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MATERIALS EVALUATION

C.1 INTRODUCTION

Repository ground control design must ensure that the waste emplacement drifts are stable and
accessible during the mandated 144-year retrievability period. The stability of subsurface openings
is essential for shaft and ramp access, ventilation, emplacement, maintenance, monitoring, and
materials handling. The performance of the ground support materials is directly affected by the waste
emplacement environment When studying this environment, the primary considerations are thermal,
radiation, and biological factors.

'Because organic materials are limited for use as ground support, the primary available materials are
steel and concrete (items such as epoxy resin grout, timber blocking, and certain organic additives
used in cementitious materials will be excluded from use). During their service life, the steel and
concrete components will be exposed to elevated temperatures and radiation flux. Consequently, the
effects these factors have on performance characteristics and component behavior must be examined.
In addition to thermal and radiation effects, this study addresses concerns regarding the resistance
of steel and concrete to bacterially mediated degradation.

The analysis of degradation factors is presented below, beginning with the potential uses of steel and
an analysis of its tolerance to the thermal, radiation, and bacterial mechanisms to which it will be
exposed. A similar discussion is then presented for concrete. The effect of bacterial degradation on
steel and concrete is summarized in this document

C.2 STEEL

Steel used for repository ground support may be present in various forms including:

* Structural steel sets (also referred to as ring beams and as arch supports)
* Rock bolts (including face plates)
* Welded-wire fabric and chain-link mesh
* Bar, fabric (welded wire), or fiber reinforcement in concrete and shotcrete
* Straps, channel, and lagging.

The following discussion evaluates the effects of temperature (including corrosion), radiation, and
biological processes on steel.

C.2.1 Temperature Effects on Steel

Temperature can affect steel's strength, toughness and ductility, and thermal expansion. This section
examines these effects and the potential for steel corrosion.
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C.2.1.1 Strength

The yield point of structural steel (carbon or low-alloy) generally decreases linearly from its value
at 200C to about 80 percent of that value at 430 0C, and to about 70 percent at 5400C (Merritt 1983).
By interpolation, the value at 2000C is about 91 percent of that at 200C. The modulus of elasticity
of structural steel decreases from an initial value of 200 GPa at 20 'C to about 172 GPa at 4800C,
or 86 percent of the room-temperature value (Merritt 1983).

These results are similar to those reported by the American Institute of Steel Construction
(AlSC 1989). The AISC notes that the tensile strength of elevated-temperature carbon steel at 4300C
is approximately 77 percent of room-temperature strength; at 5400C, tensile strength is 63 percent
of room temperature strength. In contrast, a report on the elevated-temperature properties of ferritic
steels (ASM 1990, p. 930) states that carbon. steels are used extensively in pressure vessels up to
about 3700C, and given the yield and ultimate strength of carbon steels at the maximum service
temperature (3700C), they can be used essentially as they would for design of components at room
temperature. Creep is not observed in these steels until temperatures are above 370C.

Based on the above information, carbon steels at 2000C may experience modest, but insignificant,
decreases in strength (about 10 percent) and deformability (about 15 percent) in comparison to these
same parameters at 200C.

C.2.1.2 Toughness and Ductility

Toughness is the ability of a metal to absorb energy and deform plastically before fracturing. A
measure of toughness is notch toughness, which is measured (energy in Joules) by impact testing.
Toughness decreases as the strength, hardness, and carbon content of steel are increased (ASM 1990,
p. 737). At 2000C the notch toughness of a steel with 0.11 -percent carbon is about six times that of
a steel with 0.80-percent carbon. The 0.80-percent carbon steel exhibits the least ductility of the
carbon steels and has the highest transition temperature from brittle to ductile behavior. For
maximum toughness and ductility, the carbon content should be kept as low as possible, consistent
with strength (ASM 1990,.p. 737). The brittle-ductile transition temperature and the carbon content
are the principal factors in determining the appropriate toughness and ductility for steel.

Steel set supports for Exploratory Studies Facility design typically have a carbon content of 0.07
percent (KiewitfPB 1995) and are relatively tough and ductile, with a yield strength of 248 MPa.
Rock bolt steel has a carbon content of 0.38 percent (KiewitlPB 1995) and has moderate ductility
and toughness, with a yield strength of about 483 MPa. If a more ductile rock bolt is desired to
accommodate higher strain, steel with a lower carbon content may be preferred as an alternative to,
for example, changes in fabrication. The trade-off would be a somewhat lower yield strength.

C.2.13 Thermal Expansion

Differences in thermal expansion between steel, concrete, and tuff can result in bonding failures
between these components and cracking in the concrete materials. (See Appendix A, Section 5, of
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the Repository Ground Control Evaluation report (CRWMS M&O 1995a) for further discussion
regarding concrete.)

Carbon steels have a coefficient of thermal expansion that varies from about I .5 x 104/0C at 20'C
to 13.8 x 10./NC at 200C (ASM 1990, Figure 58, p. 652). The thermal expansion coefficient for
tuff for near-field considerations is shown to vary from about 5 x 104 l/C at 25°C to 11 x 106/0C
at 250'C (SNL 1995). Table C-1 lists somewhat different values, ranging from 5A x 104/ C to 17
x 1 04/C, for a similar temperature interval. These data show differences in expansion coefficients
between tuff and steel of 7 x 1046/C at 250C, decreasing to about 3 x 106/DC at 2000C. In cases
where steel expands at. a greater rate than concrete, steel-to-concrete bonds may be broken and
concrete cracking induced (for example, in grouted rock-bolt installations and in concrete reinforcing
bars).

More severe conditions are indicated by test results reported in the report, Thernal Goals
Reevaluation (CRWMS M&O 1993), which shows a tuff specimen reaching an expansion
coefficient of approximately 12xI0 4 PC at 145IC and, after an abrupt increase, values between 25
and 32xI O/oC in the interval up to 200'C. An increase beyond 2000C gives a value of 53 xIO4/IC
at 2500C. Additional testing is required to evaluate these results and, if applicable, to determine the
limiting temperature at which an abrupt increase in expansion occurs.,

Table C-1. Thermal Expansion Coefficient for TSw2 Thermal/Mechanical Unit

Temperature Range Thermal Expansion Coefficient
(C) (1041c)

25 - 50 5.07

50- 100 730

100- 150 8.19

150 -200 8.97

Source: SNL 1995 (average of means of tables 2-10,2-1l, and 2-12)

C.2.1.4 Corrosion

Rock bolts or other iron-bearing components can corrode. When oxygen is present, rusting can
occur. Rusting is an abiotic electrochemical process that requires a flow of electrical current for the
chemical corrosion reaction to proceed. For electrochemical (galvanic) corrosion to occur, two
dissimilar metals must come into electrical contact in the presence of moisture.

A separate cathodic metal is not required for steel corrosion to occur. An isolated steel bar can
spontaneously rust if different areas of the bar develop active sites with different electrochemical
potentials (different tendencies for oxidation), thus setting up anode-cathode pairs (or galvanic
couples). Corrosion occurs in localized anodic areas. Local anodic and cathodic areas are caused by
several conditions including different impurity levels in the steel, different amounts of residual
strain, or different concentrations of oxygen or electrolyte in contact with the metal.
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The findings of Karhnak (1984) demonstrate that steel corrosion in mines is often caused by the
sulfuric acid generated by the oxidation of ore-bearing and pyritic sulfide phases. These sulfuric acid
solutions are extremely corrosive to steel. The corrosion potential is enhanced if soluble copper is
present in the acid solutions (as copper plates out on the steel), causing the dissolution of iron (for
example, corroded train rails in underground copper mines). This type of aggressive corrosion will
not occur in the waste emplacement drifts due to the absence of sulfide phases in the host formation.
Moreover, it will be shown that production of bacterial sulfide is improbable (Section C.3.3).

C.2.1.4.1 Types of Corrosion

The two types of corrosion are uniform corrosion and pitting corrosion. Pitting corrosion can be
further subdivided into three corrosion processes: galvanic, concentration, and crevice. These
corrosion types are described below.

Uniform Corrosion occurs at a generally equal rate over the surface. The loss in weight is directly
proportional to the time of exposure, and the rate of corrosion is constant. Uniform corrosion is
usually associated with acids or waters having a very low pH, for example, the uniform rusting of
mild steel in contact with neutral, low calcium, and low-alkalinity salt water.

Pitting Corrosion is non-uniform and more common than uniform corrosion. Pitting corrosion
occurs in an environment which offers some, but not complete, protection. The pit develops at a
localized anodic point on the surface and continues via a large cathodic area surrounding the anode.
Chloride ions are particularly known for their association with this type of steel corrosion. Even
stainless steel is subject to pitting corrosion with relatively concentrated chloride-bearing solutions.
Pits may be sharp and deep or shallow and broad, and can occur without chlorides. In water that
contains dissolved oxygen, the oxide-corrosion products are deposited over the site of the pitting
action and form tubercles. Pitting corrosion is formed by three distinct processes:

* Galvanic Corrosion - Galvanic corrosion is associated with the contact of two different
types of metals or alloys in the same environment. Almost all metals and substances have
different solution potentials, whether in the same or in different environments. When two
metals come together, the difference in potential results in current flow, and one of the
metals becomes anodic and the other cathodic. The anodic metal corrodes and the cathodic
metal does not (or if so, at a relatively low rate). The cathodic metal is "protected" at the
expense of the anodic metal (for example, the protectiveness zinc metal affords to iron).

