel (scale bar in 
meters), showing the 
detail that can be 
obtained for chemical 
and hydrological 
modeling at a scale of 
tens of meters. The 
cementitious materi-
als shown are con-
crete invert (green) 
and shotcrete (gold); 
metal materials are 
gantry car rails (tur-
quoise), platform 
supports (blue), plat-
form (yellow), and 
platform anchor rock 
bolts. Figures 6–10 
show rock-support 
rock bolts.

 

Figure 6.

 

 Oblique 
view of a 20-m sec-
tion of the main, 
7.6-m-diam service 
tunnel showing rock-
bolt holes. Given 
standard spacing 
(1.5 m) as depicted on 
engineering draw-
ings, 104 rock bolts 
would be found in a 
tunnel this long.



 

Chemical Modeling Modules of Concrete and Cement Degradation 13

 

Figure 7.

 

 Cross sec-
tion of a 20-m section 
of the main, 7.6-m-
diam service tunnel 
showing rock-bolt 
holes.

 

Figure 8.

 

 Cutaway 
view of a 20-m sec-
tion of the main,
7.6-m-diam service 
tunnel showing rock-
bolt holes.
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Figure 9.

 

 Cross sec-
tion of a 20-m section 
of a 5.0-m-diam 
emplacement tunnel 
showing rock-bolt 
holes. Given standard 
spacing (1.5 m) as 
depicted on engineer-
ing drawings, 36 rock 
bolts would be found 
in a tunnel this long.

 

Figure 10.

 

 Cutaway 
view of a 20-m sec-
tion of a 5.0-m-diam 
service tunnel show-
ing rock-bolt holes.
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Figure 11.

 

 Rockbolt 
detail showing steel 
rock bolt (gray) and 
exterior grout filling.

 

Figure 12.

 

 Calcula-
tional detail of the 
volume of grout 
(0.018214 m) used for 
one rock bolt.
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Figure 13.

 

 Volume of 
cementitious materi-
als calculated for a 20-
m section of a 4.3-m-
diam emplacement 
drift (about 54.1 m

 

3

 

). 
As shown, calculat-
ing material volumes 
is a straightforward 
procedure.

 

Figure 14. 

 

Volume of 
metallic materials cal-
culated for a 20-m 
section of a 4.3-m-
diam emplacement 
drift. This volume is 
about 14.4 m

 

3

 

 includ-
ing the waste pack-
ages, which have 
been modeled with a 
wall thickness of 
about 0.2 m (current 
design specifies a 
thickness of 0.12 m).
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3. The Module Concept: Developing the Capability to 
Model Complex Chemical Scenarios

 

Modeling complex chemical scenarios in a nat-
ural environment over a long period of time will 
require the coupling of chemical processes that do 
not involve biological activity (abiotic) with those 
that do (biotic). In an unperturbed geological envi-
ronment, the biotic processes may not be a signifi-
cant factor in determining chemical reaction rates 
and the products of chemical reactions. However, in 
the perturbed setting of a radioactive waste reposi-
tory, to which many potential microbial nutrients 
have been introduced, this potential exists.

Modeling natural chemical processes is most 
advanced in the area of abiotic models, which 
include inorganic chemistry as well as organic chem-
istry such as the nonbiological breakdown of petro-
leum products. In this area, the modeling codes and 
the extensive databases that are required to model 
complex abiotic processes, including the natural 
materials and many of the introduced materials (e.g., 
metals and petroleum products), are well developed 
and are based on first principles. There are specific 
materials, the most significant of which may be ordi-
nary portland cement (OPC) compounds (depend-
ing on the finalized design concept and its 
requirements) for which the thermodynamic data-
base could be improved. These issues are discussed 
in Section 3.2. In the case of organics, the kinetic 
parameters of the abiotic model require some adjust-
ments to fit experimental data. However, adjustment 
of the abiotic model to reflect the abiotic degradation 
of organic materials may not be necessary because, 
as will be addressed in Section 3.3, the rate-deter-
mining factors may be microbial activity.

Microbially mediated chemical activity involves 
enzymes, which lower the activation energy of a 
chemical reaction and may result in the production 
of different chemical intermediates (Lehninger et al., 
1993). Thus in the near-field environment, rates of 
reaction (including corrosion) as well as the chemis-
try of water in contact with waste packages and the 
composition and quantity of colloidal materials exit-
ing the near-field environment may be significantly 
different than those predicted by abiotic models 
alone. To validate chemical predictions based on 
abiotic models, it must be established for each 

material and for applicable time periods that biotic 
activity is either insignificant or that the abiotic 
models are properly coupled with consistent biotic 
models. The coupling of abiotic and biotic models is 
not straightforward because abiotic models are rudi-
mentary at best and, for the purpose of long-term 
modeling, are nonexistent.

To take advantage of existing modeling capa-
bilities and to ameliorate codes of varying complex-
ity, we plan to use a modular modeling environ-
ment. Preliminary steps to create this modeling 
environment have been conducted using Explorer™ 
software. The utility of this approach is explained 
Section 3.1.

 

3.1 The Explorer™ Modular 
Modeling Environment

 

Explorer™ software is most often used to visu-
alize complex data sets from existing Fortran and C 
programs, especially those for which properties are 
linked to a three-dimensional spatial coordinate 
system. However, because it has the capacity to 
accept user-built modules, it can also be used to 
encapsulate an existing program (in Fortran or in C) 
into a module (Figure 15). When used to develop 
complex chemical modeling capabilities, the mod-
ules—to which data can be introduced, variables 
modified, and other modules connected through a 
user interface—are interesting entities in them-
selves. For this purpose, multiple modules can be 
connected together, the connections establishing 
and documenting the flow of data (Figure 16). Thus, 
Explorer can provide an interface between any soft-
ware output (e.g., Earth Vision and EQ3/6 or cou-
pled geochemical hydrological codes).

As part of our work for the Introduced Materials 
Task, we are using Explorer™ to encapsulate the 
EQ3/6 software package, written in Fortran, into 
three modules: EQPT, EQ3NR, and EQ6. Once these 
three pieces are encapsulated into a module, they 
can be interconnected to form the EQ3/6 map 
(shown in Figure 16). The new system has the 
advantages of a visual system: direct visualization of 
simulation parameters in multiple dimensions, and 
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Input
data

Output
data

Parameters

Module

 

the ability to control variables via easily monitored 
and manipulated widgets. This system will also 
enhance our ability to address computational 
complexity. The maps, which reproduce complex 
chemical modeling paths, can be archived. As such, 
they represent a step forward in the repetition of 
complex modeling scenarios and the documentation 
of computer modeling. 

