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AN INTEGRATED DEGRADATION AND STRUCTURAL MODEL FOR PREDICTING THE SERVICE LIFE
OF BURIED REINFORCED CONCRETE STRUCTURES FOR LOW- AND INTERMEDIATE-LEVEL
RADIOACTIVE WASTE DISPOSAL

Erich R. Brandstetter, Ph.D. (INTERA, Inc.), Jim L. Lolcama (INTERA, Inc.) and Shawn R. Reed (Westinghouse
Savannah River Company)

ABSTRACT

The primary focus of this study was to determine the possible rates of roof and wall failure and the times to
structural collapse of the roof and walls of three vault designs at the Department of Energy's Savannah River Site
near Aiken, South Carolina. Failure was defined as a loss of ability to divert soil water around the vault. Collapse
was defined as the total loss of structural integrity of the vault. Failure and eventual collapse of the three vault
types results from concrete deterioration under stress, in the presence of corrosive soil water. Degradation rates
for reinforced concrete were utilized, and the resultant changes in properties (such as strength, thickness, cracking
and hydraulic conductivity) were evaluated. Baseline times to failure and collapse of the walls and roof components
were modeled, and sensitivity analyses were conducted to provide boundaries on these estimated times. Thus, the
goal of the project was to provide a bounding analysis of the time to roof and wall failure and potential collapse,
rather than an actual prediction of the time to failure and collapse.

INTRODUCTION

The E-Area Vaults (EAV), which are the focus of this study, are located at the Savannah River Site (SRS) in South
Carolina. The EAV designs which will be discussed in this report are the Intermediate Level Non-Tritium (ILNT),
Intermediate Level Tritium (ILT) and Low Activity Waste (LAW) Vaults. The nearest site boundary is about seven
miles to the west. The facility is in a relatively level highland region of the SRS at about 300 ft above sea level.

Closure of the vaults will be via below ground burial under about 9 feet of soil cover. The placement of the soil
cover and soil backfill around the vaults will re.suit in loading of the roof and walls of each unit. Chemical attack
on the buried reinforced concrete will weaken the concrete, and the roof and walls of each vault type could be

expected to fail and collapse over time. Failure is defined as a loss of ability to divert water around the vault.

This report presents the chemical degradation mechanisms which have been modeled for degradation of the concrete
of each of the vault designs, describes the structural design model and the approach for integrating these models
into one code, and finally, presents the results of the performance assessment calculations on the three vaults types
for baseline (base ease) and variant configurations of several of the design components.

DESCRIFI'ION OF TIlE CLOSED ILT, ILNT AND LAW VAULTS

Each ILNT Vault consists of seven cells or subdivided sections within the vault structure (Figure 1). The vaults
are subsurface concrete structures approximately 189 ft long, 48.5 ft wide, and 29.75 ft deep. Exterior end walls
are 2'A ft thick, side walls are 2 ft thick, and interior walls (between the cells) are l'h ft thick. All walls are
structurally mated to a base slab which is approximately 2=A ft thick and extends past the outside of the exterior
walls approximately 2 ft.

Each ILT Vault consists of two cells or subdivided sections within the vault structure. One cell will in most cases

be fitted with a silo system to permit the disposal of tritium crucibles. The ILT Vaults are structurally very similar
to the ILNT, with slight differences such as wall height and thickness of the (proposed) roof slab. The ILT Vaults
are approximately 57 feet long, 48.5 ft wide, and 28.5 feet deep. Wall arrangement, slab and slab base, and
concrete are all identical for the two-cell configuration ILT vault and the seven-cell configuration ILNT vault.

Each LAW Vaults consists of either two or three major subdivisions, or modules. Each module (Figure 2) is

approximately 214.5 ft long and 145 ft wide. Height of the vaults varies from approximately 26 to 27 feet. End,
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side, and interior walls of each module are all 2 ft thick. All walls are structurally mated to a 30-inch footer that
is continuous under all cells in each module.

A reinforced concrete roof is supported by prestresseA, concrete beams. The beams run between each wall the
length of the vault. The end walls of each module have recessed beam seats to support a beam end, and the interior
walls are equipped with bearing pads allowing beam ends to rest on the wall. The beams rest on elastomeric
bearings which allow the bases of the beams to move towards each other as soil load and progressive deterioration
of the structure causes the roof system to bend.

The slightly peaked roof is composed of 3th-inch thick, prestressed, concrete deck panels installed directly on the
roof beams providing a base for a 16-inch, cast-in-place roof slab. The roof slab has 2-in. wide expansion joints
between module walls. Each expansion joint has flashing installed to provide waterproofing. The roof slab is
covered with a bonded-in-place layer of fiberboard insulation and a layer of waterproof membrane roofing.

Final closure of the vaults consists of placing an earthen cover with an engineered clay cap over the entire 21-vault
area. The final closure cap will consist of a 2-foot thick compacted clay layer, on top of which will be a clay
geomembrane or clay/geotextile composite. This will be overlain wi3h a l-foot thick granular drainage layer.
Above the drainage layer will be a geotextile filter fabric. The uppermost layer of the closure cap will be a 2-foot
thick topsoil cover. The total thickness of the soil layer will be between 8.5 and 9 ft. In addition, in order to
reduce the hydraulic conductivity of the layered soil/vault system, a clay layer will be placed immediately adjacent
to the vault roofs.