* Concentration-Cell Corrosion -The most prevalent corrosion, concentrated-cell corrosion,
occurs when differences in acidity (pH), metal-ion concentrations, anion concentrations,
or dissolved oxygen cause solution differences in the same metal. In water containing
dissolved oxygen, the corrosion products are deposited at the anode, and in the subsequent
hydrolysis of ferrous ion, hydrogen ions are formed. This greater acidity at the anode
results in a hydrogen-ion concentration cell at this point and increases the corrosion rate.
In the same instance, dissolved oxygen cannot diffusively penetrate to the anode surface
because it first reacts with solubilized ferrous ion, resulting in an absence of oxygen at the
anode. But oxygen can diffuse to the cathode area and result in an oxygen-concentration
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cell, also increasing the corrosion rate. Furthermore, hydroxyl ions accumulate at the
cathode, drastically reducing the hydrogen ion concentration, which enhances the
concentration cell related to the development of hydrogen ions at the anode.

Crevice Corrosion - Crevice corrosion results when oxygen, because it is spent on
corrosion in a crevice, does not diffuse into the crevice depths. The crack, crevice, or the
uneven joint between two surfaces of the same metal that are bound together face-to-face
behaves as a pit where oxygen can reach the exposed surface but is deficient in the crevice.
An oxygen-concentration gradient is created that results in corrosion.

C.2.1.4.2 Corrosion Rates

Based on the theory of corrosion, mathematical models can be developed to predict material
corrosion rates under given conditions. Tilman et al. (1989) developed a model that generally
predicts the corrosion rate of rock bolts or Split Sett stabilizers in underground mines. To develop
the model, non-galvanized (EX-TEN-H60 and KAI-WELL-55) and galvanized Split Set stabilizers
were exposed to oxygenated and non-oxygenated mine waters (actual and synthetic) from seven
mines. Based on the behavior of the stabilizers when exposed to these waters, corrosion rate
equations were derived that quantify (1) the impact of variable dissolved oxygen, chloride, sulfate,
and magnesium content on non-galvanized stabilizers and (2) the impact of dissolved oxygen content
and temperature on galvanized stabilizers. The derived equations are shown below (corrosion rate
reported in thousandths of an inch per year):

* EX-TEN-H60 Steel:
Ln corrosion rate -0.303 (°2 Conc., ppm) - 0.0309 (Cl Conc., ppm) + 0.00187 (S042
Cone., ppm) - 0.0435 (Mg12 Cone., ppm)

R2 = 0.96 [Linear regression coefficient of actual versus predicted corrosion rates.)

* KAI-WELL-55 Steel:
Ln corrosion rate = 0.352 (02 Cone., ppm) - 0.0740 (Cl Conc., ppm) + 0.00202 (SO;2
Cone., ppm) - 0.0415 (Mg2 Cone., ppm)

R2 = 0.96

* Galvanized Steel
Ln corrosion rate - (Ln 02 Cone., ppm) + 2.557 (Ln Temp., VF) - 11.333

R 2 - 0.83

These equations show that non-galvanized steel in contact with a dilute, non-oxygenated water may
result in only a slow rate of corrosion, less than 1 thousandth of an inch per year. Conversely, non-
galvanized steel in contact with a well-oxygenated, briny solution could have a corrosion rate of
80 thousandths of an inch per year. At this accelerated rate, a 0.092-inch-thick Split Set stabilizer
would be penetrated by corrosion in just over a year.
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The mathematics of the individual equations can be qualitatively explained based on known
geochemical principles:

* Corrosion can occur in the absence of oxygen, as the following chemical reactions
demonstrate:

Anode:Ee Fe+2 + 2e
Cathode:2e + 2H20 = H2+ 20H

* When dissolved oxygen is present, the cathode reaction may be represented as:
2e + H20 + 202'201H

Therefore, with or without dissolved oxygen, the same amount of hydroxide ion is formed
at the cathode, and alkaline conditions prevail.

* The effect of dissolved oxygen is reflected at the anode where the following side reaction
occurs:

2 Fe+2+H20 + '/20= 2Fe" + 20R

* Ferric hydroxide can now precipitate generating hydroniumion:
Fe+3 + 3H2 0 Fe(OH)3 + 3W

The resulting acidity increases the solution rate of iron and maintains a high potential
difference between the anode and cathode areas.

Under these conditions, the corrosion rate is limited by the supply (typically by diffusion) of
dissolved oxygen to the anode corrosion product. The greater the rate of dissolved oxygen diffusion
to the anode, the greater the rate of corrosion. This chemical fact is captured in the above equations
for non-galvanized steel. The above equations assume a constant pH for the contacting solution and
do not directly address acidic attack.

Ferric hydroxides deposited by corrosion can inhibit oxygen diffusion. Beneath the ferric oxide
surface within water-filled pipes, anaerobic conditions can develop that, under certain circumstances,
can support sulfate-reducing bacteria (SRB). In the absence of the water, oxygen can freely diffuse
into this region and prevent SRB activity, as diffusion-based transport calculations will demonstrate.
With an absence of water, the source of sulfate ion is also removed, thus suspending SRB activity.
This issue is further discussed in Section C.3.3.

An analysis of the corrosion rate equation for galvanized metal shows that temperature changes far
outweigh incremental changes in dissolved oxygen content. (Oxygen has a limited solubility in
ambient temperature water, a solubility that decreases as temperature increases.) The temperature-
dominated equation generally shows that the corrosion rate increases approximately two-fold with
each temperature increase of 10C, which is consistent with the van't Hoff relationship.
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It should be noted that the steel composition of rock bolts for ground support of emplacement drifts
has not yet been explicitly specified; therefore, the steel corrosion rates predicted by the
mathematical models mentioned above are for reference purposes.

C2.1.43 Corrosion Rate and Strength Loss

A corrosion-related strength decay curve can be derived from the tensile and yield strength data of
Tilman et al. (1989). Both EX-TEN-H60 and KAI-WELL-55 steel have linear strength-versus-
thickness relationships; therefore, loss of material by corrosion also translates into a linear loss in
strength, as shown in Table C-2.

By estimating a corrosion rate, the annual strength loss and the residual strength at the end of any
given year can be calculated. The above analysis assumes uniform corrosion and does not address
isolated pit corrosion.

Table C-3 lists the temperature-dependent corrosion rates predicted for galvanized steel under
oxygenated conditions (dissolved oxygen content of 7 ppm).

Table C-2. Relationship Between Corrosion Rate and Strength Loss for Non-Galvanized Steel

Corrosion Rate Strength Loss In Residual Strength Strength Loss in Residual Strength in
per Year EX-TEN-H60 In EX-TEN-H60 KAI-WELLP55 XAI-WELL-55 Steel

(thousandths of Steel per Year Steel After One Steel per Year After One Year
an inch) (psi Year (ps) (Psi) (psi)

1 290 28,700 298 29,462

I0 2,899 26,091 2,976 26,784

20 5,798 23,192 5,952 23,808

40 11,596 17,394 11,904 17,856

80 23,192 5,798 23,808 5,952
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Table C-3. Temperature Dependence on the Corrosion Rate of Galvanized Steel Under
Oxygenated Conditions

Temperature Corrosion Rate per Year .
("F) (thousandths of an Inch)

50 2

100 11

150 31

200 64

The corrosion rate estimates stop at 2007F. Although the emplacement drifts will likely reach higher
temperatures, the above relationship is predicated on the presence of liquid water that will not exist
at temperatures greater than 212"F. Consequently, another corrosion mechanism will predominate
at-an unknown rate.

In summary, Tllman et al. (1989) found that (1) deoxygenated water is seven times less aggressive
than oxygenated water to non-galvanized steel and (2) galvanized steel is much more resistant to
corrosion, with comparatively low corrosion rates even at elevated temperatures. Galvanizing offers
two advantages: up to 1/60th the corrosion rate of non-galvanized steel under similar conditions and
greater resistance to pitting corrosion. Even when the galvanizing is marred (e.g., during rock bolt
emplacement) it acts as a sacrificial anode and provides protection.

Stainless steel is resistant to corrosion over a wide range of water chemistry, exceeding the range
even of galvanized bolts (Kaiser et al. 1990). This is particularly important for friction rock bolts.
Because of their thin walled construction and. large surface area, friction rock bolts are more
susceptible to corrosion damage than conventional bolts. Additionally, austenitic stainless steels are
more ductile than conventional carbon steels, providing both high strength and ductility. Kaiser et
al. (1990) have advocated using stainless steel friction rock bolts to increase the useful life of rock
support systems.

Kaiser et al. (1990) also found that in addition to acidic mine waters, elevated humidity and
solubilized engine exhaust tend to increase the corrosion rates of carbon steel rock bolts. This is
consistent with the understanding of water being a prerequisite for corrosion. Sulfur dioxide in the
exhaust can cause accelerated pit corrosion. During their analysis of rock bolt longevity in Canadian
underground mines, Kaiser et al. (1990) determined the life spans of forged-head mechanical rock
bolts to be 18 to 240 months, averaging 68.7 months, while resin grouted bolts had lifespans of 18 to
60 months, averaging 38 months. Lifespans of Split Set and Swellex friction rock bolts ranged from
3 to 72 months and 3.5 to 120 months, respectively, with both averaging about 25 months.

Mechanisms to further prevent rock bolt corrosion include protectively coating the steel and
suppressing the electrochemical process. An example of a protective steel coating is zinc
galvanizing. Suppressing the electrochemical corrosion of steel involves cathodic protection. Zinc
or cadmium bars are electrically connected to the steel, causing it to act as a cathode and prevent
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corrosion. High-strength structural steels can be alloyed with copper and other elements to produce
high resistance to atmospheric deterioration. These steels develop a tight oxide that inhibits further
atmospheric corrosion (Mindess and Young 1980).