The ability to produce module maps and to 
imbed whole maps inside modules creates a func-
tional hierarchy of computational maps. Thus, this 
ability provides a method for conducting the series 
of complex and repetitive calculations that must be 
used to develop chemical modeling capabilities and 
the simulation scenarios. First, and most immedi-
ately, this encapsulation facilitates database develop-
ment. Second, it will help us develop material-
specific maps, which can be used to address and sup-
port design decisions. The first such map developed 
will be specific to cementitious materials. Third, 
encapsulation will allow us to introduce modules 
that can be used in concert with EQ3/6. These addi-
tional modules will address the chemical conse-
quences of microbial activity that are not easily 
described by EQ3/6 (see Section 3.3).

 

3.2 Abiotic Modules

 

3.2.1 The EQ3NR/EQ6 Modeling Code 
and Associated Databases

 

The EQ3NR/EQ6 software package (Wolery 
1992a,b;

 

 

 

Wolery and Daveler, 1992) is composed of 
three executable programs (EQPT, EQ3NR, and EQ6) 

and a number of databases that are used at the mod-
eler’s discretion (Figure 17). Because EQPT simply 
formats databases to be readable by EQ3NR and EQ6, 
it is not shown in Figure 17. The input file for EQ3NR 
contains the analytical composition of the solution 
(including total concentrations of dissolved compo-
nents, pH, Eh, and oxygen fugacity). The code calcu-
lates the distribution of chemical species, using 
thermodynamic data located in the selected database. 
The output consists of an output and a pickup file, 
which is used to initialize the EQ6 input file. 

EQ6 models the reaction of the aqueous solu-
tion with a set of minerals and gases, as well as fluid 
mixing and temperature changes. Five data files are 
now available. Three of these (COM, SUP, and NEA) 
may be used with either the Davies equation or the 
B-dot equation to calculate the activity coefficients. 
Their use is restricted to rather dilute solutions 
(ionic strength less than the seawater reference 
value). The two other data files (HMW and PIT) use 
Pitzer’s (1979) equations and are suitable for model-
ing high-concentration solutions. Table 1 lists the 
salient features of each database, which are 
described as follows:

 

SUP database.

 

 Based entirely on the SUPCRT92 
program (Johnson et al., 1992), the SUP database has 
a high level of internal consistency. The database 
covers a wide range of chemical species but does 
not contain much data related to calcium–silicate–
hydrate species that might be formed in cements at 
temperatures between 60 and 300

 

°

 

C. 

 

NEA database.

 

 The NEA database was produced 
by the Data Bank of the Nuclear Energy Agency of the 
European Community (Grenthe et al., 1989) and is 
specifically tailored to conduct uranium studies.

 

Figure 16.

 

 An Explorer™ map is a constellation of 
interconnected modules.

 

Figure 15.

 

 A single Explorer™ module functions 
independently.
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HMW database.

 

 The HMW dataset is based on 
Harvie et al. (1984). It can be applied to both dilute 
solutions and concentrated brines at 25

 

°

 

C. It also 
has a high degree of internal consistency, but it 
treats only the components present in the seawater–
saltwater system. Important elements for modeling 
cement in a geologic repository, such as Al and Si, 
are not included in this database.

 

PIT database.

 

 The PIT database is based prima-
rily on data summarized by Pitzer (1979). This data 
file also can be applied to concentrated brines 
between 25 and 100

 

°

 

C. It covers a larger set of species 

than the HMW database, but it does not address the 
silica and inorganic carbon species that are needed to 
model cement in a geologic repository. In addition, it 
contains some internal inconsistencies.

 

COM database.

 

 The COM dataset represents a 
melange of data found in the SUP and NEA 
datasets as well as data from the HMW dataset. 
Other data in this database were obtained by corre-
lation or interpolation, so it offers the least assur-
ance of internal consistency. However, it is the only 
means available for modeling problems with a high 
degree of compositional complexity.

 

Table 1: Databases available.

Database Description Formalism Type of solutions

 

SUP SUPCRT92 Debye-Hückel Relatively dilute

NEA Davies, B-dot Relatively dilute

HMW Harvie et al. Pitzer Dilute solutions to 
concentrated brines

PIT Pitzer Pitzer High concentrations

COM Composite Extended Relatively dilute
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Figure 17.

 

 Schematic diagram of the flow of information between EQ3NR, EQ6, the databases, and the input 
and output files. Because EQPT simply formats databases to be readable by EQ3NR and EQ6, it is not 
shown in this figure.
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3.2.2 Systems Containing Cementitious 
Materials

 

Using the EQ3NR/EQ6 software package for 
geochemical modeling and the associated databases, 
we are also developing the capability to simulate the 
chemical behavior of cementitious systems. This 
work was originally conducted within the YMP 
International Program Fundamental Materials Task 
(USDOE/AECL Subagreement No. 2). The Funda-
mental Materials Task was completed in FY 1995, 
and the subsequent work is within the scope of the 
Introduced Materials Task. The ultimate goal is to 
create a module to simulate the abiotic degradation 
of cement using EQ3/6 and Explorer™ (Figure 18). 

Within the Explorer™ framework, this module 
will operate independently or interact with other 
abiotic materials modules or modules that simulate 
the chemical effects of microbial activity. The part of 
the Fundamental Materials Task study described in 
this report is an assessment of the available thermo-
dynamic databases. Each database has been devel-
oped with a specific need in mind. It has been 

fundamentally important, then, to demonstrate the 
capabilities of each database and to assess whether 
any of the databases is adequate and internally con-
sistent for simulating chemical reactions related to 
cementitious materials in a geologic setting. 

In this report, the terminology “cementitous 
material,” refers to the suite of compounds that are 
formed using Portland cement (PC) grout. Usually 
aggregate or other additives are used to provide a 
formulation with desired curing properties, viscos-
ity, and strength. Given that a number of formula-
tions may be used in a potential repository for a 
variety of applications (e.g., invert, Fibercrete™), 
our initial effort has been to focus on the PC grout 
that is common to all the formulations. 

PC grout is composed of about 67% CaO, 
22% SiO, 5% Al

 

2

 

O

 

3

 

, 5% Fe2O

 

3

 

, and 3% other con-
stituents (see, for example, Taylor, 1990). Given that 
the primary components of grouts are calcium and 
silicon oxides, the first step of this work was to 
define the requirements for including simulations 
of crystalline calcium–silicate–hydrate phases at 
elevated temperatures. These phases and their solid 

 

Figure 18. 