MODELS OF CHEMICAL DEGRADATION AND STRUCTURAL ANALYSIS

The selection of chemical degradation mechanisms for concrete was based on a process of eliminating mechanisms
which demonstrated little or no effect under chemical conditions of the soil or concrete mix. The chemical

degradation models which were included in the assessment were: SO4 and Mg attack, Ca(OH)z leaching,
carbonation, and rebar corrosion in oxic and anoxic conditions.

The sulfate reaction products have considerably greater volume than the reactants. This causes the expansion of
the concrete which, in turn, results in cracking, spalling, and loss of strength. Empirical studies indicate that the
rate of attack by magnesium sulfate is twice that of sodium sulfate, and that the rate of attack is reduced by low
water to cement ratio and by low C_A content. The rate of surface loss due to sulfate attack was calculated
according to:

"0.55 ,(C m . Cs_)t , (Eq. 1)

where:

X = distance of corrosion into concrete (era),
C0 = C_A concentration in solid (mole/cm_), and

CM_= Mg concentration in solution (mole/cm3),
Cso4 = SO 4 concentration in solution (mole/cm3), and
t = time (s).

When concrete is exposed to water, constituents in the concrete are leached. As calcium hydroxide is leached, the
pH of the concrete can decrease to approximately 10.5. The loss of calcium results in a decrease in strength of
approximately 1.5 % for every 1% loss of total calcium content. The rate of calcium hydroxide leaching depends
primarily on the flow of water through the concrete, but also on diffusion into the surrotmding geology, and
diffusion across a reaction zone in the concrete. Atlonson and Hearne (1984) applied a shrinking core model to
calcium hydroxide leaching. This model assumes that removal of calcium from the exterior of the concrete is rapid
relative to movement of calcium through the concrete ('concrete-controlled leaching'). As an alternative approach,
Atkinson and Hearne also developed a leach model controlled by the surrounding geology ('geology-controlled
leaching'). Both analytic models have been added to the degradation model. The equations used to approximate
concrete-controlled and geology-controlled leaching, respectively, are:
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where,

i

Xc = depth of leach penetration due to concrete-controllod leaching (era),
X6 = depth of leach penetration due to geology-controlled leaching (cm),
Di = intrinsic diffusion coefficient of Ca++ in concrete (cm2/s),
Ci = Ca ++ concentration in concrete pore water (mole/cm_),

Ct, , - Ca++ concentration in ground/soil water (mole/cm3),
C. - bulk Ca+ + concentration in concrete solid (mole/cm_),

= porosity of soil (unitless),
Rd -- retardation coefficient (unifless), and
De - effective dispersivity/diffusivity of Ca++ in the surrounding geologic material (cm2/s).

A conservative estimate of the depth of leach penetration was obtained by summing Xc and Xo.

Carbonation is the reaction of carbon dioxide with cement to form calcium carbonate. Carbonation occurs most

aggressively when the concrete is less than fully saturated with water, allowing CO2 to diffuse through the air space
in the concrete up to the reaction front within the concrete. At the reaction front, CO 2 dissolves in pore water and
combines with calcium to precipitate calcium carbonate. From Walton et al. (1990), the depth of carbonation is
proportional to the square root of time. The rate of carbonation also depends on the moisture content of the
concrete and its relative humidity, and ultimately on the type of cement used in the concrete mix.

Carbonation does not render the concrete less durable. Some fully-carbonated Roman concretes has survived to
modern times. Shrinkage of the concrete may occur with carbonation as will a drop in the pH of the pore water.
Carbonation of hydrated Portland-cement pastes also results in reduced hydraulic conductivity and increased
hardness. The pH shift can be from over 12 to about 8. At this lower pH, enhanced corrosion of steel reinforcing
in the concrete may occur. The following analytic expression was employed for estimating carbonation rate in the
degradation model:

X - (2DI C---iXt)m , (Eq. 4)
Ct

where,

X = depth of penetration of carbonation (cm)
Di = intrinsic diffusion coefficient of Ca++ in concrete (cm:/s)

C_,. = total inorganic carbon in ground water or soil moisture (mole/era 3)
Ct = Ca(OH)2 bulk concentration in concrete solid (mole/era 3) and
t = time (s).

Corrosion of steel reinforcement results in a loss of strength due to loss of cross-sectional area of the rebar. In
addition, a reinforced-concrete structure may suffer structural damage due to the loss of the bond between steel and
concrete. Corrosion of the re,bar produces a reaction product of greater volume than the rebar. This expansion
exerts pressure on the concrete, and thus causes cracking and potentially spalling of the concrete structure, with
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consequent loss of strength. In the alkaline environment of standard concrete, the rebar is protected from corrosion
by the formation of a passivating layer around the rebar. This passivating layer, however, may be destroyed by
the diffusion of chloride ions to the embedded steel. Water to cement ratio and depth of concrete cover over the
rebar are the most important factors in concrete construction that effect the time to depassivation. The reaction rate
is generally limited by diffusion of oxygen through the concrete to the rebar, with oxygen diffusion increasing over
time as processes, such as calcium hydroxide leaching and sulfate attack, decrease the diffusion limiting concrete
cover over the re.bar. The time to onset of corrosion was approximated by:

129 X_aa (Eq. 5)
t° = WCR* CI°'42 '

where,

t_ ffi time to onset of corrosion (yr),
X, - thickness of concrete over rebar (inches),
WCR -- water-cement ratio in concrete Ocg/kg), and
CI - chloride ion concentration in groundwater (ppm).

