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Steve Fink 
U S .  Army Corps of Engineers 
201 North Third Avenue 
Walla Walla, WA 99362-9265 

Department of Energy 
Ohio Field Office 

Fernald Area Office 
P. 0. Box 538705 

Cincinnati, Ohio 45253-8705 
(51 3) 648-31 55 

NAY 2 9 1997 
DOE-0994-97 

( -  
Dear Mr. Fink: 

TRANSMITTAL OF COMMENTS ON THE DRAFT ENVIRONMENTAL MANAGEMENT-PHASE 2 
REPORT 

The purpose of this letter is twofold. First, I would like to  express my appreciation with 
your team's effort in evaluating the scope and preconceptual cost for Operable Unit 4 
(OU4), at the Department of Energy, Fernald Environmental Management Project 
(DOE-FEMP), as part of Project Environmental Management (EM)-Phase 2 t o  identify project 
improvements and potential cost savings. 

Secondly, this letter transmits the DOE-FEMP's comments on the draft Project EM-Phase 2 
Report, Fernald Environmental Management Project Critical Analysis of Operable Unit 4 
Vitrification and Potential Alternatives. Please revise the report to  address these comments 
or incorporate them as a separate enclosure t o  the report. 

If you have any questions concerning the enclosed comments, please contact 
Dave Yockman at (513) 648-314, or me at (513) 648-3101. 

FEMP:Yockman 

Enclosure: As Stated 

Sincerely, 

Jack R. Craig 
Director 
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cc w/enc: 

. .  S. Farrell, EM-1 
V. Fayne, EM-40 
J. Fiore, EM-40 
D. Maynor, DOE-OH 
D. Paine, FDF/52-4 
AR Coordinator, FDF/78 

cc w/o enc: 

N. Akgunduz, DOE-FEMP 
G. Griffiths, DOE-FEMP 

S. Peterman, DOE-FEMP 
J. Reising, DOE-FEMP 
B. Heck, FDF/52-3 

D. K O Z ~ O W S ~ ~ ,  DOE-FEMP 
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Applied Decision Analysis, Lnc., (ADA) was contracted by Fluor-Daniel Fernald (FDF) to 
help develop and apply a decision model to aid the selection of a path forward for the Silos 
Project. The work was conducted in coordination with the activities of the Silos Project 
Independent Review Team (IRT). an advisory group established to provide advice and 
recommendations for the decision-making process. 

ADA used a formal decision analysis process to develop a model of the choice among 
alternative paths forward. As components of the model were developed, the assumptions and 
estimates were reviewed and discussed with the IRT. The exercise served to organize IRT and 
FDF investigations and helped ensure a comprehensive consideration of issues relevant to 
decision making. In addition, once the decision model was completed, it was used to provide a 
quantitative comparison of alternatives. These results serve as additional input to the decision- 
making process. 

This document describes the decision model, the process by which it was developed, and 
the results and conclusions derived from its application. 

1.2 Key Assumptions Underlying the Approach 

critical components to a decision are sorted out, analyzed separately, and then synthesized at the 
end. Proponents of decision analysis argue that judgments are inherent in any decision. Rather 
than obscure underlying judgments, decision analysis makes those judgments explicit so that they 
can be reviewed, critiqued, and understood by others. 

Decision analysis is based on a strategy of decomposition, divide, and conquer. The 

. A key benefit of decomposition is that it allows individuals to contribute according to 
their specific areas of expertise. For example, a holistic approach might require an expert on one 
technology to express a judgment on whether her technology is superior to a technology about 
which she is not an expert. With decomposition, the.decision model divides the comparative 
evaluation into its logical pieces, so that technology experts can provide inputs relevant only to 
the specific technologies about which they are most knowledgeable. Cost experts can provide 
information on costs, and risk experts can provide information on health and safety risks. 

Rules of logic are used to combine the judgments input to the decision model and to 
determine their implications for decision making. Sensitivity analysis can be used to determine 
whether a different but still credible set of judgments would produce a different conclusion. A 
determination that different judgments produce the same conclusions often increases confidence 
in those conclusions. Conversely, if different judgments produce different conclusions, then the 
analysis has identified critical uncertainties that might be the focus of additional information- 
collection efforts. Regardless of the model sensitivities, the appropriate role of analysis is to 
serve as an aid to decision making. No model can capture all issues relevant to a decision. 
Decision makers must combine the analytical results with considerations outside the scope of the 
analysis to reach a final choice. 