 

An illustration of the Explorer

 



 

 map concept applied to the EQ3/6 software package. 
Appropriate databases and defaults will streamline this module for simulating cement degradation.
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solutions are expected either to be present in 
cementitious materials or to be necessary to con-
duct chemical models of the phases that are present 
in cementitous materials. Carbon dioxide also has 
been included in this step because it reacts with 
many crystalline calcium–silicate–hydrate phases. 

 

3.2.3 Evaluating Common Minerals in 
the Ca–Si–CO

 

2

 

–H

 

2

 

O System

 

In the first series of modeling exercises, we sim-
ulated the dissolution of calcite and wollastonite for 
temperatures between 25 and 90

 

°

 

C. The relationship 
between the crystalline phases of the Ca–Si–H

 

2

 

O 
system and the prediction of chemical properties of 
cementitious materials at elevated temperature is 
discussed in Meike et al. (1994b) and Bruton et al. 
(1994). We have added a fourth component to the 
system to address the known sensitivity of some of 
the phases in the Ca–Si–H

 

2

 

O system to CO

 

2

 

. 
Detailed presentation and interpretation of the 
results are outside the scope of this document but 
will be described in the final report for the Funda-
mental Materials Task (YMP International Program, 
AECL/USDOE Subagreement No. 2) (to be pub-
lished, depending on the program status). In this sec-
tion, we present the type of work and the goal of the 
modeling work that is being conducted in this area.

At the time this work was conducted, the Inter-
national Programs Fundamental Materials Task 
was the only area in the Yucca Mountain Project 
addressing issues related to the degradation of 
cementitious materials at elevated temperature. At 
present, the scope of that task has beenincorporated 
into the more general chemical modeling program 
of the Introduced Materials Task. Two extreme sce-
narios will ultimately be modeled and examined in 
full. One extreme represents the case in which the 
drifts experience free exchange with the atmo-
sphere. In the chemical simulation, this scenario is 
represented by fixing the fugacities of the gases of 
interest, O

 

2

 

 and CO

 

2

 

 in the case of the current 
Ca–Si–CO

 

2

 

–H

 

2

 

O system. This is referred to as the 
“fixed” case. The other extreme represents the case 
in which the drifts are completely sealed from the 
atmosphere, and thus the gases are allowed to 
evolve through time. In the simulation, this sce-
nario is represented by allowing the fugacities to 
evolve with reaction progress. This is referred to as 
the “unfixed” case. In both the fixed and unfixed 
cases, the gases are treated as separate reactants, 
analogous to a physical situation in which a gas 
reservoir is in contact with the fluid (Figure 19). 
The modeler chooses a value for the size of the 
reservoir; thus, another method of modeling an 
unventilated case is to fix the gas fugacities, but 

 

(a)  Open system (fluid-centered) (b)  Closed system

System in contact
with a reservoir of

gas of fixed fugacity

System in contact
with a reservoir of

gas of fixed fugacity

CO2(g)

CO2(g)

 

Figure 19.

 

 Schematic of (a) an open (fluid-centered) system and (b) a closed system for EQ3/6.
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choose a small reservoir size, which is depleted 
through the simulation. Conversely, to establish 
that a fixed-gas simulation represents a ventilated 
drift, the modeler must establish a large enough 
reservoir size that the fugacity at the end of the run 
is identical to the beginning. 

Two other modeling options are possible that 
represent the physical nature of the system. These 
are referred to as “open” and “closed.” The open 
system represents a packet of fluid that moves past 
mineral phases. In the simulation, this physical sit-
uation is modeled by excluding further reaction 
between the fluid and precipitated phases. The 
closed system simulation is analogous to a closed 
reservoir in which precipitated phases may con-
tinue to react with the fluid as it evolves. Open and 
closed systems will be investigated for both the 
fixed and unfixed cases. At this stage of the investi-
gation, we have only pursued the fixed-gas 
scenario.

For each scenario, we simulated the evolution 
of five water compositions (Figure 20). These water 
compositions are the test cases available with the 
EQ3NR/EQ6 software package, and they cover a 
wide range of pH and salinity conditions. To date, 
we have studied three water compositions:
• J13 well water, which is commonly used to rep-

resent the groundwater composition in the 
Nevada Test Site.

• A seawater file that contains the full bench-
mark test case of Nordstrom et al. (1979).

• An acid mine water, which corresponds to an 
analysis of Nordstrom et al. (1979, their Table II, 
Column B) in the Hornet effluent. 

We also are studying two other compositions:
• A carbonate aquifer groundwater composition 

that was part of Example 5 of INTERA (1983), a 
study comparing EQ3/6 with PHREEQE 
(Parkhust et al., 1980).

• A dead-sea brine composition, after Marcus 
(1977).
Only the COM and SUP data files could be 

tested for these simulations. The other databases 
were eliminated because elements important to this 
simulation were not represented. The NEA file con-
tains data that are mainly relative to uranium. The 
PIT database is lacking data on silicon and carbon. 
Silicon is also lacking in the HMW database, and 
later, the lack of Al species will be of concern. 

We conducted simulations at 25, 50, and 90

 

°

 

C. 
The last two temperatures were selected in antici-
pation of future modeling comparisons between 
results obtained with these databases and results 
we will obtain with the thermodynamic data gener-
ated by Atkins et al. (1992, 1994). Figures 21 and 22 
and Table 2 show the results obtained using the 
COM data file for the acid mine water composition 
at selected temperatures and CO

 

2(g)

 

 partial pres-
sures. As might be expected, a relationship between 
pH and CO

 

2(g)

 

 partial pressure is clear in the closed 
system simulation (Figure 21). Thus, one would
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Figure 20.

 

 First series of modeling exercises.
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Table 2: Acid mine water in the presence of 1 mole of wollastonite 
and 1 mole of calcite in a closed system at various temperatures 
and CO

 

2

 

 fugacities (given in log units).

System pH Minerals

 

Open, 25

 

°

 

C, 
log 

 

f

 

 CO

 

2

 

 = –3.4
(2 moles CO

 

2

 

/kg H

 

2

 

O

7.99 Alunite, ordered dolomite, gibbsite, 
gypsum, hematite, jarosite, kaolinite, 
nontronite-H, quartz, stilbite, talc, 
calcite, saponite, smectite

Closed, 25

 

°

 

C, 
log

 

 f

 

 CO

 

2

 

 = –3.4 
7.99 Gypsum, quartz, stilbite, calcite, 

smectite

Closed, 25

 

°

 

C, 
log

 

 f

 

 CO

 

2

 

 = –3.4 
6.25 Gypsum, kaolinite, quartz, calcite, 

smectite

Closed, 50

 

°

 

C, 
log

 

 f

 

 CO

 

2

 

 = –3.4 
6.21 Anhydrite, kaolinite, muscovite, 

quartz, calcite, smectite

 

Figure 21.