The reaction then proceeds, with a loss of reinforcing steel volume approximated by:

4,9.4 sDiC,(t-t _) (F.q. 6)

RebarRemaining= 100 1 _ d2AX '

where,

s = spacingbetweenreinforcement bars(cm),
Di - oxygendiffusioncoefficientinconcrete(cm2/s),

C_ = oxygen concentration in groundwater (mole/cm3),
t = time (s),
d = diameter of rebar (cm), and

= depth of rebar below surface (in).

Another mechanism of reinforcing steel corrosion is via the anoxic corrosion. In this mechanism, H+ ion from the
water molecule is used as the source of oxidant for corrosion. If we assume a low, constant rate of anoxic

corrosion, then the relative volume of steel remaining is:

V_ 2at - d2 (Eq. 7)
V_ d2

where,
a = corrosion rate from anoxic corrosion reaction (cm/yr),
t = time (yr), and
d = diameter of rebar (cm).

Vm = volume of steel after H2 corrosion
V_ = initial volume of steel

Literature review of anoxic corrosion rates indicated a pH-dependance in the reaction rate. In the high pH range
of typical concrete, the reaction rate is on the order of 1.5E-4 to 1E-5 cm/yr. If the pH drops below approximately
9, the reaction rate increases to values on the order of IE-3 to 1E-4 cm/yr.

A bounding analysis for corrosion was utilized by combining the rates due to oxic and anoxic corrosion.
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Several of the degradation mechanisms will not operate under the conditions anticipated inside the vaults or will
occur so slowly that their net effect over the life of the vaults will be insignificant. Only anoxic corrosion is
anticipated as significant degradation process originating inside the vault.

STRUCTURAL/ENGINEERING ANALYSlS

The RCPC.DHelper models (Furlong, 1991) used as the basis for the structural analysis portion of this study are
available commercially through the American Concrete Institute Software Sales Department. The programs are
intended to serve as a design aid in accordance with governing design documents, the principle one of which is the
Building Code of the American Concrete Institute ACI 319-89. The Building Code is a strength design document
with considerations for serviceability, but the major consideration for design is the limit strength of reinforced
concrete members.

Strength design employs results from elastic analyses of frame re_onse to the many different types and
configurations of load that concrete structures support. An analytic routine known as the Portland Cement
Association Two-Cycle Method is used for the interpretation of worst effects from pattern loading on beams. The
analytic tools in RCPC.DHelper are just as appropriate for serviceability analyses as for strength design. The
RCPC.DHelper programs apply required load factors and incorporate appropriate reliability factors in the logic
required for design. These programs were modified to bypass load factors and reliability factors in order simply
to use response to service load forces (load and reliability factors = 1) for estimates of service load stress in steel
reinforcement and shear stress in concrete slabs. Steel stress was computed assuming that the concrete had cracked.

The program most appropriate for this study is the Continuous Beam program in RCPC.DHelper. That program
was prepared for design of floor beams in two-dimensional rigid frames. The vault study involved two structures
that consisted of roof slabs east as rigid and monolithic with supporting walls. The structure, represented by a unit
width of wall and roof slab, is a two-dimensional rigid frame. Distances between supports were adjusted such that
the actual clear distances between faces of framing elements remained the same as those in th_ finished structure.

Application to the ILNT/ILT Vaults

Because the ILNT and ILT vaults are virtually identical in their design, the same approach was used to analyze the
two structures. The only changes required were changes in input parameters such as height of the structure and
roof thickness. The structures were represented by a 1-fi wide span of walls and roof in the direction of maximum
stress. The direction of maximum stress in the short direction of each cell, or, for example, along the 189-fi length
of the ILNT vault. Hand calculations indicated that this approach is accurate to within approximately 3 % of the
full 2-way slab analysis. Parameter values were selected to correspond to the respective height, thickness, amount
of rebar, etc. in the walls and roof of each vault.

Stress in concrete and rebar was computed at the locations which experience the maximum stress: over the walls,
in the exterior face rebar, and at midspan, in the interior face rebar. After the stress in the rebar was calculated,
the roof components and walls may fracture in order to eliminate excessive stress which cannot be borne by the
degraded structure. When the stress in the rebar at a particular location exceeds 40 ksi, cracks are assumed to
penetrate the concrete. Crack width and spacing were computed as functions of the distance between the neutral
axis and the lower face of the concrete, the distance between the neutral axis and the center of the reinforcing steel,
the diameter of the reinforcing steel, the concrete cover over the reinforcing steel, and the strain on the reinforcing
steel.