Steel can also be protected from the corrosion caused by moisture and temperature changes by
embedding it in shotcrete or concrete, as in the case of steel reinforcement bars. For worst-case
moisture and temperature conditions, the ACI Building Code (ACI 1989) specifies a minimum
concrete cover of about 75 mm for concrete "...cast against and permanently exposed to earth." The
minimum cover specified for precast concrete is 38 mm. The ACI Building Code also states that
denseness and nonporosity of protecting concrete shall be considered for corrosive environments or
other severe exposure conditions. These standard code provisions are not intended to deal with the
elevated temperature conditions or exposure durations in the repository environment; they are
referenced as a starting point for further analysis beyond the scope of this evaluation.

Degradation of the grout surrounding the rock bolts will be limited because the expected
temperatures are below those required to cause serious grout deterioration. (Section C.3.1 examines
deterioration mechanisms when grout is exposed to elevated temperature.) The rock bolts will be
protected from chloride-related corrosion (due to chloride ions in the grout) by appropriately limiting
the use of chloride-based set accelerators. Rock bolt and steel set deterioration should also be limited
by the protective coating of shotcrete or grout. Additionally, the dry conditions of the shotcrete or
grout environment will limit bacterial activity (further discussed in Section C.2.3).

C.2.2 Radiation Effects on Steel

Radiation hazards from the waste packages will come from different radiation types including alpha-
particles, beta-particles, and neutrons and photons (gamma- and x-rays) (CRWMS M&O 1994,
Section 6). The primary radiation from the waste package is neutron and gamma because the alpha
and beta radiation are stopped by the disposal container (CRWMS M&O 1995b). Neutrons and
gamma radiation can produce.ionization when they pass through materials because the energy of
these particles can eject electrons from the elements they contact. Organic compounds, such as
lubricants and electrical insulation, will suffer fragmentation that results in the formation of different
material, and integrated circuits in computer systems can be damaged. Metals such as steel are less
affected by such irradiation (ASM 1990). Generally, the only type of radiation emanating from the
high-level waste packages that may affect steel is the neutron field. The remainder, namely beta,
gamma, and alpha radiation, have no known significant effect upon the structural properties of steel.

Irradiation is described in terms of (1) the flux of neutrons striking the material, measured as the
number of neutrons per square meter per second (nf[m2-s]) and (2) the fluence, which is flux
integrated over time or the number of neutrons per square meter (n/rm. Based on a 1 00-year service
life for the underground facilities, the neutron fluence for a waste package has been conservatively
estimated to not exceed 22 x 102 nm2 (CRWMS M&O 1995b). This value is about 3.2 x 10 20n/m 2

for a 144-year service life, which includes retrievability preparation time and closure operations
(YMP 1994, Section 6.2).
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Radiation effects from the waste packages are not expected to be a design concern for steel materials
used in the emplacement drift, as reported in report title (CRWMS M&O 1995b):

Irradiation effects on steels include swelling, hardening, and embrittlement. Swelling is not
detectable at neutron fluences of less than 1 x 126 n/r 2 even in austenitic steel (ASM 1990,
p. 655, Figure 2), and ferritic steels, such as those expected to be used in the repository, are
much more resistant to swelling (ASM 1990, p. 656, column 3). Increases in hardness, and
thus strength, are not harmful. For a manganese-molybdenum low-alloy steel (ASTM A 302,
grade B), measurable embrittlement occurs at neutron fluences as low as I x 02 n/m2. For
fluences up to about 3 x 1 0 22 n/ 2, the effect appears to be approximately proportional to the
fluence. The increase in the ductile-brittle transition temperature, as measured by a 41 J Charpy
V-notch impact test, is approximately 25 x 1 022Km2 F, where F is the neutron fluence (ASM
1990, p. 659, Fig. 7). Because the neutron fluence over the service life of the underground
facilities is less than 2.2 x 10° n/r 2 (considering a 100-year service life), the expected increase
in the ductile-brittle transition temperature is not more than 0.6 K (0.8 K for a 144-year service
life).

In summary, the neutron radiation field expected from aiy single waste package is not expected to
exceed 2.2 x 102° n/m2 for 100 years (or 2.2 x 10' n/[m2-yr]) based upon estimated values from bare
fuel assemblies. This value is very conservative because in practice the radiation field would be
expected to be several orders of magnitude lower due to shielding from the waste package walls,
decay of radioactivity, and geometric divergence. Therefore, radiation effects are believed to be
insignificant and not expected to degrade the steel properties.

C.23 Biological Effects on Steel

In aqueous, oxygen-free, reduced environments, the lifetime of steel and iron material is diminished
by SRB. Although the deleterious effects of SRB have been demonstrated in both laboratory and
natural settings, special conditions that do not exist at the Yucca Mountain repository are required
for SRB to corrode steel. In addition to the anaerobic, aqueous environment, these conditions require
the availability of sulfate, an electron acceptor, and a carbon source.

Steel biodegradation occurs when SRB consume hydrogen during sulfate reduction. Iron immersed
in water releases Fe'-cations, and the metal surface becomes negatively charged by the remaining
electrons. The dissolving process continues only if the electrons are removed, for example by an
oxidizing agent. Under aerobic conditions, oxygen acts as an electron acceptor and rust is formed.
Under anaerobic conditions, the electrons left on the metal surface reduce protons, from the
dissociation of water, to hydrogen, which forms a protective layer over the submerged iron surface.
SRB oxidize the elemental hydrogen with sulfate as the electron acceptor. Removal of the hydrogen
protons by SRB disrupts the natural equilibrium and causes cathodic depolarization of the iron
surface (Cord-Ruwisch and Widdel 1986). The presence of liquid-phase water is critical to this
process. Elevated temperatures in the emplacement drifts will ultimately eliminate liquid water.
Concrete will be formulated with a sufficiently low water-to-cement ratio to prevent free water in
the pore spaces.
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In the laboratory setting, Desulfovibrfo (a hydrogenase-positive SRB) did not break down steel and
produce sulfide unless a favorable organic energy source, such as lactate, was present. Experimental
results indicate that the availability of organic electron donors may be an important factor
influencing the removal of cathodic hydrogen from iron surfaces; and anoxic aqueous environments
that arc rich in anaerobically degradable organic matter should be more corrosive than environments
that are mainly inorganic. In the natural environment, biodegradation of steel has been demonstrated
in off-shore oil pipes, sewage pipes, and oil tanks (Cord-Ruwisch and Widdel 1986) which meet the
above bacterial requirements. These requirements are absent within the waste emplacement drifts,
thus eliminating SRB activity.

SRB may penetrate the concrete and come into contact with the steel. The presence of oxygen,
excessively high temperatures, and inadequate sources of sulfate and carbon create an environment
hostile to SRB. In the absence of the specialized environment required for SRB metabolism,
corrosion of steel by SRB is expected to be limited.

C.3 CONCRETE

Concrete for ground support may be used in the following forms:

* Shotcrete - Full-circle structural lining, 100 to 150 mm thick; or to secure fractured rock,
less than 100 mm.

* Concrete lining - Pre-cast segments, cast-in-place, with or without reinforcement such as
steel bars, mesh, or fibers.

. Grout - typically to encapsulate and secure rock bolts, but also to consolidate and
strengthen the rock mass.

Additionally, concrete may be used for invert fill and waste package pedestals. Both of these
applications and most of those listed above were considered in the materials review documented in
Appendix A, Concrete Stability at Elevated Temperatures, of Repository Ground Control Evaluation
(CRWMS M&O 1995a). Conclusions from this literature review are summarized below.

Ground control measures typically emphasize rigid confinement of the supported rocks. Previous
thermomechanical modeling results have suggested that a ground support that provides light to
moderate confinement, yet still prevents rock loosening and fallouts, may be preferable. Rather than
design to resist a thermally induced stress, ground support components can be fabricated for ductility
and structural flexibility. An example of this type of component is fiber-reinforced concrete
(described below). The relatively low tensile strength of concrete is well known. In fact, tensile
stresses are expected to be carried entirely by the steel reinforcing bars (Mindess and Young 1980).

One development that improves the tensile strength of concrete is the use of fiber-reinforcing
additives. Mindess and Young (1980) define fiber-reinforced concrete as concrete made from
Portland cement which incorporates discrete fibers. Fibers suitable for reinforcing concrete include
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steel, organic polymers, ceramics, and asbestos. These fibers differ in both performance
characteristics and costs and are briefly described below.

* Steel fibers may be produced either by cutting wire, shearing sheets, or from a hot-melt
extract; they may be smooth or deformed in a variety of ways to improve the bond. Steel
fibers will rust at the concrete surface but appear to be very durable within the concrete
mass.

* Using iron as an admixture to function as either a fiber reinforcement or as an agent to
increase grout density is in contrast with using iron filings as a grout expanding agent,
which is not being proposed.

* Glass fibers are generally available as "chopped strand," where each strand may consist
of 100 to 4,000 separate filaments. Ordinary glass is not suitable for use because the highly
alkaline environment will attack and rapidly reduce the fiber strength. Glass fibers are
manufactured with significant amounts of ZrO2 which is highly alkali resistant.

Naturally occurring asbestos fibers have long been used with cement and water to
manufacture pipe and other building components. However, there are significant health
hazards associated with the production and handling of asbestos fiber.

* Most polymeric fibers, such as nylon and polypropylene, have lower elastic moduli than
concrete. Therefore, these fibers cannot increase the strength ofthe composite material and
may reduce the strength. They are effective in increasing the impact and shatter resistance
of the concrete.

* Kevlar, which is an aromatic polyamide, has both a high tensile strength and a high
modulus of elasticity and shows considerable promise as a reinforcement media, but is
very expensive.