 

 The linear relationship between pH and fugacity of CO

 

2

 

(gas) in a closed system is clear in this 
simulation of the acid mine water in closed system mode at different temperatures.
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expect the pH of the closed and open systems to 
evolve differently with reaction progress. However, 
in comparing the pH of open and closed systems as 
a function of reaction progress (Figure 22), we found 
that, within the chemical system and over the reac-
tion time considered, temperature affects the evolu-
tion of pH more than the presence of a closed or 
open system does. The number of minerals obtained 
with the SUP data file (Table 2) is less important 
because of the smaller size of this file.

 

3.2.4 Chemical Modeling of Available 
Crystalline Ca–Si–Hydrate Phases in 
the COM Database

 

The second series of exercises concerns the 
thermodynamic data available for crystalline Ca–
Si–hydrate phases in the COM data file. Simple 
modeling tests were conducted using 1 mole of 

each Ca–Si–hydrate phase (tobermorite-11Å 
(1.1 nm), xonotlite, and okenite) in a liter of deion-
ized water at 25

 

°

 

C with various partial pressures of 
CO

 

2(g)

 

 (10

 

–3.4

 

 to 1 atm). For all of the partial pres-
sures, the results show a complete dissolution of the 
C–S–H phase associated with the formation of 
quartz and calcite. The formation of quartz is not 
expected in this case; amorphous silica or cristo-
balite are the more likely SiO

 

2

 

 phases to form under 
these conditions. The set of thermodynamic data 
we used was put together to study natural rock–
groundwater interaction and does not contain some 
of the thermodynamic information necessary for 
modeling the cementitious systems in a natural 
environment (e.g., Bruton et al., 1994; Meike et al., 
1994b). Thus, new thermodynamic data are being 
acquired, and geologic and extant databases for 
cement systems are being compiled to incorporate 
these new data.

 

Figure 22.

 

 Evolution of pH as a function of reaction progress for the acid mine water in closed and open 
system modes at different temperatures.
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3.2.5 Developing New Databases that 
Contain Ca–Si–Hydrate Phases

Three data sets for the Ca–Al–Si–S–Mg–H2O 
system were assembled by Atkins et al. (1992, 1994) 
for temperatures of 25, 50, and 90°C. These data 
describe almost completely the composition of 
minerals in a cement system. A database file com-
patible with the EQ3/6 software package will be 
developed from these data using the GEMBOCHS 
software. A second CEMENT database is being 
developed in parallel through GEMBOCHS, using 
the SUP database as a starting point. These data-
bases will be completed and tested against experi-
mental data obtained within the Introduced 
Materials Task and data from the literature.

3.3 Assessing the Needs for a 
Biotic Chemical Model

There are numerous reasons for understanding 
the consequences of microbial activity on a high-
level radioactive waste repository and developing 
tools to predict them. Some of these are described in 
Horn and Meike (1995). Perhaps the most impor-
tant reasons are to: 
• Predict chemistry (both aqueous and material 

degradation, such as corrosion) and transport 
characteristics for long time periods in a setting 
that will contain natural and introduced 
microbes and in a manner that is consistent 
with existing abiotic chemical and hydrological 
models. 

• Evaluate the effects of microbial activity on 
repository material behavior (e.g., corrosion 
and other types of degradation), and use the 
results to optimize repository design.

• Focus experimental work toward resolving the 
significant issues involved in the geologic stor-
age of high-level radioactive waste. 
As discussed in Horn and Meike (1995), 

microbes can significantly affect repository perfor-
mance. They can affect the rates and mechanisms of 
metal corrosion, which is important in estimating 
the failure rate of waste containers. They can mod-
ify the chemistry of the groundwater in contact 
with repository materials, such as cement, includ-
ing changes to the pH and Eh of the fluid (see, 
for example, Rogers, 1995) and may generate 
significant pressures of such gases as CO2 and H2S 

as products of metabolic processes. These changes 
affect the degradation rates and mechanisms of all 
materials present in the repository (e.g., Rosevear, 
1991). Finally, microbes also can produce organic 
compounds such as chelating ligands that can solu-
bilize radionuclides once they escape a failed waste 
package. 

Traditionally, microbiological studies tend to 
emphasize experimental studies or the study of nat-
ural systems. However, as in the abiotic case, mod-
eling is the only way to rigorously examine the 
long-term effects of complex chemical systems that 
contain microbial populations. In addition, as vari-
ous potential repository design options are consid-
ered (e.g., thermal loading, engineered barrier and 
waste package materials, and hydrologic regime), 
we need a convenient but robust method to make 
design choices based on an understanding of 
microbial activity, so we can minimize any poten-
tial negative effects that are determined to be signif-
icant. Clearly, a model that couples the relevant 
repository parameters with microbial effects and 
interfaces with relevant abiotic chemical and 
hydrological models is the best way to accomplish 
this task.

Microbially mediated chemistry that signifi-
cantly modifies the abiotic chemical system must be 
included in the model to predict the chemical evo-
lution of a high-level radioactive waste repository 
over long time periods. Such modeling can be 
approached from anywhere on a spectrum between 
two end extremes: (1) a mechanistic model that 
explicitly accounts for individual microbial meta-
bolic processes, which are in turn coupled to all abi-
otic processes; and (2) a simple box model that 
treats microbial effects as simple chemical inputs or 
outputs from the system. It is desirable to generate 
a mechanistically based model that can more rigor-
ously predict the effects of changing parameters on 
repository behavior, and that would be more com-
patible with the level of sophistication of the abiotic 
chemical modeling codes that have been applied to 
this project. However, the complexity and lack of 
quantification of most microbially influenced pro-
cesses make such an approach unproductive at this 
time. The fact that microbes actively evolve, and 
different populations thrive as conditions change 
accentuate this difficulty (Hanselmann, 1986). Our 
intention then is to begin with the simple models 
described in Section 3.3.1. As we improve our 
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understanding of the kinds of information required 
to construct the more sophisticated models 
described in Section 3.2.2, we will begin to develop 
models that can be integrated with existing abiotic 
aqueous chemical modeling codes, such as EQ3/6.

3.3.1 Simple Models
Although it is not possible to produce rigorous 

models of microbially related chemistry at this 
time, much progress may be made toward deter-
mining the relative significance of microbial effects 
with a simple box model. 