When the stress in the rebar at a particular location reaches the yield strength of the rebar (60 ksi), the rebar will
yield. In most cells, yield strength is reached first at the midspan region. Excess moment is then transferred to
other regions in the cell. In the case of the midspan region reaching yield strength first, excess moment is
transferred to the regions over the walls. This, in turn, increases the stress levels in the rebar over the walls.
When the rebar reaches its yield strength at all three locations, a "hinge" is created. This will allow the roof to sag,

and it is presumed '.hat structural integrity will be lost at this point. Therefore, the point in time at which this
occurs has been defined as the time of collapse.



Application to the LAW Vault

The 3" thick prestressed slabs in the LAW Vault roof design serve to hold the cast-in-place slab, and are therefore
ignored in subsequent calculations. The soil and self weight (of the slab and the AASHTO beams) will cause the
beams to move on the elastomeric bearings. As the beams move, the upper ends of the precast girders remain
separated by a fixed distance at the slab atop the girders (Figure 3). Only the bases of the bearns move toward each
other, leaving at the end of each beam an angle of rotation each side of the supporting wall. The angle of rotation
remains essentially constant as long as the flexural stiffness of the girders remains constant under soil loading.
Based upon the soil load and self load of the slab and beams, a curvature (in the roof, over the walls) of 0.35
radians/inch was calculated. This will result in a stress of 2.8 ksi in the concrete, sufficient to crack the concrete.
The curvature was then used to calculate the moment in the slab, and stresses in the cracked concrete and rebar.

In the LAW Vault design, the stress level in the rebar increases relatively slowly as the structure degrades, and
generally does not reach the 40-ksi limit. Therefore, the depth of the neutral axis was calculated in order to
approximate the depth of crack penetration. As the structure degrades, the neutral axis, and therefore the cracks,
penetrate further into the concrete. When the depth of the neutral axis moves to within 1 inch of the interior surface
of the roof, cracks are assumed to penetrate the roof slab.

The roof slab has only 5 ft of unsupported span between the AASHTO beams. Prelilrfinary calculations indicated
that the 16-inch concrete slab can support soil loads across the slab even after significant degradation of the steel.
Therefore, collapse of the vault will be determined by the ability of the AASHTO beams to support the structure.
A moment arm calculation was used to calculate the moment at mid-span of the beams after soil loading. This was

then compared to the ultimate moment (the maximum moment that the system can support before collapse) of the
beams. Because the moment is approximately proportional to the steel area, the ratio of actual moment to ultimate
moment is approximately equal to the amount of steel area that can be lost before collapse:

Aaa = A_ * M_¢_ (Eq. 8)
M, '

where:

Ant = critical steel area (the minimum area of steel in the AASHTO beams which is capable of
supporting the soil load),

A_.., = initial steel area in the AASHTO beams (7.01 inch2),

Mwd = predicted moment in beam after soil loading, and
M, = ultimate moment in beam.

In the model, then, collapse occurs when the steel area in the beams is reduced to A_,.

The NAWY models (Nawy, 1989) were used to calculate loss in prestress in the beams due to elasticity loss, creep,

shrinkage and relaxation. The model predicted that 90% of the prestress loss occurs in the first 10 years after
release, and was in agreement with the prestress loss calculations by Tindall Concrete Georgia, Inc., the company
that manufactured the beams. A value of 22% prestress loss was used as a conservative upper bound in the above
calculations, based on calculations using the NAWY programs and on calculations by Tindall Concrete.

The LAW Vault walls were analyzed using the same RCPC-based code that was used for the intermediate level
vaults.

MODELING APPROACIt

Linking Between Degradation and Structural Models

The degradation submodel and structural submodel (modified RCPC) were combined, and a time loop was added
so that the state of the structure through time could be modeled. First, the structural submodel is run at time zero
on the (undegraded) structure. Next, the degradation submodel is run to determine the impact of degradation
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mechanisms on the physical state (thickness of concrete, diameter of rebar, etc.) of the structure using a user-
specified time step. This information is then used as input for the next run of the structural submodel. This process
of alternating between the structural and degradation submodels continues until the user-specified end of the
simulation (e.g., 1,000 years). The state of the structure is printed at a user-specified time interval (e.g., 50 years).

Hydraulic Conductivity

Walton (1993), presents a ealculational method for Effective Hydraulic Conductivity ('Kar) of the vault roof. This
method considers the adjacent porous media overlying the concrete roof, and allows the estimation of hydraulic
conductivity for the combined (cracked) concrete/soil system.

INPUT SUMMARY

Structural input essentially consisted of the dimensions of the vaults (wall height and thickness, roof span and
thickness), the size and spacing of the rebar, the depth of cover over the rebar, the compressive strength of the
concrete, and the yield strength of the rebar. Input required by the degradation portion of the model include
concentrations of corrosive components of the adjacent groundwater, concentrations of components in the concrete,
and reaction rates.