1 
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1.3 Participants 
The participants included FDF staff, members of the IRT, stakeholders who attended IRT 

meetings, and decision analysis facilitators from ADA. FDF participants were organized into six 
technical committees: 

1) Core Committee 

2) Technical Issues Committee 

3) Funlng Committee 

4) Cost and Schedule Committee 

5 )  Regulatory and Waste-Site Availability Committee 

6) Health and Safety Committee 

The technical committees were formed to develop the information needed for the decision 
model and to provide that information to the IRT. The specific responsibilities and team leaders 
for each of the FDF technical committees are listed in Appendix A. The decision facilitators 
guided the decision analysis process, implemented the quantitative decision model, and generated 
the analytical results. 

1.4 Steps 

Silos Project path forward decision problem. In particular, it was necessary to account for 
multiple decision objectives and uncertainty over factors affecting the performance of 
alternatives. The steps of the decision analysis process were as follows: 

A fairly sophisticated decision model was required to account for complexities of the 

I) Define objectives for the path forward. 

2) Identify alternatives. 

3) Establish performance measures (means for measuring the degree to which 

4) Identrfy key uncertainties that impact the performance of the alternatives and estimate 

5 )  Estimate the performance of each alternative under each uncertainty. 

6) Aggregate the performance and probability estimates and use the results to compare 

alternatives achieve objectives). 

probabilities. 

and rank the alternatives. 

7) Conduct sensitivity aualyses. 

The above steps were applied in an iterative fashion. The elements of the initial decision 
model, were developed by the attendees of the November and December IRT meetings. The FDF 
technical committees were responsible for refining the decision model and providing initial 
estimates of all inputs needed by the model. All of the assumptions and quantitative estimates 
made as part of the process were presented at IRT meetings. IRT recommendations were then 
incorporated as revisions to the models. The initial results of the analysis were presented to the 
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IRT and, upon request of the IRT, additional results were generated and sensitivity analyses were 
conducted. 

The remainder of this report presents the results of the decision analysis process and the 
conclusions that were drawn. Section 2 describes the decision model and the inputs. Section 3 
presents the results of the quantitative analysis. Section 4 presents conclusions. 

2.0 THE DECISION ANALYSIS MODEL AND INPUTS 

This section describes the evolution of the decision model and summarizes the data 
inputs. The decision model consists of two components: (1) a value model and (2) a decision 
tree. 

2.1 Value Model 
The value model specifies decision objectives and performance measures that indicate the 

degree to which alternatives achieve decision objectives. It is common decision-analysis practice 
to organize decision objectives into a hierarchy that shows how general objectives (&e “creating 
and maintaining a healthy environment”) relate to more specific and detded objectives (like 
“minimizing risk to workers’,) that specify how the general objectives can be achieved. The most 
detailed, lowest-level objectives in an objectives hierarchy serve as criteria for decision making. 

A list of objectives for the Silos Project was generated by IRT members and other 
participants during the November and December RT meetings. Figure 1 shows the specified 
objectives arranged into an objectives hierarchy. The highest-level objective is to “maximize net 
social benefit by creating and maintaining a healthy environment.” Subobjectives relate to the 
levels of impacts to health and safety and to the environment, the quantities of waste requiring 
disposal, costs and resource investment values, stakeholder acceptance, time and schedule, the 
permanence of solutions, quantities of resources consumed, and learning. 

To reduce the complexity of the decision model, the IRT and stakeholders selected a 
subset of the lowest-level objectives as a basis for defining performance measures. The selected 
objectives were (1) risks to workers and the public, (2) costs, and (3) schedule. These objectives 
were selected as decision criteria because they were judged to be (a) particularly important 
indicators of succcss and (b) likely to discriminate among the available alternatives. It was 
proposed that risks to workers and the public be quantified in terms of the estimated likelihoods 
of major accidents, the magnitudes of possible exposures, and the numbers of fatalities and 
injuries expected during operations. Costs were estimated in units of direct and escalated dollars. 
Schedule was estimated in terms of years to project completion. Figure 2 summarizes the 
objectives and performance measures selected for the quantitative analysis. According to the 
simplified logic of the model, all other things being equal, an alternative that is less costly, that is 
completed in a shorter schedule, or that produces lower risks is preferable. 

3 
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Maximize Overall 
Benefit 

I 
I 1 

Minimize health Minimize total Minimize time 
and safety risk lifecycle costs (schedule) to 

end state 
I I I t 1 Public I I Worker 1 

Performance Risk (exposures, Direct and Years to 
measures: injuries, fatalities) escalated dollars completion 

Figure 2. Objectives and Performance Measures Used in Quantitative Analysis 

2.2 Decision Tree and Model Inputs 

representation that shows the alternatives that might be chosen and the key uncertainties that 
define possible scenarios (paths through the tree) that affect how well the selected alternative 
performs. A conventional analysis would estimate performance for only a most-likely or 
favorable set of assumptions. With a decision tree, the performance of each alternative is 
estimated for every path through the tree. 