* Carbon fibers also have a very high elastic modulus, tensile strength, and cost. Like
organic fibers, they are not attacked chemically by the cement.

* Natural organic fibers, such as sisal and jute, are cellulosic compounds and may not be
suitable for use. They have low tensile strengths and elastic moduli and tend to deteriorate
in damp or alkaline environments. Additionally, their ability to potentially support
bacterial activity prevents their usage.

* Typical properties of these fibers are shown in Table C-4.

The direct tensile strength of concrete can be increased considerably by the addition of appropriate
fibers. The increase is dependent on the aspect ratio of the fibers. The effects on flexural strength are
less clear. Some investigators (Mindess and Young 1980) have found both an increase in the first
crack strength and in the ultimate strength, the latter being up to three times the strength of plain
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concrete. A real advantage of fiber-reinforced concrete is that a certain amount of flexural strength
can be relied upon, even after some cracking of the matrix occurs.

A limitation of the information database is the behavior of fiber-reinforced concrete under elevated
temperatures and radiation flux. Arguably, little impact may be measured for a steel-reinforced
concrete. The behavior of other materials, including organic-based compounds, may be less resilient
under the high temperature and radiation environment of the waste emplacement drifts, as discussed
below.

Table C-4. Typical Properties of Fibers and Cement Matrix

Diameter Modulus of Tensile Elongation at
Fiber (Thousandths Specific Gravity Elasticity (GPa) Strength (GPA) Break (%)

of an nch)

Asbestos 0.02 -20 2.55 165 3 -4.5 2 - 3

Glass 9 -15 2.60 70 - 80 2-4 2-3.5

Graphite 8-9 1.90 240 - 415 1.5 -2.6 0.5 -1.0

Steel 5-500 7.84 200 0.5 -2.0 0.5 - 3.5

Poly-propylene 20 -200 0.91 5 - 77 0.5 -0.75 20

Kevlar 10 A5 65 - 133 3.6 2.1 -4.0

Sisal 10-50 1.50 0.8 3.0

CementmatriX 2.50 10-45 3-7x 104 0.02

C.3.1 Temperature Effects on Concrete

The review of temperature effects on concrete in Appendix A of Repository Ground Control
Evaluation (CRWMS M&O 1995a) found that:

At temperatures below 3000C, Portland cement does not lose enough strength (unconfined
compressive strength) to necessitate the substitution of a more thermally resistant material.
Consequently, Portland cement-based concrete with "standard" aggregate should be adequate
for all concrete used for ground support.

The Repository Ground Control Evaluation (CRWMS M&O 1995a) also reported that strength loss
of concrete at temperatures below 3000C is only about 10 to 15 percent. This lower strength level
is expected for the repository preclosure lifetime if the concrete is shown to be durable during the
initial months after exposure to elevated temperatures. The finding that concrete degradation occurs
within the first few months following waste disposal (or at least after significant temperature rise)
suggests that a testing program to determine concrete performance could be carried out relatively
early in the program.
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In regard to blast cooling of emplacement drifts, a cycle of heating and cooling (from about 2000C
to 500C in a matter of hours) is expected to result in a maximum strength loss of about 25 percent,
indicating that (even though the results are conservative for repository conditions) repeated cycles
of cooling and heating should be avoided.

If it is necessary or desirable to increase the strength and durability of concrete beyond the level
currently estimated to be acceptable for repository emplacement drifts, the following approaches can
be considered:

* Using a low water-to-cement ratio
* Adding reactive silica (for example, silica fume or rice hull ash)
* Using organic water-reducing admixtures
* Using high-alumina cement (for temperatures exceeding 3000C).

A Portland cement/fly ash waste-disposal form has been developed for low-level radioactive
materials. This product has mechanical, thermal, and radiation stability and relatively low actinide
and fission leachability (CRWMS M&O 1995a, Appendix A, Section 3.6).

C.3.2 Radiation Effects on Concrete

Although the exposure of concrete to elevated gamma and neutron fluxes can lead to measurable
deterioration, numerous studies have defined the radiation exposure limits of concrete that do not
result in significant loss in, for example, compressive strength. These limits are below the reasonably
predicted radiation exposures for concrete within the waste emplacement drifts during the retrieval
period.

Nuclear radiation can result in lattice defects within crystalline material, causing an increase in
brittleness. Formation of additional cross linking can also lead to embrittlement in polymers. Ionized
radiation may cause the loss of free or bonded water decreasing the hydraulic bonding strength
Finally, radiation may lead to the breakdown of atomic bonds. Attenuation of the radiation by the
material often causes its internal temperature to increase. As previously discussed and as
documented within the studies cited below, elevated temperature caused by radiative heating may
be an important mechanism causing a loss in concrete strength, perhaps the predominant strength-
loss mechanism. -

Granata and Montagnini (1972) showed that Portland cement-based concrete with a limestone
aggregate was resistant to integrated neutron fluxes of the order of 10" n * cm'. These specimens
displayed limited loss in compressive strength after exposure and concomitant heating to 125C.
Samples that were exposed to an integrated neutron flux of 1 0° n * cm2 were essentially destroyed.

Elleuch et al. (1972) also measured the effects of neutron flux on the properties of high-alumina
cement-based. concretes. They subjected serpentine aggregate-bearing concretes to integrated
irradiation fluxes (or fluence) of 2 x 1019 to 20(0 n * cb at energies above 1 Mev and at
temperatures on the order of 2000C. Compressive strengths were shown to be the same or only
slightly diminished relative to those that experienced only thermal cycling in the absence of
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irradiation. Although not directly a part oftheir study, these researchers also simultaneously exposed
the same concrete specimens to a gamma flux exceeding I x 10' rads, resulting in no measured
deterioration of compressive strengths.

Hilsdorf et al. (1976) summarized the results of several gamma and neutron irradiation concrete
exposure studies and concluded that most concretes are resistant to deterioration by neutron fluxes
of less than 1019 n * cm9. They report that Houben (1969) recommends the following maximum
irradiation fluxes for prestressed-concrete reactor vessels for a 30-year life:

* Thermal neutrons: 6 x 1019 n * c 2
* Fast neutrons: 2to 3 x 101n *cm2

* Gamma radiation: 1 x 101 rads.

Importantly, Hilsdorf et al. (1976) document that various aggregates that enhance the shielding
capacity of concrete (to protect workers) also enhance the concrete's resistance to radiation mediated
deterioration. Aggregates used in concrete are selected to attenuate either gamma or neutron
radiation. Increasing the density of a concrete of a given thickness increases the attenuation of
gamma radiation. Consequently, dense (or high specific-gravity) aggregates are selected. High
specific-gravity aggregates that may be used include barite, magnetite, ilmenite, hematite,
ferrophosphorus, ferrosilicon, and iron or steel shot or punchings. Use of these materials is not
without operational considerations. For example, the difference in the density between these
materials and the rest of the concrete can lead to segregation upon placement Ferrophosphorus also
tends to generate hydrogen gas upon reaction with the Portland cement, an issue that would have to
be addressed during design and operations.

Neutrons are attenuated by hydrogen-bearing compounds. Water is an effective attenuating
component of neutrons; however, concrete frequently does not contain sufficient water to result in
neutron capture. Consequently, appropriate aggregates are needed. Neutron-attenuating aggregates
that contain hydroxyl groups to aid in neutron capture include limonite, goethite, bauxite, and
serpentine. When hydrogen absorbs thermal neutrons, high-energy gamma radiation is released,
which also must be attenuated. Boron is an effective absorber of neutrons and also results in the
production of relatively lower energy gamma rays. Thus, various boron-containing compounds may
be used to develop neutron-shielding concrete. These boron-containing forms include boron glass,
borocalcite, colemenite, ferroboron, boron carbide, and boron frit. Water-soluble boron compounds
can act as a strong set inhibitor to cementitious reactions, a problem that would have to be addressed
(for example, by using a set accelerator). Descriptions of radiation-shielding aggregates and their
standard specifications are presented in ASTM C638-84 and C637-84, respectively.

Gamma radiation field strength at concrete surfaces within the waste emplacement drifts is
conservatively estimated at 10 (R/hr) (rems per hour) from a typical package. Based on an integrated
exposure over 144 years (YMP 1994, Section 6.2) and assuming no decay, this results in an
integrated exposure of 1.23 xl O Rat the concrete surface. This exposure is four orders of magnitude
below an approximate threshold of 1 x 101 R, above which, the measurable degradation of concrete
is predicted.
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Radiolysis can occur upon elevated exposure of water to gamma radiation. Elleuch et al. (1972)
measured 6,362 cn9 of gas per kilogram of irradiated concrete. Hilsdorf et al. (1976) report that the
gas evolved from irradiated concrete consists of hydrogen, oxygen, nitrogen, carbon monoxide, and
carbon dioxide. They report that this gas development has minimal effect on concrete properties.

This discussion has emphasized that sulfate-reducing bacteria are obligate anaerobes and that free
oxygen is lethal to their existence. The findings of Cember (1983) document that the production of
free radicals and oxygen (and oxygenated) compounds due to gamma radiation may impede this type
of bacterial development. This is in addition to the potentially lethal irradiated environment of the
waste emplacement.