A baseline run was defined to determine a best estimate of the times to crack penetration and failure of the three

vault designs. In the baseline ease, average values of environmental parameters were used (for example, sulfate
concentration of the groundwater). Actual or proposed design parameters (such as rebar size or depth of soil cover)
were used. Where design parameters were variable (such as roof thickness in the intermediate level vaults), average
values were used. Soil loading in the baseline ease assumed a 9-foot depth of soil cover.

MODEL RESULTS

Because of the similarity of the ILNT and ILT vault designs, results will not be presented for the ILT vault. Figure
4 is a cross-section of the ILNT Vault after 400 years of simulated degradation. The sulfate attack mechanism has
removed an average of 0.19 cm from the surface of the concrete, and the rebar radius has been reduced from 1.25
cm to 1.05 era, from a #8 bar to a radius somewhat less than that of a # 7 bar. Figure 5 presents the effective
hydraulic conductivity of the ILNT Vault. Prior to crack penetration, the hydraulic conductivity remains that of
intact concrete, 10"t2m/s. When cracks penetrate the roof of the vault, the hydraulic conductivity of the (cracked)
concrete increases to a conductivity near that of the surrounding clay, 10.9 m/s, followed by a gradual increase in
hydraulic conductivity as crack apertures and the number of cracks increase, up to a theoretical maximum of 10 .9

m/s.

Table I presents a summary of the rebar stress for the baseline ease of the ILNT vault. Each column in the table
represents a particular location in the vault. In this summary presentation, rebar stresses are tabulated at each time
step for which an "event" occurs, with an event defined as crack penetration at some location in the vault, or
collapse of a ceil. Shading in the table indicates that cracks have penetrated at that location. A box created with
thick table lines indicates the time of roof collapse for each cell. Rebar stress in the roof span of the exterior cells
(cells 1 and 7 of Figure 1) over the exterior wall is much less than that over the interior wall of the same cell. In
the first interior cell (cells 2 and 6), this effect is mediated somewhat, and in the remaining cells the rebar stress
levels are equal over each wall for a given cell. The lower stress level over the exterior wall results in higher rebar
stress levels at mid-span of the exterior cell. Thus, crack penetration of the roof occurs first at mid-span of the
exterior cell (year 570), then over the first interior wall (year 675). Next cracks penetrate the roof above the
remaining walls (year 750), followed soon thereafter by crack penetration at roof mid-span in the remaining cells

(year 775). Cracks do not penetrate the roof over the exterior walls until year 1,000. The first cells to collapse
are the first interior cells (cells 2 and 6), in year 1,045, followed soon by the remaining interior cells in year 1,075.
The exterior cells collapse in year 1,125. Cracks penetrate the walls at mid-height in year 800, and near the top
of the vault in year 1,050. Stress levels at the bottom of the walls have not reached the levels indicative of crack
penetration at the point at which the roof has collapsed in all cells (year 1,125).
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Due to the different design and consequent different approach to the analysis, the same type of table cannot be
generated to summarize the LAW vault progression through failure and collapse. While crack penetration in the
walls is indicated in the same manner (i.e., rebar stress above 40 ksi) as in the intermediate level vaults, crack
penetration in the roof is indicated by depth of the neutral axis. Collapse is indicated by the area of prestressed steel
in the AASHTO beams dropping below a critical level. The scenario can be described as follows: Cracks penetrate
the roof due to curvature over the walls in year 1,420. Next, cracks penetrate at the top, mid-height, and bottom
of the walls in years 2,015, 2,235 and 2,300, respectively. Finally, prestress steel loss is sufficient to cause collapse
of the roof in year 3,110.

SENSITIVITY ANALYSIS

Calcium hydroxide is one of the primary buffers that contribute to the high pH of concrete. Low calcium hydroxide
concrete is used in the E-Area vaults, and calculations determined that the pH of the E-Area Vault concrete is
approximately 8. Therefore, the only degradation mechanisms that apply to the concrete are oxic and anoxie
corrosion of rebar, and sulfate attack. While varying the parameters relevant to the sulfate attack mechanism caused
noticeable changes in the amount of surface loss due to sulfate attack, the impact on steel stress was minimal. The
oxic corrosion rate has a slightly greater impact on steel stress, but the anoxic corrosion rate by far dominates the
rebar corrosion. Thus, for low-pH concrete in the Savannah River Site environment, the only degradation process
of interest in terms of the sensitivity analysis is anoxic corrosion of rebar. This process is modeled using only one
parameter, the anoxie corrosion rate. Therefore, this parameter was selected for inclusion in the uncertainty
analysis. It is important to note that the low-pH assumption is generally eonservati_ e, in that most degradation
mechanisms proceed at higher rates in the low-pH environment.

After a preliminary sensitivity analysis, depth of concrete cover over rebar, rebar diameter, size of AASHTO beams
(LAW Vault only), concrete strength, and depth of soil cover over the vaults were selected for detailed sensitivity
analysis. Design constraints limited the range of allowable cover to between 1_Aand 3 inch. Rebar diameter was
varied approximately to the minimum and maximum allowable according to ACI 318. The limits varied between
vaults and between walls and roofs depending on the values of the relevant design parameters. Standard AASHTO
beam sizes were used in the sensitivity analysis. Because changing the size by only one increment is very significant
both in cost and in strength of beam, only types III, IV, and V beams were analyzed for the sensitivity analysis.
Finally, a minimum soil cover of 8 ft is required to meet performance requirements. This was varied up to a
maximum of 16 ft.