Figure 3 shows the initial version of the decision tree. A decision tree is a graphic 

Three alternatives were initially considered 

Alt I: Vitrify the waste in all three silos. 
Alt II: Vitnfy Silos 1 and 2 and cement solidify Silo 3. 

Alt III: Use stabilization in the form of some viable option for al l  three silos. 

These options are represented by the three branches emanating from the initial node in the tree. 

Five uncertainties were included in the initial tree: regulatory outcome, funding 
availability, technical success, availability of a waste-disposal site, and major accidents. 
Regulatory outcome uncertainty reflects uncertainty over whether the chosen path forward would 
require an ESD (explanation of significant differences), an amendment to the record of decision 
(ROD), or sigmfkant delays beyond that which would otherwise be expected. Funding 
availability reflects uncertainty over the level of funding that will be available. Technical success 
reflects uncertainty over whether sipficant technical problems will be encountered. Waste site 
availability reflects uncertainty over whether the Nevada Test Site (NTS) will accept the waste 
and the'extent of delays that may occur. Major accidents uncertainty reflects uncertainty 
regarding the health and safety consequences and cost and schedule impacts of possible (but 
unlikely) accidents. 

5 
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The initial decision tree was revised and refined during the succeeding meetings of the 
IRT. Alt I was eliminated when the IRT unanimously concluded that Silo 3 material should be 
immobilized by a cementation process. The regulatory outcome node was eliminated when the 
Regulatory and Waste Site Availability Committee concluded that the regulatory requirements 
were sufficiently well-defined to reasonably predict the regulatory outcomes that would occur 
under each alternative. Specifically, it was concluded that the “Amend ROD’ possibility could be 
deleted for Alt II and that the “Significant delay” possibilities could be deleted for Alt 11 and Alt 
III. In essence, it was determined that the uncertain cost and schedule impacts from the 
regulatory process could be incorporated into the baseline cost and schedule estimates provided 
for each alternative. Similarly, the waste disposal site availability node was eliminated when the 
Regulatory and Waste Site Availability Committee concluded that, although there is some risk 
that the NTS will not accept processed waste from the silos, this risk is relatively small and not 
significantly influenced by the choice between Alt II and Alt JII. Based on the elimination of these 
considerations from the analysis, the Regulatory and Waste Site Availability Colhmittee was 
disbanded with concurrence from the IRT. 

Figure 4 shows the final form of the decision tree. As illustrated, the final tree identified 
specific outcomes to uncertainties related to funding, technical success, and major accidents. 
These uncertainties are described in the subsections below. In addition, the following subsections 
also describe the quantitative inputs developed for the model, probability estimates for each 
uncertainty, and risk, cost, and schedule estimates for each of the 42 paths through the tree. 
Figure 5 summarizes the steps by which the various committees developed these inputs. As noted 
in the figure, best estimates for risk, cost, and schedule were first developed for each alternative 
under each of three funding scenarios. Uncertainty ranges for each cost estimate were also 
developed at this stage. Then, incremental cost and schedule impacts werc estimated for each of 
the technical “problems” identified in the tree. These impacts defined “deltas” from which cost 
and schedule estimates were generated for each of the remaining scenarios. 

2.2.1 AIternativcs 
Detailed descriptions of the assumptions used to define each alternative are provided in 

the IRT meeting rhinutes. Briefly, both alternatives assume a waste retrieval system based on the 
March ‘96 conceptual design, whenin Silo 1 and 2 material is removed hydraulically and Silo 3 
material is retrieved pneumatically. A radon treatment system is provided for radon confinement. 
Support facilities include maintenance, storage, an analytical laboratory, and waste-water 
treatment. In both cases, Silo 3 materials would be subjected to an initial treatability study and 
then stabilized through cementation. Plant capacity would be 119 MT/day, with waste loading at 
45% (dry weight). Treated waste would be packed in 2160 steel boxes requiring 540 truck 
shipments. The plant operating period would be approximately 4 months at 6 hr/day (1 hr 
startup, 1 hr shutdown), 5 daydwk. Waste would be in the form of a monolith. All treated waste 
would be shipped to the NTS by truck, and D&D wastes would be disposed of in an onsite cell. 

7 39 



Figure 4. Find Form of the Decision Tree 

8 



At 11 assumes vitrification of Silo 1 and 2 residues. Crucible testing followed by off-site 
mini-melter testing would use actual Silo 1 and 2 material. Pilot scale testing of surrogate 
material would be conducted (off-site), followed by full-scale operation. Pilot plant capacity 
would be 6 MT/day, with the full-scale facility operating at 12 MT/day (3 melter trains with 
6MT/day melter capacities operating with one train on standby). The plant operating period 
would be 3 years, with 24 hriday, 7 daydweek operation. Facility availability is assumed to 
average 9096, with waste loading at 60% (dry weight). Waste would be in the form of glass gems 
with packaging in 3,800 concrete boxes requiring 1,900 truck shipments. 