When pure water is irradiated the following reaction occurs:

H20 H20' + e; with the positive ion immediately dissociating according to the equation:

H20 = H' + OH, while the electron is picked up by a neutral water molecule:

H20 + e = H 20, which dissociates immediately by the following reaction:

H 20-= H + OH

The free radicals H and OH may combine with like radicals, or they may react with other molecules
in solution. For example, the OH free radicals may combine together to form hydrogen peroxide:

OH + OH = H202

Whereas the above reactions produce free radicals with half lives on the order of a microsecond,
hydrogen peroxide, being a relatively stable compound, persists long enough to diffuse to points
remote from its point of origin. The hydrogen peroxide, which is a powerful oxidizing agent, can
thus affect molecules or cells that did not suffer direct radiation damage. If the irradiated water
contains dissolved oxygen, the free hydrogen radical may combine with oxygen to form the
hydroperoxyl radical, H + 02 = HO2, which is not as reactive, and therefore has a longer lifetime,
than the free OH radical. This greater stability allows the hydroperoxyl radical to combine with a
free hydrogen radical to form hydrogen peroxide, thereby further enhancing the toxicity of the
radiation. The dissociation of hydrogen peroxide by the reaction, 2H202= 2H20+02, results in a
strongly oxygenated solution lethal to SRB.

C.3.3 Biological Effects on Concrete

A concern has been expressed regarding the potential for bacterially mediated attack of sulfuric acid
on the concrete components used for ground support. The basis for this concern seems to stem from
the attack by sulfuric acid on a concrete cooling tower located in a New Zealand geothermal field.
Sulfuric acid is generated from the bacterially mediated oxidation of reduced sulfur species,
presumably primarily hydrogen sulfide gas. Hydrogen sulfide gas may be derived from the
geothermal brines. Sulfuric acid corrosion of concrete components is also well established in the
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crowns of concrete sewer tile. Bacterially produced hydrogen sulfide gas emanating from the
stagnant sewage collects in the moisture along the crown of the tile. There the hydrogen sulfide gas
is oxidized to sulfate ion along with the production of acid. Severe corrosion of the concrete can
result in this situation.

The predominant dissolved phase of sulfide ion will depend on the pH condition of the aqueous
solvent. At pH conditions less than about 7, hydrogen sulfide' (H2S) will be the predominate
dissolved form of sulfide ion. At pH conditions from 7 to 14, bisulfide ion (HS-) will be the
predominant dissolved sulfide phase. However, hydrogen sulfide, as used in this text, will denote
total sulfide concentration (or thermodynamic activity of sulfide ion), partially for readability of this
text but also because the specific pH conditions that may exist at any given moment or location are
uncertain.

Eglinton (1987) emphasizes that oxygen must be deleted to promote sulfuric acid chemical
deterioration of concrete. Loss of oxygen is required for the initiation of bacterial sulfate reduction.
Even within the organic-enriched sewer environment, diffusion of atmospheric oxygen can prevent
the production of bacterially mediated hydrogen sulfide, preventing potential sulfuric acid damage
to the concrete.

Attack of concrete by sulfuric acid is only documented in cases where anaerobic sewer conditions
prevail or where concrete is in direct contact with sulfidic soils or rock (Mindess and Young 1980;
Eglinton 1987). The literature does not describe any cases where concrete is attacked by oxidized.
hydrogen sulfide in the absence of organic wastes, extrinsic hydrogen sulfide, or pre-existing sulfide
minerals.

Literature describing bacterial degradation beyond that within stagnant sewers is lacking, which
suggests that bacterially mediated deterioration of concrete is isolated. Concrete is often exposed to
warm, organic-rich conditions. In spite of these favorable conditions, measurable bacterial
degradation is not recognized. Under certain inorganic chemical conditions, organic acids can cause
concrete deterioration. However, Portland cement-based concrete is also often resistant to attack by
various organic acids. For example, Eglinton (1987) reports that Portland-cement concrete tanks
have a reasonable life when used to store fermentation products that contain butyric, lactic, and
acetic acids (among others). These acids are present in fodder silage, aid the precast concrete staves
used in the construction of the silos are generally made with ordinary Portland cement. Similarly,
tanks made with ordinary Portland- cement concretes are used to distill residues containing lactic,
acetic, and other acids. Presumably, bacterial activity should be maximized in these warm, organic-
rich conditions, yet no reports of serious bacterially mediated attacks are documented.

Portland-cement concrete is also successfully used in manure trenches, such as those in barns,
without bacterially mediated deterioration. The absence of severe bacterial attack under these warm,
wet, organic-rich conditions further argues that bacterial deterioration of concrete is not a widespread
process nor is it inevitable. - i

The potential for sulfuric acid attack of concrete can be evaluated by examining plausible sulfur
cycles and assessing the applicability to the waste repository. The following analysis will show that

BOOOOOO)01717-570-=00O27 REV 00 Vol. II C-17 March 1996



sulfuric acid attack is very unlikely to occur because (1) the conditions at the site are not conducive
to hydrogen sulfide production and (2) empirical evidence demonstrates that hydrogen sulfide
production does not occur within saturated concrete.

The sulfuric acid attack discussed herein is differentiated from the more typical sulfate deterioration
that may occur when Portland cement-based products encounter unacceptably elevated sulfate
concentrations. The distinguishing factor between these two degradation mechanisms is that sulfuric-
acid attack, in addition to potentially resulting in sulfate deterioration of the concrete, is
characterized by acid dissolution of the cementitious calcium silicates, aluminate, and ferrite phases.
Expansive ettringite attack may also simultaneously occur with the sulfuric acid dissolution of the
concrete. Expansive ettringite attack can also occur under neutral or even alkaline conditions.
Ettringite attack can be mitigated by using the appropriate type of sulfate-resistant Portland cement
and a low water-to-cement ratio in-the concrete formulation.

Sulfuric acid attack requires the presence of a reduced sulfur phase (having a valance less than S6),
for example, hydrogen sulfide. Hydrogen sulfide can be abiotically or biotically produced. Abiotic
production requires elevated temperatures, such as in geothermal systems. Elevated temperatures are
required for abiotic reduction of sulfate ion to the sulfide form, due to the kinetic inhibition of sulfate
ion from participating in the oxidation/reduction reaction at temperatures below about 250'C (a
temperature above the maximum predicted for the waste emplacement drifts). Production of sulfide
ion from a sulfate source requires bacterial production at temperatures less than 250'C due to the
kinetic limitation of sulfate ion. Because most bacteria are rendered inactive at temperature above
about 80C and. are killed above 121IC, limited sulfide production occurs within the temperature
range of about 800C to 250'C.

Because biotic sulfide production requires anaerobic conditions, oxygen that is present must be
eliminated by rapid metabolic activity or limiting its transport or both. Rapid metabolic activity uses
substantial amounts of readily metabolizable organic carbon or carbon dioxide and other required
nutrients. Transport of oxygen in the subsurface (for example, through sediment or rock) is inhibited
by saturated water conditions. Oxygen diffusion is slowed by a factor of 10,000 times by saturated
or even near-saturated conditions in the subsurface relative to its diffusion in the atmosphere due to
the formation of water-filled pore connections. Consequently, it follows that bacterial sulfide
production is maximized in high-organic, saturated environments. A further requirement is a large
or renewable sulfate reservoir. Without a large or renewable sulfate reservoir, sulfide production
slows and ultimately ceases as the sulfate ion is consumed.

The conditions that promote sulfide-ion production were examined to assess the likelihood that
sulfuric acid will be generated in the waste emplacement drifts. The waste emplacement drifts and
surrounding area are not saturated. Additionally, organic carbon concentrations are low or
nonexistent, depriving SRB of its necessary carbon source. Because the fundamental requirements
for bacterially mediated sulfide production do not exist in the host formation, it is extremely unlikely
that sulfur-metabolizing bacteria will colonize the area. Consequently, only the potential for sulfide
generation within the waste emplacement drifts must be evaluated.

BOOOOOD01717-5705-OO27 REV 00 Vol. 6C-18 March 1996

-~er . . __1- olwpu"



The waste emplacement drifts lack significant metabolizable organic carbon. Organic carbon-based
components are specifically limited in use to minimize this potential. Additionally, minimal water
is anticipated within the waste emplacement drifts, which will prevent large volumes of saturated
material from developing.

Assuming that saturated conditions do develop within a concrete invert, empirical evidence suggests
that hydrogen sulfide is still unlikely to form. Portland cement does contain a small amount of
sulfate; gypsum is added to the components during the manufacturing process to regulate the
cement's setting characteristics. However, despite the presence of sulfate ion and possible saturated
conditions in the concrete, intrinsic hydrogen sulfide production is unknown in concrete. This is the
case even for submerged concrete. Oxidized conditions are maintained in concrete, even under
saturated conditions, because sulfidization or corrosion of reinforcement steel does not occur. This
reinforcement steel commonly.retains an oxide coating when encased within the concrete,
documenting both oxidizing conditions and the absence of hydrogen sulfide (or a dissolved sulfide
ion form) which would quickly react with the ferric oxide to form a iron sulfide phase (such as
mackinawite or greigite and ultimately transforming into pyrite) (Berner 1972).

An intrinsic sulfide source in the concrete will be prevented by limiting the sulfide content of the
aggregate used in the formulation of the concrete, a standard industry practice (Eglinton 1987).

To combat the effect of bacteria on concrete, numerous bacteriocidal admixtures have been
developed (Ramachandran 1984). Materials that are the most effective in imparting bacteriocidal
properties include polyhalogenated phenols, sodium benzoate, benzalkonium chloride, and copper
compounds. Addition rates range from 0.75 to 10 percent, by weight, of cement. An elevated
concentration of copper is required to kill SRB because hydrogen sulfide precipitates otherwise toxic
soluble copper as insoluble and less-toxic copper sulfides. Ramachandran (1984) reports that these
compounds result in the destruction of microorganisms both on the concrete surface and within the
matrix. The admixture's effectiveness is dependent on the method of incorporation into the mix. For
example, polyhalogenated phenols should be incorporated into the cement prior to blending into the
concrete mixture to ensure long-term effectiveness. Use of phenol-based compounds do not
adversely impact the strength development of the concrete (Ramachandran 1984).