In the sensitivity analysis, the firs_..3t,t/me of crack penetration of the roof of the intermediate level vaults is reported,
and the firs..._.3tcell to collapse. Crack penetration of the walls at mid-height was used to indicate crack penetration
of walls.

For the LAW Vault, collapse is indicated by prestress steel in the AASHTO beams reaching a critical level.
Therefore, observing changes in the area of prestress steel will provide the determination of time to collapse. Crack
penetration of the roof is indicated by the neutral axis approaching to within 1 inch of the bottom of the roof slab.
As in the case of the intermediate-level vaults, crack penetration at mid-height of the walls was selected to indicate
crack penetration of the walls.

Thus, for each vault, three critical output parameters have been selected on which to base the sensitivity analysis
of the six input parameters. The output parameters can be used to determine the time to crack penetration of the
roof, time to crack penetration of the walls, and collapse of the vaults.

Table II and Table III summarize the pivotal times (time to crack penetration of the roof, time to crack penetration
of the walls, and time to collapse) for each sensitivity run. For the LAW Vault, differences existed in some of the
parameters between the different vault components, and these differences are indicated in the left-hand column of
Table III.

ILNT Vault Sensitivity Analysis
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All pivotal times are sensitive to anoxic corrosion rate (Figure 6). Varying the corrosion rate over a range of one
order of magnitude changed the pivotal times by an order of magnitude as well. The change in pivotal times is very
close to proportional to the ratio of the baseline corrosion rate divided by the new corrosion rate. Increasing the
corrosion rate from 5E-4 to 1E-3 changed the time to collapse from 1,045 years to 525 years, a decrease of 525
years, and decreasing the corrosion rate to 1E-4 increased the time to collapse to beyond the 3,000-year length of
the simulation.

Altering the depth of the soil (Figure 7) has less impact on the pivotal times. Decreasing the soil cover from 9 fi
to 8 fi increases the pivotal times by approximately 50 to 100 years. Increasing the soil cover to 12 fi decreases
the pivotal times by approximately 200 years, and increasing to 16 ft decreases the pivotal times by 300 to 400 years
from the baseline values.

Changing the re.bar size (Figure 8) has the potential to create large changes in the pivotal times. Reducing the bar
size to #6 would reduce the time to collapse to 425 years. Using a #7 instead of the present #8 would result in
collapse after 735 years. Increasing the rebar size has similarly dramatic effects. Using #9 rebar would increase
the pivotal times to on the order of 1,000 years, and #11 to on the order of 2,000 years.

Depth of concrete cover over the re.barand concrete strength have little impact on the longevity of the low-pH
vaults.

LAW Vault Sensitivity Analysis

Figure 9 shows the results of the sensitivity of time to roof collapse of the LAW vault for both anoxie corrosion

rate and depth of soft. The curves represent the area of prestressed steel remaining for different anoxic corrosion
rates, as a function of time. The horizontal lines indicate the area of prestressed steel required to support different
depths of soil. The intersection of a curve with a line, then indicates the point in time at which collapse will occur
for a given combination of corrosion rate and soil depth. To interpret the impact of anoxie corrosion rate, consider
the horizontal line corresponding to the baseline soil depth (9 ft), and disregard the other horizontal lines. This line
indicates jte rebar area necessary to support the weight of the vault and 9 ft of soil. When a particular curve
crosses that line, that point in time is the time of collapse for that anoxie rate and the baseline (9 ft) depth of soil.
These are the times that are presented under "Anoxic Corrosion Rate" in Table HI. The proportionality between
corrosion rate and time to collapse is maintained here as well, but not quite as close as in the other cases. At the

highest corrosion rate, collapse is predicted at 1,600 years, and, at the lowest rate, the vault did not collapse prior
to the end of the 10,000-year simulation.

T:, examine the impact of soil depth on collapse of the vault, return to Figure 9. This time, consider the baseline
azaoxie rate (8E-5) curve only, and neglect the other curv,_. When the baseline curve crosses the horizontal line
for a particular soil depth, that indicates the time to collapse for that depth of soil. These are the values tabulated

in Table HI under "Depth of Soil Cover" (of course, other corrosion rate/soil depth combinations can also be
interpreted from this graph). At the minimum depth of soil, roof collapse increases by almost 200 years, and at
the maximum, decreases by over 1,000 years.

Figure 10 illustrates the impact of using different sized AASHTO beams on the time to collapse, using the same
format as Figure 9. The curves for various anoxic corrosion rates have been retained in order to maximize the

amount of information available in the graph. In Figure 10, however, the horizontal lines represent the area of
prestress steel required to maintain the structure for the different sizes of AASHTO beams. Using a larger beam
results in a smaller requirement in terms of the area of prestress steel required. Using the baseline anoxic corrosion
rate, changing the beam size changes the time to collapse by approximately 300 to 400 years.