A box model treats microbial processes as a sim-
plified chemical reactor. We can view microbial reac-
tions as enzymatically controlled chemical processes 
that are governed by the size, identity, and metabolic 
state of the microbial community as well as the tra-
ditional abiotic chemical parameters such as pH and 
temperature. Each microbe must have an energy 
supply, a source of carbon, and a set of nutrients 
essential for life. The energy supply generally 
involves an electron acceptor-donor process; the car-
bon supply is usually some form of organic matter 
or carbon dioxide; and most microbes need suffi-
cient amounts of nitrogen, phosphorous, and sulfur 
to live. Other elements are needed in trace amounts 
but are generally not limiting in terms of microbial 
growth, especially in a heterogeneous repository 
environment. Water is also essential, and tempera-
ture is an important limiting factor. For a review of 
these considerations with regard to a potential 
repository at Yucca Mountain, see Horn and Meike 
(1995). Although specific microbes exist over subsets 
of this range, it is possible to establish, for this first 
step, a range of temperature over which microbes 
are active, as opposed to inactive (e.g., spore, dor-
mant, or dead state).

The first step in using a box model to under-
stand microbial effects in a repository is to establish 
limits to the total amount of microbial activity pos-
sible in the repository based on the microbial needs 
listed above (e.g., energy, carbon, nutrients, water, 
appropriate temperature). This type of approach is 
described well by McKinley and Hagenlocher 
(1993) for the Swiss High-Level Waste (HLW) and 
Low/Intermediate-Level Waste (LILW) reposito-
ries. They examine the energies available from all 
redox reactions possible for the materials present in 
the repository that can thus be used by microbes. 
This information is combined with an estimate of 

how much energy is needed to synthesize the com-
pounds that make up biomass (this number is 0.1 
mole of ATP1 to produce 1 g of dry cell mass, which 
is equivalent to 450 kJ/mole if the efficiency of 
energy utilization is 10%). With this approach, the 
total biomass that can be sustained can be related to 
the masses of redox species that are present. Finally, 
if one can assume an average biomass metabolic 
rate, then the chemical effects of the biomass in 
terms of corrosion enhancement, ligand produc-
tion, gas production, or any other rate of chemical 
change can be estimated and related to overall 
repository behavior.

A similar simplified approach can be used to 
determine the maximum possible biomass based 
on the amounts of essential nutrients (phospho-
rous, nitrogen, and sulfur) present in the repository. 
An average biomass is defined in McKinley and 
Hagenlocher (1993) to have the composition 
C160(H250O80)N30P2S. The total amount of possible 
biomass is simply the total amount of accessible 
nutrient divided by its weight fraction in biomass. 

This calculation is complicated somewhat 
because nutrient availability may be a function of 
the corrosion rates of repository materials, whose 
rates themselves depend on active biomass. Some 
nutrients are available only if they are released dur-
ing the corrosion of repository materials. The over-
all process is therefore coupled and amenable to 
modeling provided that some quantitative infor-
mation on the type of coupling is available.

Applying this approach to the Swiss HLW 
repository, McKinley and Hagenlocher (1993) found 
that for a bounding calculation not limited by 
microbe mobility, the overall biomass was limited 
by energy availability—not nutrient availability. In 
particular, the amounts of nitrogen, phosphorous, 
and sulfur available in the backfill are much higher 
than the total mass of electron donors needed to fuel 
microbial growth. The only exception is during the 
first 10 years of repository existence where the avail-
ability of oxygen is expected to be high, and as a 
consequence, energy availability should also be 
high. The availability of O2 over time in a potential 
Yucca Mountain repository drift is still under dis-
cussion because boundary conditions have not been 

1 ATP carries chemical energy between metabolic 
pathways (see e.g., Lehninger et al., 1993).
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established for the availability of air through the 
mountain’s fracture system, the amount of time that 
the repository drifts will be ventilated artificially, 
and the amount of chemically conditioned backfill 
that may affect the fO2. Although not necessarily 
completely analogous to the potential Yucca Moun-
tain repository, it is illustrative to follow through the 
calculation as an exercise. 

The biomass production rates calculated for the 
Swiss HLW repository range decrease from an ini-
tial rate of about 300 g of dry biomass/year for each 
waste package to long-term rates of about 0.3 
g/year for each waste package. These values can be 
used to constrain likely production rates of by-
products such as organic ligands and gas genera-
tion, which in turn affect radionuclide transport 
rates and repository performance. For this case, 
even at maximum biological activity, the total pro-
duction of organic complexing agents is only 
approximately equal to the estimated release rates 
of radionuclides. The net effect of microbial activity 
in terms of solubilization of radionuclides is there-
fore small for this repository.

Given that the conditions of the Swiss reposi-
tory (e.g., granitic rock, repository design, saturated 
rock) are quite different, the findings of McKinley 
and Hagenlocher (1993) cannot be directly applied 
to a potential Yucca Mountain repository. However, 
this simple sort of analysis should be performed for 
a Yucca Mountain repository, to help prioritize work 
related to microbial activity. The approach could 
also be used to examine how repository perfor-
mance affects changes to the material present in the 
repository, which would help us select the best 
materials for the engineered barrier design.

Information gained from this simple box model 
approach should be used to prioritize and guide 
more detailed work on microbial effects. More 
sophisticated models of microbial effects should 
then be generated using this more detailed informa-
tion. However, because of the complex nature of 
microbial processes—in particular, their abilities to 
evolve with time and express new genes when envi-
ronmental conditions change—and the diverse 
nature of microbial communities, it is unlikely that 
we could produce a reliable mechanistic chemical 
model for microbial behavior in the short term. Our 
best approach is to use our information on microbial 
behavior to define worst-case scenarios, identify 
parameters that limit microbial productivity, and 

incorporate these results into our task of designing 
the engineered barrier system.

3.3.2 Using EQ3/6 to Model Microbial 
Effects

Thermal and other perturbations of a microbi-
ally mediated chemical system occur as a complex 
function of microbial identity, microbial activity, 
and colony growth (biomass). In addition, individ-
ual species function over a relatively narrow tem-
perature range. Thus, even with respect to the 
traditional chemical parameters, biological reac-
tions operate according to different laws from those 
for abiotic reactions. However, although not identi-
cal to the abiotic case, it should be productive to 
take a similar approach to existing abiotic chemical 
modeling to use the chemical laws of microbial 
chemistry to predict long-term chemistry. This 
approach is also consistent with our ultimate goal, 
which is to develop models that can be operated in 
tandem with the abiotic models. 