The primary method of preventing bacterial attack by sulfide oxidation is to prevent the initial
bacterial production of hydrogen sulfide, which is best accomplished by continuously maintaining
oxidizing conditions within the drift. This process will be facilitated by preventing readily
metabolizable organic materials from depositing in the drift and minimizing the development offree-
standing water. These preventive activities are planned and will produce reducing conditions. The
development of free radicals by radiolysis and the subsequent production of hydrogen peroxide will
also limit the development of anaerobic conditions. Bacterial sulfate reduction is not observed to
occur in or on concrete in the absence of elevated concentrations of organic matter. Even with
elevated organic and carbon concentrations (for example, manure trenches), sulfate reduction may
not occur on or within concrete.

If a large amount of Portland cement-based concrete is used in the waste emplacement drifts, the
drifts' geochemical and biogeochemical conditions will be impacted. Not only should the potential
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effect of various bacteria on the concrete be assessed, but also the effect the concrete has on the
bacteria that may attempt to inhabit the concrete surface or matrix. Because certain bacteria are
sensitive to their environment's pH conditions, the pH-controlling processes that develop within
Portland cement-based concrete should be examined.

The hydration of Portland cement results in the sustained production of calcium hydroxide that is
available for reaction with pozzolanic materials (Mindess and Young 1980; Popovics 1992). This
reaction develops a three-dimensional cementitious framework which gives Portland cement-based
concretes their strength. Unreacted calcium hydroxide typically remains in the Portland cement-
based concretes. Calcium hydroxide and other alkaline components, including sodium and potassium
hydroxides and the aluminosilicates, contribute to Portland cement's residual alkalinity. Portland
cement may contain up to 0.5-percent, by weight, free lime in the form of nonchemically combined
calcium hydroxide (although this level is not specifically constrained by an ASTM specification)
(Mindess and Young 1980). Solutions with weak buffering capacity or that lack extreme acidity and
initially come into contact with previously unleached concrete often develop a pH of about 12. High
solubility of calcium hydroxide in aqueous solutions also contributes a high ionic strength to the
contacting solution. These conditions are not conducive to the growth of certain bacteria.

Although, under certain extreme conditions, bacteria can survive on or perhaps within concrete, a
major modification resulting in an acceptable microenvironment is necessary. This modification
typically requires the presence of an external source of gaseous hydrogen sulfide or the presence of
anomalous amounts of organic carbon, neither of which have been shown to be probable. This fact
further argues that deleterious bacterial activity on or within the concrete is unlikely.

Although presently not proposed, various inorganic oxidants are available as admixtures to increase
the oxidation capacity of the concrete and to prevent locally reducing conditions from developing.
These oxidants would augment the hydrogen peroxide and free radicals produced by radiolysis and
the oxidizing capacity of atmospheric oxygen.

The use of strong oxidants or the production of free radicals or hydrogen peroxide would not cause
the concrete or reinforcing steel to deteriorate (Elleuch et al. 1972). Concrete is composed of non-
electroactive components, with the exception of iron which has a protective oxide coating that is
already in its thermodynamically stable oxidized form. The ferric oxide is stable in the presence of
hydrogen peroxide and, consequently, would not react with this compound.

As noted earlier, sulfate reduction can develop, under certain conditions, under a ferric hydroxide
coating in a water-filled pipe. Using Fick's Law of Diffusion equation-based calculations, boundary
conditions for sulfate reduction under a ferric hydroxide mass can be established for a ferric
hydroxide coating exposed to the atmosphere under a thin water film. These calculations can
quantify the limits of oxygen diffusion and the minimum hydrogen-sulfide production rate. From
this information, the bacterial metabolic rate and the associated requirements can be defined.

Because SRB are obligate anacrobes, the complete oxygen consumption by reaction with hydrogen
sulfide is required to protect the bacteria. Since oxygen transport is limited by diffusion through a
ferric hydroxide layer, a one-dimensional diffusion limited transport model can be used.
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From Fick's First Law of Diffusion:

J = K ac/ax

Where: J = Flux Rate of Diffused Oxygen (In terms of unit mass per unit area per unit time)
K = Effective Diffusion Coefficient (assumed to 1 x 1046 cm2/s)

= Change in Concentration of Oxygen (Diffusion Gradient, assumed to be 7 ppm,
the solubility of 02 in 25 C water)

8x = Distance of Diffusion (assumed to be 0.3 cm)

Assuming a 1-cm2 area of ferric hydroxide:

J = 1 x 104 [7?glcrnI0.3 cm]
J = 2.33 x l0 5 g/cm2Is or 2.33 xlO"l g/cm2/s

which translates into 1.46 x 1012 moles O,/cm2 /s. Consequently, bacteria must produce at least this
rate of hydrogen sulfide to survive. This oxygen diffusion rate through the ferric hydroxide layer is
very high, in fact, it is too high to allow the sustained activity of obligate anaerobes, to whom
oxygen is poisonous. The production of hydrogen sulfide in nearshore marine sediments, which
represent an ideal environment with very high organic content and an abundant sulfate supply, has
been measured at 1.8 x 1 VI moles S/cm?3 /s (Berner 1972), or two orders of magnitude below that
required in the above scenario (assuming a thin sulfate reduction zone) to sustain anaerobic life. The
absence of either sulfate or organic carbon within the ferric hydroxide coating would prevent such
an accelerated hydrogen-sulfide production rate (as measured in the nearshore marine sediments)
from being established or maintained. Even in the unusual event that such a rate could develop, it
would be two orders of magnitude too slow to quantitatively consume the available oxygen, thus
killing the anaerobes.

In summary, the waste emplacement drifts will ultimately be a hostile environment for sulfate
reducing, anaerobic bacteria. Radiation will develop immediately after waste emplacement, followed
by lethal heating of the drift. The combined radiation and heat will pose lethal challenges to all
bacteria. The heat will dry the drifts, eliminating a water source for the bacteria. Even the most
thermophilic bacteria cannot withstand 160'C temperatures. Temperatures exceeding 800C will
develop in the drifts within nominally 25 years after waste emplacement, preventing any bacterial
activity for the remainder of the waste retrieval period. Autoclaving, a method of sterilizing
laboratory and hospital equipment by super heating it to 121C for 15 minutes, eliminates bacteria
regardless of their metabolic state (Rechart, R., Ph.D., personal communication with Laura Jantz,
Morrison-Knudsen, 9 November 1995). Consequently, even in an improbable worst-cast condition,
bacterial degradation can only occur for a short time immediately after waste emplacement.

C3.4 Potential Longevity of Concrete

Past research indicates that the waste emplacement drifts will be very hot and radioactive. Recent
research has also demonstrated that the predicted heat and radioactivity will not lead to accelerated
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deterioration of the concrete. Consequently, concrete should not have a shortened performance
lifetime.

Concrete and concrete-like products have been used successfully since antiquity (Mindess and
Young 1980; Eglinton 1987). Gypsum and lime were the first calcareous materials to be used as
mortar cements. The Egyptians used gypsum mortars (by calcining impure gypsum) in the
construction of the Pyramid of Cheops (about 3,000 B.C.). Lime mortars were later used in Egypt
during the time of the Romans (about 2,000 years ago). The Romans and the Greeks also produced
hydraulic limes by calcining limestone that contained argillaceous (clayey) impurities. They also
knew that certain volcanic deposits, when finely ground and mixed with lime and sand, yielded
mortars that were not only stronger than ordinary lime mortars but also were water resistant. The
Roman-constructed Pantheon, perhaps the best preserved building of the ancient world (dating from
the second century A.D.), was built primarily of concrete

The quality of cementing materials gradually declined during the Middle Ages; high-quality
cementing materials did not reappear until the after the fourteenth century. In 1756, John Smeaton,
who was commissioned to rebuild the Eddystone Lighthouse off the coast of Comwall, England,
determined that the best limestones for mortar contained a large proportion of clayey materials. The
mortar developed from these limestone allowed the lighthouse to stand for 126 years before it was
replaced with a more modem structure. After this discovery, Portland cement developed rapidly
through the nineteenth and twentieth centuries, and many structures completed during the nineteenth
century are still standing.

The examples given above document that concrete can successfully perform for extended periods
of time under a variety of environmental conditions. Direct extrapolation of concrete under any
specific set of conditions to the waste emplacement drift environment must be done with caution.
For example, an inappropriate analogy of deterioration would be a concrete cooling tower that
conveys hydrogen sulfide-bearing gases. The above examples do show that under certain
circumstances and lacking known degradation processes, concrete can last for extended periods of
time on the order required for the retrievability period.
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Figure 72.41. Waste Treatment Operations.
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APPENDIX E
SUBSURFACE EQUIPMENT DATA

Equipment Data Sheets: I
Transport Locomotive i
Transfer Locomotive
Emplacement Locomotive
WP Transporter

Locomotive Selection Data:

Transport Locomotive
Transfer Locomotive
Emplacement Locomotive

Rail Size Selection Data:

Emplacement Drift Rail
Main Drift and CrosscutTrurnout Rail
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PRELIMINARY DATA SHEET NO. 1

Name: Transport Locomotive

Service: A single locomotive to move a WP transporter from the Waste Handling Building
(at surface) to Emplacement Drifts (below surface). Tandem locomotives to move a
loaded WP transporter from the Emplacement Drift to the Waste Handling Building.