SUMMARY AND CONCLUSIONS

From the calculations in this study, we have concluded that concrete strength, and, for the low-pH concrete being

used in the E-Area vaults, depth of concrete cover over the rebar, have little impact on the vault performance.
Depth of soil cover can alter the service life of the vaults on the order of hundreds of years, and rebar size can alter
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the service life of the vaults on the order of hundreds to thousands of years. Changing the size of the AASI--ITO
beams in the LAW Vaults will change the time to collapse of the vaults on the order of several hundred years.
Using a smaller beam, however, is not recommended (unless beam spacing is decreased appropriately), as stress
levels in the roof-slab-rebar over the walls will result in crack penetration of the roof upon soil loading.

This study has demonstrated a capability to estimate the degradation of the E-Area Vault structures and to utilize

information on the degraded vaults to predict the times to failure (loss of ability to divert water) and collapse of the
structures. The primary source of uncertainty in the model is the rate of rebar corrosion due to the anoxic reaction,
which results in uncertainty of approximately one order of magnitude. The code has potential for application as
a design aid tool for below-ground concrete storage facilities. The current mandate at DOE facilities to move in

the direction of below-ground disposal in concrete-engineered structures makes this code a potentially important
performance assessment tool.
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Table I. Summary of Rebar Stress (ksi) in ILNT Baseline Scenario

Time Walls Exterior Ceil First Interior Cell Central Ceils (1_

(years)
Bottom Mid- Top Over Mid- Over over Wall Mid- Over Wall over Mid- Over

Height Exterior Span Interior Towards Span Towards Wall Span Wall
Wall Wall Exterior Interior

575 16.0 31.3 23.4 23.4 iiii!L:::_ii+ii!::iii!i::iiiii:i36.7 36.2 33.1 33.9 33.9 33.1 33.9

iiii;iiiiiiii::ii;::ii_;iiiiii::!iii!iI!!!!!_::ii!ii::ii!ili!i!iii!iiii!iiiiii!::iii::ii_iii_:i_ii! 36.8 37.6 37.6 36.8 37.6675 17.8 34.8 25.9 25.9 !.!!_!.i::.i._!.!._._.i_:!__!_!::_!_:i!_!!::!!::i::i}!!::I.............................................................

.................................... iiiiiiiiiiiiiiiiiiiiii!i i !i!iiiili!......iiii{i it_:ii_iiii!:iiiiiii_i:i:_:i..............................................
750 19.3 37.8 28.1 28.1 ::::::_g_6::::i::!::::_!_t:_i::i_!l:_:::_::_:::_::¢:::_::i::i_!::i::_3_61i::!!iii_i!!i!ili!!_ 39.9 _!_: i 39,9

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::+:......,...-.-...-.-.-..-, : ::::::,-:::-.:::: =============================:::: 9 :" :;: ::-":.: : i : : i:: : : ; "::: : : <: "::'i _i

!i_:_i?i_i_;ii);!i_:5.:_;i??;i);:_ii}}ii ii_ ; ;?ii?i)!_i+_;:Ii:-!:i:::::iii_210!:!i_)!iiii)!i!?i::ii!ii!i;;::::::::::::::::::::::::::i::i_iti_l%::!::i!::iii::i:i_?0.;ii::i::i::i:,:

775 19.8 38.9 28.9 28.9 ::::::::::::::::::::::::::::::_;_;_;_;_i`_i_;_;;;_;_;_;_ :iiiil;;iii:;::i::i:;iliiiiii:;i:i::;iii:i;iiiil;i;:iiiiiiiiiiiiil;iii_iiiillil;iiiiiiiiiiiiil;iiiiiiiiiiiiiiil;800 20.4:40_O;2;!;:!iii!i_;iii 29.8 29.8
::::::::::::::::::::::::::::::::: :::::::::::::::::::::: ============================= I: : : ;';i:l :': :':':':I;':-:l:1:1 :': :':l:l:':':l:l:l:l:I i: :I I :I:'i" ":1 1 : : - . . . II ...... I ................................................ . ............ I

.!:!:ii:_!!_i!i:i::_ii!i:iiiii:i}:!ii!!i_:ii:i: •......................................................' [ ]1,000 26.1 .i:iS:11!_iii!iiii:.:!i!_ii:iii 38 | i!ii_!i!_!iiii}iii;i!iiii!iiiiiii!!ilil, i}ii_!i_iii}i;iiii)i::i ..... iiii:iii_.:i:i!_.H[iiii:!:iiii:i!iiiiiii:i:i:i:ii!:i:!:!:!:i:!:i:i::iii _!iiiii<i: ::::i:i!:i:i.: .!Jiii:i:i:iiiiii!i!!iiiiiiiii!iii ii:.!iiiiiii!i::iiiiiiiiii!i::ii!iii:i[i• ================================================:.:.:.:.:+: ======================: :::::. ":-.:::!::i?:i::!iii!!!:ii i i!!_::::::.-:*-:::::!!!ii_:!_{!:!!!i i:::::::!:: _:-:: :: :: ===================================:- ::::::::::::::::::::: ::::-:::.:::.::...:: :::::<::..:: :2:+:..<.:: ::::::.:::::::::.