The net chemical effect of a community of 
microbes can be thought of as a set of mass inputs 
and outputs. For example, an autotrophic bacteria 
may take in bicarbonate as a carbon source, and it 
may oxidize iron to ferrous iron as an energy 
source. As by-products, the bacteria may make ace-
tate and, as a consequence of oxidizing iron, lower 
the pH. Using experimental observations of this 
type of bacteria in an environment similar to an 
anticipated repository environment, we should be 
able to write a reaction that describes the overall 
chemical effects of this bacterial population. For 
each gram of active biomass, we can relate a posi-
tive flux of acetate and acid generation, and a nega-
tive flux of iron and bicarbonate.

At the simplest level, models of microbial 
activity can be used as input into EQ3/6 (Wolery, 
1992a). This approach offers the potential for mod-
eling at a fairly high level of complexity in a short 
period of time. Although microbial activity is not 
explicitly provided for, the overall effect of micro-
bial activity on repository corrosion processes can 
be. Such an approach allows us to account for the 
net effects of how microbes alter the local chemis-
try of their environments. Thus, the chemical 
effects of microbial activity can be rigorously 
coupled to material interactions in the repository 
without specific identification of all microbial 
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species in the repository or explicitly providing for 
the details of microbial activity.

This type of model obviously lacks feedback 
from system parameters to the microbial processes. 
Feedback between environmental conditions and 
microbial activity is the most difficult part of imple-
menting microbial activity into the simulation. 
However, if empirical relationships between 
microbial activity and environmental parameters 
such as temperature and pH are available, they can 
be readily incorporated into the simulation. For 
example, microbial productivity is almost certainly 
pH dependent. Most bacteria live only over a 
restricted pH range. 

The next step in making this type of model 
more realistic would be to incorporate feedback 
between environmental parameters and microbial 
productivity. If the pH changed significantly, it is 
likely that a new type of microbial population 
would exist, with a different set of chemical effects. 
Likewise, if microbial activity were to change the 
pH, the equilibrium condition between the aqueous 
fluid and the material with which it is in contact 
would be changed. EQ3/6 can incorporate these 
types of complexities into the simulation. Experi-
mental data on the biomass production rates of any 
variety of microbial populations that are dependent 
on pH, or on any other parameter related to the 
chemical response or influence of microbial activity, 
can be entered as reactants in the simulation. 
Kinetic control of these rates is also possible if 
appropriate rate data are known. Given the com-
plexity and interdependency of some of these fac-
tors, it may be necessary to enter the numerical 
relationships as reactants into EQ3/6 and, in a step-
wise or iterative fashion, to consider the chemical 
effects of the microbial population. 

The presence of other repository materials can 
also be included in the simulation so that coupling 
between all chemical processes is properly 
accounted for. For example, the simulation may 
include the host rock, a metal canister, and cement. 
As the reaction proceeds, we must account for the 
effect of acid generation on pH stability, the effect of 
acetate generation on metal corrosion, and the 
effects of using bicarbonate. The system will evolve 
and have a pH that is controlled by the coupled 
interactions of all these pH-dependent reactions. 
Likewise, the complete solution composition can be 
calculated for any step along this reaction process. 

The ability to do this stage of modeling will be 
enhanced by the use of Explorer™ software.

Our ultimate aim is to find an approach that can 
be integrated into a sophisticated feedback link with 
the existing EQ3/6 code. We aim to frame descrip-
tions of microbial activity in forms that mimic the 
abiotic thermodynamic and kinetic descriptions. To 
do this, we must distinguish between the two types 
of processes: (1) those that can be seen as perturba-
tions from an equilibrium state, or as part of a new, 
microbially mediated equilibrium state, and thus 
comprise a module that will interact with EQ3; and 
(2) those that affect rates of change, and therefore 
the kinetics, and thus comprise a module that will 
interact with EQ6 (Figure 23). 

In developing the descriptions, we seek to 
define microbial activities in terms of three types of 
processes: processes or conditions that can repre-
sent standard states, those that can be described in 
terms of rates of change, and those in which trans-
fer of mass, energy, or other quantifiable units sum 
to zero. We will define standard states as points of 
reference so we can quantify deviations from those 
points. Describing processes in terms of equations 
that sum to zero has many advantages. For exam-
ple, it ensures internal consistency and provides a 
foundation for expanding from simple to multi-
component systems.

3.4 Electronic Structure 
Calculations of Ca–Si–Hydrates

Many phases in the crystalline Ca–Si–H2O sys-
tem can develop in cement exposed for long time 
periods to temperatures above 25°C. The phases 
themselves are found both naturally and in synthetic 
systems. As a consequence of their appearance in 
cements exposed to elevated temperatures, chemical 
reactions involving these phases can affect not only 
water chemistry (see Sections 3.1 and 3.2) but also 
the relative humidity of a radioactive waste reposi-
tory that contains significant amounts of cement. To 
predict and simulate these chemical reactions, we 
are developing an internally consistent database of 
crystalline Ca–Si–hydrate structures (see Section 
3.2). The experimental aspects of the synthesis and 
characterization of pure phases for the purpose of 
measuring thermodynamic parameters is discussed 
elsewhere (e.g., Barnes et al., 1996; Martin, 1995; 
Bruton et al., 1994; Meike et al., 1994b). However, 
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given the difficulties inherent in directly measuring 
the thermodynamic parameters of these phases, we 
have undertaken a set of first-principles electronic 
structure calculations. 

Electronic structure calculations, and the linear 
muffin-tin orbital theory in particular, are standard 
methods for approaching the physical properties of 
metals and metal alloys, semiconductors, and 
simple insulators (see, for example, Anderson, 
1975; Skriver, 1984). In the past, these methods have 
been confined to small systems of less than 20 
atoms in a unit cell. Thus, calculations for wollasto-
nite and xonotlite, which contain a 30-atom unit cell 
and a 62-atom unit cell, respectively, would nor-
mally have been out of reach. However, recent 
developments in algorithms and computer power 
have brought larger systems within the range of 
these calculational techniques.

The goal of this modeling effort is to determine 
the energetics of hydration for crystalline Ca–Si–
hydrate phases. The work performed to date repre-

sents an initial step in this direction. The initial 
results for the first phases undertaken represent the 
water-poor end members, wollastonite (CaSiO3) 
and xonotlite (Ca6Si6O17(OH)2). The results, 
reported in Sterne and Meike (1995), are summa-
rized here.

The calculated ground-state properties of 
wollastonite and xonotlite are in good agreement 
with experiment and provide equilibrium lattice 
parameters within 1 to 1.4% of the experimentally 
reported values. The roles of the different types of 
oxygen atoms, which are fundamental to under-
standing the energetics of crystalline Ca–Si–
hydrates, examined in terms of their electronic state 
densities, appear to be in good agreement with 
experiment for the lattice parameters and internally 
consistent when comparisons are drawn between 
the two structures. The exercise, completed with 
wollastonite and xonotlite, demonstrates the appli-
cability of these electronic structure methods in cal-
culating the fundamental properties of these phases. 