Operating Conditions:

I

I

it

1. Working Environment:

2. Temperature Range:

3. Elevation:

4. Tunnel/Drift Dimensions:
a. Diameter:
b. Grade:

5. Worst Case Load:
a. Type:
b. Weight:

6. Wheel Bearings:

7. Locomotive Dimensions:

8. Minimum Turning Radius:

9. Track Gauge:

10. Rail:

11. Rail Condition:

12. Power Source:

13. Battery Operation:

14. Operation:

At surface and below surface in tunnels and drifts

260C to 500C (79 0F to 122 0F)

Approximately 1,000 m to 1,200 m (3,300 to 4,000 fi) above
sea level

5.0 m (16 ft) minimum
Tunnel +1.5% to -2.5%, Drifts 0.75%

Waste package and WP transporter with two truck suspension
225 MT (250 tons) maximum

Roller

Approximately 6.7 m L x 1.8 m W x 2.4 m H

25 m (82 ft) for both locomotive and WP transporter

1.44 m (56/2 in.)

57.05 kg/in (115 lb/yd) American Railroad Engineering
Associates (AREA), on steel ties and concrete inverts

Dry and in good condition

Overhead trolley (250 volts D.C.) for travel in main drifts,
and battery pack for limited travel in cross cuts or turnouts

4 hours per day maximum

Two round trips per 8-hour day

I

i
i.

I
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15. Travel Distance: 4,000 m to 6,000 m one-way in main drifts, and 100 m
(approx.) one-way in cross cuts or turnouts

Equipment Requirements:

1. Description:

2. Maximum Design Grade:

3. Maximum Speed:

4. Control:

5. Coupler:

6. Approximately Dimensions
a. No. wheels:
b. Wheelbase:
c. Coupler to coupler

center:
d. Overall length:
e. Overall width:
f. Overall height:
g. Coupler height:
h. Operating weight:

Two electric mine service type locomotives, for both trolley and
battery operation with provisions, for single or tandem
operations.

Single locomotive +2% to -3%
Tandem locomotives :3%

8 km/hr (5 mph)

Manual and remote for operation in areas of high radioactivity

Standard with remote operation

and Weight:
Four (4)
2.54 m

7.7 m
6.7 m
1.83 m
2.44 m above rail
0.79 m above rail
32 MT (35 tons)

1. Removable battery pack

2. Self-contained battery charger

3. Remote control operation (possibly wireless)

4. Closed circuit TV for remote operation

5. Remote control operation for coupler and air brake connections to WP transporter

lNte: Above weights and dimensions are based on preliminary estimates and assumptions for
approximate sizing of the mobile equipment for ACD. These weights and dimensions
may change during subsequent design phases.

BOOOOOOO01717-5705-00027 REV 00 Vol. ME-4 March 1996
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U.S. Sppliers:|,

1. Goodman Equipment Corporation
(708) 496-1188 Fax: (708) 496-3939
Contact: Scott Rife

2. Jeffery Division of Dresser Industries
(614) 297-3123 Fax: (614) 297-3036
Contact: Randy Morris

I

3. Baco, Inc.
(412) 459-6814 Fax: (412) 459-0793
Contact: Jess Bartholow
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Name:

Service:

PRELIMINARY DATA SHEET NO. 2

Transfer Locomotive

To move emplacement locomotive on locomotive carrier from main drift to
emplacement drift

Operating Conditions:

1. Location:

2. Temperature Range:

3. Elevation:

4. Tunnel/Drift Dimensions:
a. Diameter:
b. rade:

5. Worst Case Load:
a. Type:
b. Weight:

6. Wheel Bearings:

7. Locomotive Dimensions:

8. Minimum Turning Radius:

9. Track Gauge:

10. Rail:

11. Rail Condition:

12. Power Source:

13. Battery Operation:

14. Operation:

15. Travel Distance:

Below surface in tunnels and drifts

261C to 500C (791F to 1221F)

Approximately 1,000 m to 1,200 m (3,300 to 4,000 ft) above
sea level

5.0 m (16 ft) minimum
Tunnel 1.5% to -2.5%
Drifts t0.75%

Locomotive carrier with emplacement locomotive
30 MT (33 tons) maximum

Roller

Approximately 4.4 m L x 2.0 m W x 1.6 m H

25 m (82 i) for both locomotive carrier and locomotive

1.44 m (56A2 in.)

57.05 kg/m (15 lb/yd) AREA, on steel ties and concrete
inverts

Dry and in good condition

Replaceable battery packs (one in locomotive, one on charger)

8 hrs per day, maximum

Two round trips per 8-hour day

4,000 m to 6,000 m one-way in main drifts, and
100 m (approx.) one-way in cross cuts or turnouts
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Eqlauip~ment Reauirements:

1. Description: An electric mine service-type locomotive for battery operation

2. Maximum Design Grade:

3. Maximum Speed:

4. Control:

5. Coupling:

5 km/hr (3.1 mph)

Manual and remote for operation in areas of high
radioactivity

Standard with remote operation

6. Approximately Dimensions and Weight:
a. No. wheels: Four (4)
b. Wheelbase: 1.5 m
c. Coupler to coupler

truck center: 4.8 m
d. Overall length: 4.4 m
e. Overall width: 2.0 m
f. Overall height: 1.6 m above rail
g. Coupler height: 0.79 m above rail
h. Operating weight: 10 MT (11 tons)

1. Removable battery pack

2. Self-contained battery charger

3. Rcmote control operation (possibly wireless)

4. Closed circuit TV for remote operation

5. Remote control for coupler and air brake connectors to railcars

=I: Above weights and dimensions are based on preliminary estimates and assumptions for
approximate sizing of the mobile equipment for ACD. These weights and dimensions
may change during subsequent design phases.
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U.S. Suppliers:

1. Goodman Equipment Corporation
(708) 496-1188 Fax: (708) 496-3939
Contact: Scott Rife

2. Jeffery Division of Dresser Industries
(614) 297-3123 Fax: (614) 297-3036
Contact: Randy Morris

3. Balco, Inc.
(412) 459-6814 Fax: (412) 459-0793
Contact: Jess Bartholow
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PRELIMINARY DATA SHEET NO. 3

Name: Emplacement Locomotive

Service: To move emplacement railcar loaded with waste package into emplacement
drift.

Operating Conditions:

1. Location:

2. Temperature Range:

3. Elevation:

4. Drift Dimensions:
a. Diameter:
b. Grade:

5. Worst Case Load:
a. Type:
b. Weight:

6. Wheel bearing:

7. Locomotive Dimensions:

8. Minimum Turning Radius:

9. Track Gauge:

10. Rail:

Below surface in emplacement drifts

261C to 500C (791F to 1220F)

Approximately 1,000 m to 1,200 m (3,300 to 4,000 ft) above
sea level

5.0 m (16 ft) minimum
+0.75%

Waste package and emplacement railcar
79 MT (87 ton) maximum

Sleeve

4.4mLx2.0mWx 1.6mH

25 m (82 ft)

1.44 m (56Y2.)

44.64 kg/m (90 lb/yd), American Society of Civil Engineers
(ASCE) on steel ties and compacted tuffaceous fill

Dry and in good condition

Replaceable battery packs (one in locomotive, one on charger)

8 hrs per day, maximum

Two round trips per 8-hour day

600 m maximum, one-way

11.

12.

13.

14.

15.

Rail Condition:

Power Source:

Battery Operation:

Operation:

Travel Distance:
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1. Description:

2. Maximum Design Grade:

3. Maximum Speed:

4. Control:

An electric mine service-type locomotive for battery operation

:10.75%

5 km/hr (3.1 mph)

Manual and remote for operation in areas of high
radioactivity

5. Coupling: Standard with remote operation

6. Approximately Dimensions and Weight:
a. No. wheels: Four (4)
b. Wheelbase: 1.5 m
c. Coupler to coupler

center 4.8 m
d. Overall length: 4.4 m
e. Overall width: 2.0 m
f. Overall height: 1.6 m above rail
g. Coupler height: 0.38 m above rail
h. Operating weight: 10 MT (1 I tons)

Features:

1. Removable battery pack

2. Self-contained battery charger

3. Remote control operation (possibly wireless)

4. Closed circuit TV for remote operation

5. Remote control for coupler and air brake connectors to railcar

Note: Above weights and dimensions are based on preliminary estimates and assumptions for
approximate sizing of the mobile equipment for ACD. These weights and dimensions
may change during subsequent design phases.
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A.

4

1. Goodman Equipment Corporation
(708) 496-1188 Fax: (708) 496-3939
Contact: Scott Rife

2. Jeffery Division of Dresser Industries
(614) 297-3123 Fax: (614) 297-3036
Contact: Randy Morris

i

Ii
6

i
3. Balco, Inc.

(412) 459-6814 Fax: (412) 459-0793
Contact: Jess Bartholow

i
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Nm:

Service:

PRELIMINARY DATA SHEET NO. 4

WP Transporter

To provide for shielded transport of waste package from Waste Handling
Building (at surface) to waste package emplacement drift (below surface).

Operating Conditions:

1. Working Environmerit:

2. Temperature Range:

3. Elevation:

4. Tunnel/Drift Dimensions:
a. Diameter:
b. Grade:

5. Load:
a. Type:
b. Weight:

6. Minimum Turning Radius:

7. Track Gauge:

8. Rail:

Above surface and below surface in tunnels and drifts

260C to 500C (790F to 1221F)

Approximately 1,000 m to 1,200 m (3,300 to 4,000 ft) above
sea level

5.0 m (16 ft) minimum
Tunnel 2.5%
Drifts 40.75%

Waste package railcar
79 MT (87 tons) maximum

25 m (82 ft) for both locomotive and WP transporter

1.44 m (56A in.)

57.05 kg/m (115 lb/yd) AREA, on steel ties and concrete
inverts

Dry and in good condition

Two round trips per 8-hour day

4,000 m to 6,000 m one-way

9.

10.

11.