Illlllll I

ili!i_Ii_!_iiiiiiii;iiiiiii::_:0:.iiii!iii;::iiiiiiiiii6:I!_Siiii::!i:

_::ii_!:ii_:!ii:_:iii!_:i::i_ii:_i::i_i_ii_,:i_!i':i:_iiiii_iiiiii_i',!iii!!ii',i',iii_ii!!!iiiiiiiiiiiii!ilii!ii',!',i',i':'_,i!',!ii',',!i_;iiiii!iiii!!i',_',!_',i':,!iiii',',!'_iii!i'_',!!iii',i_i!',i:....................................................................................................................
:::iii_i:_::_:_:!i::i :!_:5_:5:_:.::iii:.i:]:ll........................................L....................l:: :_:::':::..................

1 125 31.4 i60iOi!:!:i!!iii: 56 ....ii:i :iiii!!:.;::::":_:'i:!i_iii!i!_:i_iii..........._!!i:!ii: :!_ :i::!_ii!i:!_!i_i:_!!

(1) "Central Cells" refers to cells 3, 4, and 5 in ?.



Table H. Summary of _ Vault Sensitivity Analyses

Scenario Cracks Penetrate Roof Cracks Penetrate Walls Roof Collapse
(Mid-Height)

,.', ._, .... ,: ........ _ ::_

Baseline 570 800 1,045
,.,

A,a, _,'_- .H.ydr-ogea__ Corrosion Rate (Baseline = 5E-4 cm/yr)

1E-3 285 400 525
, , .,, . .....

7.5E-4 380 535 700

2.5E-4 1,130 1,590 2,075
,,mm.

1E-4 2,775 3,000+ 3,000+
,_ _ .., =, = . __ , ....

Depth of Soil Cover (Baseline = 9 feet)
.... ,, __ q

8 feet 680 850 1,130

12 feet 400 590 925
... __ ,., ,.,

16 feet 130 360 725
..... _ ,.,

Rebar Size (Baseline = #8)
.,,. .... _ ,...........

#6 0 175 425
,,,

#7 250 485 735
,.. _ m __

#9 875 1,105 1,350
.....

#11 1,785 1,965 2,150

#18 3,000+ 3,000+ 3,000+

Depth of Concrete Cover Over Rebar (Baseline = 2%")
.,. ,.

1l/z" 600 825 1,060
,,..,

3" 550 780 1,030

Concrete Strength (Baseline = 4,750 psi)

3,000 psi 570 800 1,040
,

6,000 psi 570 800 1,045

A "+" indicates that the event did not occur prior to the end of the simulation.
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Table III. Summary of LAW Vault Sensitivity Analyses

Scenario Cracks Cracks Penetrate Walls Roof

Penetrate ...... I CollapseRoof Top Mi{t-Height BottomI
__ 2: ,, ,. _. _- . T .

.Baseline 1,42oI,..,...... . 2,015 2 '235, I 2,300 3,110 I
Beam/Roof & 4_o x;_ I:l_n Corrosion Rate
Walls (Baseline = 8E-5/5E-4 em/yr)

1.5E-4/1E-3 710 1,010 1,150 1,150 1,600

1' 15E-4/7'5E-4 .....950 1,350 1,550 1,550 ....2,100
.... .,,

4.5E-5/2.5E-4 2,820 4,000 4,480 4,550 5,400
,_

1E-5/1E-4 6,900 9,750 10,000+ 10,000+ 10,000+
.... ,' ,,,_

Depth of Soil Cover (Baseline = 9 feet)
,,, ,,

8 feet 1,420 2,100 2,360 2,410 3,290

12 feet 1,420 1,900 2,185 2,235 2,610
,,,,,

16 feet 1,420 1,730 2,050 2,115 2,060
...... ,.......... ,,, , ' ,.,

Walls/Roof Slab Rebar Size (Baseline = #10/#6)
_ ,,.. _ ,,, .,,

#7/#5 1,120 - 1,100 1,325 1,400 3,110
, ..,, ,.,

#9/- - 1,700 1,940 2,000 3,110
, .,, , ........

#14/#8 2,020 (3,150) (3,410) (3,450) 3,110
,.,.,

#18/#14 (3,800) (4,440) (4,710) (4,750) 3,110
,,,., ,1

AASHTO Beam Size (Baseline = Type IV)
,., ,,,,,

Type HI 0 2,015 2,235 2,300 2,700
__ _ .,,.,, __ ,,.

Type V 1,420 2,015 2,235 2,300 3,430
: v :2 :: '-?.' "

Depth of Concrete Cover Over Rebar (Baseline = 2%")
.. , .,.

lib" 1,420 2,015 2,250 2,300 3,110

3" 1,415 2,015 2,250 2,300 3,110
,, '?,

Concrete Strength (Baseline = 4,750 psi)
,., ,.....

3,000 psi 1,420 2,015 2,235 2,300 3,110

6,000psi-..... 1,426 - 2,015 2,23'5 2,300 3,110

A "+" indicates that the event did not occur prior to the end of the simulation.
Values in parentheses 0 indicate that roof collapse will occur prior to the indicated crack
penetration.
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