EQ3NR

Input:
Incoming water chemistry

Materials present
Microbial parameters

Output:
Water chemistry

New phases precipitated
Biomass

Microbial effects on
chemical equilibrium

Thermodynamic microbial
and kinetic database

EQ6
Kinetic aspects
of microbially

mediated chemistry

Materials-specific
process database

Figure 23. Diagram of the interlinks between an existing modularized code for abiotic aqueous chemical 
simulation and planned microbial modules.
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The electronic structure calculation methods are 
demonstrated to give reliable results, even for the 
relatively large wollastonite and xonotlite unit cells. 
Thus, applying this new approach to the study of 
calcium silicate hydrates appears to be fruitful not 

only in terms of the ability to calculate heats of 
formation but also by virtue of the insight that it 
can provide into the nature of hydration and 
dehydration.
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4. Summary 

The modeling activities required to predict the 
chemistry of water in contact with concrete and its 
degradation products cover a broad area, from 
developing databases for existing abiotic codes, 
to developing codes that can simulate the chemical 
impact of microbial activities at a level of sophisti-
cation equivalent to that of the abiotic modeling 
codes, and ultimately, to simulating drift-scale 
chemical systems in support of hydrological, 
geochemical, and engineering efforts.

This report primarily describes the conceptual 
framework upon which work in all of these areas 

will be built. Although the present report is specific 
to the development of models to simulate the deg-
radation of cementitious materials, similar effort is 
required for all types of construction materials that 
might be used in a potential repository. Developing 
such models will require a strong interaction 
between the integration, experimental, and model-
ing activities within the Introduced Materials Task 
as well as interactions with researchers working on 
repository and waste package design, performance 
assessment, and near-field environment technical 
areas.
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Appendix A: 
Materials Used in the ESF North Ramp 

In this appendix, we describe the materials 
used to build the north ramp of the Exploratory 
Studies Facility (ESF). This information was pro-
vided to the Introduced Materials Task by Ralph 
Dow (personal communication to A. Meike, 1995).

Shotcrete
Reference: Wet Mix shotcrete.
Specification: BABEAB000-01717-6300-03363 

Rev 01 Shotcrete Mix No. 501:

Chemical Components
Cement (Type 11)

Silicon dioxide (min.%) 20.0

Aluminum oxide (max.%) 6.0

Ferric oxide (max.%) 6.0

Magnesium oxide (max.%) 6.0

Sulfur trioxide (max.%) —

When C3A is 8% or less 3.0

When C3A is more than 8% —

Loss on ignition (max.%) 3.0

Insoluble residue (max.%) 0.75

Aggregates
Both fine aggregates and coarse aggregates 

come from the Wulfenstein pit. Other than quality 
and gradation, there are no requirements in the 
specification or in the referenced ASTM as to rock 
type or chemical composition (not verified).

Water
Water quality and chemistry shall conform to 

ASTM C94 (not verified).

Admixtures
Masters Builders Polyheed is a cement-

dispersing agent used as a water-reducing agent for 
pumpability. Liquid chemical is added at a percent-
age of 2%. The composition is undetermined, 
although the Material Safety Data Sheet (MSDS) 
indicates the presence of triethanolamine and 
ammonium thiocyanate in <10% quantities. Haz-
ardous decomposition products include: oxides of 
carbon, sulfur, and nitrogen; ammonia, hydrogen 
sulfide, and hydrocyanic acid.

Master Builders MB QSL 100 is added as an 
accelerator to increase early strength. This liquid 
chemical is added in a percentage of 2 to 6% of 
cement, and contains sodium aluminate from 30 to 
60%. No other chemical components are listed on 
the MSDS.

Material
ASTM 

reference Weight

Cement 
(Type 11)

Cl50 775 lb/yd3

Aggregates C33 CA 126l/
FA1539 lb/yd3

Water C94 352 lb/yd3 
(42.3 gal)

Admixtures

Master 
Builders 
Polyheed 
(WRA)

93 oz/yd3

Master 
Builders 
QSL-100 
Shotcrete 
Accelerator 

Cl240 
(silica fume) 

C1141 
(except 

silica fume)

~48–50 lb/yd3

Slump = ~2 in.

W/C ratio = 0.45
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Two other admixtures, both of which are silica 
fume, were not specified for the ESF in the 501 mix.

1. Master Builders MB-SF silica fume mineral 
admixture is a pozzolan that reacts chemically 
with the concrete to increase the amount of cal-
cium silicate hydrate gel formed, thus improv-
ing strength and permeability. It can be used in 
quantities of 5 to 15% of the weight of cement. 
Chemical components are as follows: 

• Silica fume—greater than 99% 

• Silica dioxide—none 

• Crystalline quartz—less than 1%

2. Sikacrete 950 DP is a densified dry powder 
microsilica admixture (amorphous silica) SiO 
(added for strength). It can be used in quanti-
ties of 5 to 15% of the weight of cement. 

Steel Sets
Steel sets include steel lagging, steel foot plates, 

steel set connection, shim plates, steel wedges, and 
miscellaneous steel. Steel set size is W8 × 31, 25-ft 
diam.

Reference: ASTM A36 (bolts and nuts come under 
ASTM A370 & A563).

Specification: BABEE0000-01717-6300-02341 
Rev 002.

Materials for steel sets will be tested for 
strength, ductility, and chemical composition. Ten-
sile and yield will be tested according to ASTM 
A370 Sec. 13 and ASTM A370 Sec. 14, respectively. 
Chemical analysis will be done according to ASTM 
A751 and E30. Chemical requirements of ASTM 
A36 steel is as follows (actual steel sets 12/18/94):

*All thicknesses.

1. Manganese content of 0.85–1.35% and silicon 
content of 0.15–0.40% are required for shapes 
over 426 lb/ft.

2. For each reduction of 0.01% below the specified 
carbon maximum, an increase of 0.06% manga-
nese above the specified maximum will be per-
mitted up to the maximum of 1.35%.