Rail Condition:

Operation:

Travel Distance:
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1. Description: A rail-mounted shielded WP transporter for the transfer of
high-level radioactive waste packages.

2. Maximum Design Grade:

3. Maximum Speed:

4. Suspension:

5. Radiation Shielding:

6. Coupler:

7. Brakes:

8 1cm/hr (5 mph)

Two 4-wheel trucks with roller bearings

165 mm thickness carbon steel gamma shield and 300 mm air
gap between waste package and shielding

Standard with remote operation controlled from transport
locomotive

Air-operated brakes on all wheels with air reservoir

8. Approximately Dimensions and Weight:
a. No. trucks: Two (2)
b. No. wheels/truck Four (4)
c. Truck center to center: 3.7 rm
d. Truck wheel base: 1.8 m
e. Overall length: 8.4 m
f. Overall width: 2.7 m
g. Overall height: 3.9 m above rail
h. Coupler height: 0.79 m above rail
i. Operating weight: 225 MT (250 tons)

Special Featur:

I. The air brake system of the WP transporter to operate in both modes, manually and
automatically.

2. The WP transporter doors to be remotely controlled and operated.

3. -The WP transporter loading system, for transfer of the emplacement railcar, to be remotely
controlled and operated.

4. The mechanical parking brake to be remotely actuated and controlled from locomotive.

No: Above weights and dimensions are based on preliminary estimates and assumptions for
approximate sizing of the mobile equipment for ACD. These weights and dimensions
may change during subsequent design phases.
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Spplr:

i

i
I
I

i
Ii

I
I

1. Transfab, Inc.
(304) 736-5256
Attn: John Cardia

2. Robbins Co.
(206) 872-4539
Attn: Bob Moffat

3. National Engineering
(303) 295-3385
Attn: Marty Martin

Fax: (304) 736-8135

Fax: (206) 872-0199

Fax: (303) 295-6057

i

I

I
a

I

4. TWI Industries, Inc.
(412) 835-9400 Fax: (412) 835-6693
Attn: Charles Schultz

5. Muhlhauser Tunneling Equip.
(206) 813-0669 Fax: (206) 850-8315
Attn: Kent Smith
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PRELIMINARY LOCOMOTIVE SELECTION

SELECTION PROCEDURE

Tentative sizing of locomotives is based on selection procedure from:

Goodman Equipment Corp.
Mining Machine Sales Manual
Trolley Locomotive Calculations, Section 4068

where locomotive capacity is determined by the following equation:

where:

W x RI
2000 (K + .01) - (G x 20 + R2)

L = weight of locomotive (tons)
W = weight of trailing load (tons)
Rt - train resistance (lbton)

Rr + (G)(20)
R2 ' trailing load rolling resistance (lb/ton)
R2 = locomotive rolling resistance (20 lb/ton)
G grade (%)
K = Adhesion factor for driving wheels (0.25 for steel wheel on dry rail)

Rolling resistance is 20 lb/ton for trailing loads with roller bearings and 30 lb/ton for sleeve
bearings.

Transport Locomotive

Description: Class D combination electric mine service locomotive for primary trolley operation
and secondary storage battery operation, and equipped for tandem operation with an identical unit.

Selection Criteria:

Trailing load (W): 250 tons
Rolling resistance (Rj): 20 lb/ton
Grade (G): 42% Condition 1; d3% Condition 2
Speed: 5 mph
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Selection for Condition 1 (Single Locomotive):

L =XR
2000 ( + .01) - (G x 20 + R2)

R= R + (G)(20)
20 + (2)(20) = 60 Ib/ton

L = (250) (60)
2000 (0.25 + .01) - (2 x 20 + 20)

L 32.6 tons

Select a 35-ton locomotive (32 MT).

Selection for Condition 2 (Tandem Locomotives):

r _ Wx Rt
2000 (K + .01) - (G x 20 + R2)

R= R, + G) (20)
= 20 + (3)(20) = 80 b/ton

L (250) (80)
2000 (0.25 + .01) - (3 x 20 + 20)

L = 45.5 tons

Using two 35-ton (32 MT) locomotives in tandem will meet the requirements of this
condition.

Note: Above weights and dimensions are based on preliminary estimates and asswnptions
for approximate sizing of the mobile equipment for ACD. These weights and
dimensions may change during subsequent design phases.
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EMPLACEMENT LOCOMOTIVE

Description: A Class A electric mine service locomotive for storage battery operation.

Selection Criteria:

Trailing load (W): 87 tons
Rolling resistance (R.): 30 lb/ton
Grade (G): 10.75%

Selection:

Wx R
L = X R

2000 (K + .01) - (G x 20 + 2)

X = R + (G(20)
= 30 + (O.75)(20) - 45 Ib/ton

L = (87) (45)
2000 (.25 + .01) - (.75 x 20 +20)

L = 8.1 tons.

Select a 10-ton locomotive. The locomotive weight may be 10 MT or 10 tons, depending
on availability; either will satisfy the load requirements.

No: Above weights and dimensions are based on preliminary estimates and assumptions
for approximate sizing of the mobile equipment for ACD. These weights and
dimensions may change during subsequent design phases.
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TRANSFER LOCOMOTIVE

Description: A Class A electric mine service locomotive for storage battery operation.

Selection Criteria:

Trailing load (W):
Rolling resistance (R.):
Grade (G):

33 tons
20 lb/ton
*3%

Selection:

L =
2000 ( + .01) - (G x 20 + R2)

(tons)

R = , + (G(20)
= 20+(3)(20)=801bton

L = (33) (80)
2000 (.25 + .01) -(3 x 20 + 20)

L = 6.0 tons

I

I
I

I
I

Based on this calculation, a six-ton locomotive will be adequate. However, for reasons of
uniformity, a 10-ton locomotive is recommended. The locomotive weight may be 10 MT
or 10 tons, depending on availability; either will satisfy the load requirements.

Nte: Above weights and dimensions are based on preliminary estimates and assumptions
for approximate sizing of the mobile equipment for ACD. These weights and
dimensions may change during subsequent design phases.
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PRELIMINARY RAIL SIZE SELECTION

SELECTION PROCEDURE

Tentative rail sizing procedure is as follows:

1. Maximum wheel load is determined for the application.

2. Maximum wheel load is adjusted forthe speed using a speed modification factor from
Ref. 1.

3. Adjusted maximum wheel load and size is used with the appropriate table from Ref. 1
to determine minimum rail size and type required.

Ref. I Association of Iron and Steel Engineers (AISE) Technical ReportNo. 6. September 1991.
Specificationfor Electric Overhead Traveling Cranesfor Steel Mill Service.

EMPLACEMENT DRIFT RAIL

Service: Rail to provide for the placement of the WP/emplacement railcar by the emplacement
locomotive in the emplacement drift and the support of the WP/emplacement railcar in the final
placement position.

Selection Criteria:

The rail selection is based on the WP/emplacement railcar as the heaviest piece of equipment
operating on the track with the criteria as follows:

Equipment:
Emplacement railcar:
Waste Package Weight (max):
Total Weight:
Axles:
No. Wheels:
Diameter of Wheels:
Speed:
Safety Factor:
Rail Gauge:
Rail Support:

10 MT (22,000 Ibs)
69 MT (151,800 lbs)
79 MT (173,800 lbs)
2
4
0.46 m (8 in.)
S km/hr (3.1 mph) (275 fpm)
1.25
1.44 m (56Y/2 in.)
Steel ties on compacted tuffaceous fill
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Selection:

Design Wheel Load = 173,800 (1.25) = 54,312 lbs
4

From Ref. I (Table 11) for a speed of 275 fpm and an 18-inch-diameter wheel:

Speed Modiftcation Factor = 1.098

Adjusting maximum design wheel load for travel speed:

Maximum Design Wheel Load = (1.098) (54,312) = 59,635 lbs.

From Ref. I (Table 9) for 18-inch wheel and 60-pound rail:

Allowable Wheel Load = 61,430 bs.

Select the next larger rail size: 90 lblyd (44.64 kglm)ASCE rail

Note: Table 10 is based on wheels heat treated to 58 Rc minimum and rails heat treated
to 320 Bhn minimum.
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MAIN DRIFI AND CROSS CUT RAIL

Service: Rail to provide for transport of the loaded WP transporter from Waste Handling Building
at surface to subsurface emplacement drifts and other rail-mounted support equipment.

Selection Criteria:

The rail selection is based on the WP transporter as the heaviest piece of equipment operating on
the track, with the criteria as follows:

Mobile Equipment:
Total Weight (with Load):
No. Axles:
No. Wheels:
Wheel Diameter:
Speed:
Rail Gauge:
Safety Factor
Rail Support:

WP transporter
225 MT (250 tons)
4
8
0.61 m (24 in.)
8 km/hr (5 mph) (440 fpm)
1.44 m (56A in.)
1.25
Steel ties on concrete inverts

Selection:
i

Design Wheel Load = (250)(2000) (1.25) = 78,125 lbs.
S

From Ref. I (Table I I) for a speed of 440 m and 24-inch-diameter wheel:

Speed Modiflcation Factor = 1.122

Maximum Design Load = (1.122)(7X,125) = 87,656 lbs.

From Ref. I (Table 10) for a 24-inch wheel and a 104- to 105-pound rail:

Allowable Wheel Load = 87,750 lbs.

Select the next larger rail size: 115 lb/yd (57.05 kg/m), AREA rail.

Bale: Table 10 is based on wheels heat treated to 58 Rc minimum and rails heat treated
to 320 Bhn minimum.

Above weights and'dimensions for the selection of rails are based on preliminary
estimates and assumptions of the rolling stock for ACD. These weights and
dimensions may change during subsequent design phases.
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