3. When zinc-coated (galvanized), zinc is added 
to metal on the basis of oz./ft2 (ASTM A390).

4. When an alloy is specified, an example of typi-
cal composition is as follows (from ASTM 
E1282):

Product Shapes* 
Test 
133

Test 
168

Carbon (max.%) 0.26 0.07 0.07

Manganese (%) — — —

Phosphorus 
(max.%)

0.04 0.021 0.025

Sulfur (max. %) 0.05 0.029 0.031

Silicon (max. %) 0.40 0.14 0.12

Copper (min.% 
when copper 
steel is specified)

0.20

Element Alloy A Alloy B

Carbon (%) 0.15–0.35 0.40–0.80

Manganese (max.%) 1.1 1.4 

Chromium (%) 19.5–29.0 32.0–38.5

Iron (%) 24 min. balance

Copper + vanadium 
(%)

0.03 max. 0.45 min.

Oxygen (ppm max.) 30 55 

Aluminum (%) 0.01–0.11 0.19–0.31
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The aluminum concentration requirement 
applies only to material made for high-temperature 
applications. Its quantitative determination is not 
required on material designated for other uses.

Tensile requirements of ASTM A36 steel is as 
follows: 

Plate Shapes and Bars

Tensile strength, ksi (MPa) 58–80 (400–550)

Yield point min, ksi (MPa) 36 (250)

Plates and Bars

Elongation in 8 in. (min.%) 20

Elongation in 2 in. (min.%) 23

Shapes

Elongation in 8 in. (min.%) 20

Elongation in 2 in. (min.%) 21

Rock Bolts
Kiewit PB—Dana Rogers, water usage estimate/

rock bolt.

Reference: ASTM A 615, ASTM F432 (Grade 60).

Specification: BABEAB00-0l7l7-6300-02165 Rev. 06.

Rock bolts shall be #8 solid deformed bar com-
plying with ASTM A6l5 grade 60 and ASTM F432. 
“Hollow core rock bolts shall be hollow, all thread 
bar complying with ASTM A6l5 grade 60 or stron-
ger, such as Williams hollow core bar B7X 1-1/8 in. 
diam, manufactured according to ASTM F432.”

Substitution of rock bolts and accessories meet-
ing standards different from those specified is 
allowable provided the items meet the following 
criteria: 

• Must be of equal or better quality.

• Must be recommended by the manufacturer for 
the intended use.

• Shall be approved by the Architect/Engineer 
(AE). The Super Swellex, standard Swellex, and 
Split Set Proprietary systems are indicated to be 
acceptable to the Engineer.

Chemical Composition
From ASTM F432, the chemical composition is 

as follows (Note: The maximum percentage of man-
ganese is not listed in this source):

From North Ramp Ground Support Scoping 
Analysis, the chemical composition of rock bolts 
and accessories is as follows:

Carbon max. (%) 0.79

Sulfur max. (%) 0.050

Phosphorus max. (%) 0.058

Manganese max. (%) 1.0

Mechanical Properties of Steel Bars
for Rock Bolts

From ASTM 432, the mechanical properties of 
steel bars for rock bolts are as follows. [Note: ASTM 
A6l5 requires the same values.]

Grade 60

Diameter 5/8 to 1-1/2

psi (MPa) 60,000 (414)

psi (MPa) 90,000 (621)

200 mm (min%) 9

Williams Rockbolts (advantage quick set + 
grant for long life or + resins (epoxy) (leave the 
expander in hole).

Hollow-Core All-Thread (B7X) 
Structural Properties
Yield stress (ksi)  91

Ultimate stress (ksi) 12

Elongation (%) 15% in 2 in.

Carbon
 max. 
(%) 

Sulfur 
max. 
(%)

Phos-
phorus 

max. (%)

Rock bolts 0.79 0.058

Wedges 0.84 0.058

Washers 0.84 0.058 0.058

Plates 1.04 0.058 0.058

Plugs 0.64 — 0.058

Steel 
expansion 
shells

0.33 0.058 0.058
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Mechanical properties of steel bars for rock 
bolts (from Williams Catalog No. 392, p. 8).

Diameter 1-1/8

Maximum outside diameter 1-3/16

Inside diameter 0.325

Net area 0.68

Working load (lb) 40,000

Yield strength 60,000

Ultimate strength 80,000

Chemical properties on certificate of test (from 
Williams) of 4/11/95 are as follows:

Carbon 0.38

Manganese  1.33

Phosphorus 0.013

Sulfur 0.018

Silicon 0.28

Aluminum  0.002

Split set rock bolts (grout required?)

Mechanical properties of Split Set Stabilizer sys-
tem (from Split Set Catalog of Ingersoll-Rand Co).

*Note: “Split set stabilizers are manufactured in accor-
dance with specifications of ASTM 432.” Available in 
standard or galvanized. Chemical composition of this 
product is not yet available.

Standard Swellex/Super Swellex
Mechanical properties of Swellex rock-bolt sys-

tem (from Swellex Catalog of Atlas Copco Co.).

Chemical composition of this product as 
reported 6/21/95 is as follows:

Stabilizer 
model SS-33 SS-39 SS-46

Split set tube 
length* (ft)

3–8 3–10 3–12

Breaking 
capacity (tons)

8–12 10–14 15–20

Recommended
 initial 
anchorage 
(tons)

3–6 3–6 6–10

Domed bearing plate: 10- to 15-ton capacity

Mechanical 
property

Standard 
Swellex

Super 
Swellex

Length (ft) 4–12 10–20

Breaking load 
(tons)

11–12 22–24

Minimum 
elongation (%)

15 15

Original tube 
dimension (in.)

1-5/8 × 5/64 2-1/8 × 1/8

Water pressure 
(psi)

4300 4300

Test No.

Chemical 23-3064 64-1924

Carbon 0.07 0.08

Manganese 0.62 0.67

Phosphorus 0.12 0.006

Sulfur 0.011 0.011

Aluminum 0.004 0.003

Silicon 0.00 0.01
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Grout for Rock Bolts
Reference: ASTM C845 Standard Specification 

for Expansive Hydraulic Cement.
Specification: rock bolts and accessories, 

BABEAB000-01717-6300-02165 Rev 06, Type K 
cement.

Thixotropic Grout: A thick cementitious grout 
that is pumpable as a fluid and will increase in 
apparent viscosity upon standing and thus will pre-
vent the grout from migrating from the borehole 
after installation; as a result no special packers are 
required.

Chemical Composition
From Certificate of Certification from South-

west Portland Cement Co.

Silicon dioxide (SiO) 18.70

Aluminum oxide (A12O3) 5.5

Ferric oxide (FO3) 2.9

Magnesium oxide (MgO) 4.0

Sulfur trioxide (SO3) 5.4

Loss on ignition 1.9

Insoluble residue 0.3

Compressive Strength (psi)

1 day 1500–2000

3 days 3000–1000

7 days 4000–5000

28 days 5500–6500
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