Alt I3I assumes stabilization of Silos 1 and 2 material using an approach similar to that 
assumed for Silo 3 material. Cement plant capacity would be 85 MT/day, with one mixer 
operating at 2 yds/batch with a 15 minute batch time. The plant operating period would be 3 
years, with 8 hr/day, 5 daydweek operation. Facility availability is assumed to average 80%. 
with waste loading at 20% (dry weight). Waste would be packaged in 20,700 shielded and sealed 
containers requiring 10,700 truck shipments. 

2.2.2 Funding Scenarios 

The funding branches of the tree account for the uncertainty in the available funding for 
the project. The Funding Committee was asked to define three funding scenarios that span the 
range of current uncertainty over future funding levels. The possible funding outcomes 
represented in the model are: 

Unconstrained. Annual funding is at the level desired for efEcient implementation 
of the selected strategy. 

Constrained. Annual funding is $25M from 1997 through 200 1, $50M from 2002 
through 2005, and unconstrained thereafter. 

Severely constrained. Funding is at the level of the current FY97 replan. 

Figure 6 shows the probabilities of these outcomes estimated by the Funding Committee. 
It also provides the corresponding best-judgment cost and schedule estimates provided by the 
Cost and Schedule Committee. As indicated, total cost and schedule are estimated to increase as 
the funding rate becomes more constrained. The cost and schedule estimates and the detailed 
assumptions on which they were based were provided to the IRT, and numerous refinements 
were made in the course of producing the final results shown in Figure 6. Nevertheless, it must 
be acknowledged that current cost and schedule estimates are extremely rough and the 
uncertainties in the Figure 6 estimates are large. To clarify the uncertainties involved, the Cost 
and Schedule Committee provided confidence ranges for their cost estimates. For Alt II, the 
Committee estimated that for each funding scenario that there is an 80% chance that actual costs 
will lie between a range that is 30% lower to 50% higher than the indicated best estimate. For 
Alt III, the cost uncertainty range for each funding scenario is from 50% lower to 50% higher 
than the indicated best estimate. Technical uncertainties, discussed below, contribute additional 
uncertainties to cost and schedule. 
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Unconstrained 

Constrained 
p = .75 

Severely constrained 
p i. .2 

Unconstrained 

I p=.05 

Total Total 
Direct Escalated Schedule 

CQambQ-  Duration 

485 846 14 

498 943 16 

537 1087 19 

440 702 11.5 

475 823 13.5 

500 908 16.5 

Figure 6. Cost and Schedule Estimates Under the Various Funding Scenarios 

2.2.3 Technical ScenorioJ 

The technical success branches of the tree account for unanticipated technical outcomes 
that may cause significant schedule or cost impacts. The technical outcomes represented in the 
tree were developed through a three-step process. First, a list of potential technical issues was 
generated and evaluated by the IRT during the January meeting. The evaluation involved a 
simple scoring process wherein for each issue IRT members expressed their opinions regarding 
(1) the likelihood of occurrence and (2) the impkt given occurrence, The Technical Issues 
Committee subsequently expanded and refined the list and then screened it to identify the events 
most likely to produce sigruficant schedule impacts or cost impacts beyond those captured in the 
uncertainty ranges provided by the Cost and Schedule Committee. The technical issues 
represented by the branches in the tree in Figure 4 are those that remained after screening. 
Finally, the Technical Issues Committee estimated probabilities and worked with the Cost and 
Schedule Committee to develop incremental cost and schedule estimates. 

As shown in the tree, the technical outcomes for Alt II are: 

0 No surprises. There are no technical problems that cause sigmfkant delays or cost 
increases beyond those accounted for in the basecase cost ranges. 

0 Melter life problem. Melter life does not meet design basis of 3 years. This is 
assumed to result in an increase in direct costs of $32M ($6OM total cost) and a 
schedule extension of 1 year. 
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0 Waste loading not as expected. Waste loading varies significantly from design basis 
of 60%. TWO possibilities are considered: 

- Low. Only 40% waste loading is achieved resulting in an increase in direct costs 
of $86M ($148M total cost) and a schedule extension of 2 years. 

- High. An 80% waste loading is achieved resulting in a reduction in direct costs 
of $40M ($88M total cost) and a schedule reduction of 9 months. 

0 Plant capacity problem. Plant capacity does not meet design basis of 12 MT/day, 
resulting in an increase in direct costs of $74M ($167M total cost) and a schedule 
extension of 3 years. 

The probabilities of these outcomes estimated by the Technical Issues Committee and 
reviewed by the IRT are shown in Figure 7. 

I 

No surprises 

I Melter life problem 

Waste loading not as expected 

Plant capacity problem pa.05 

pr.05 

Figure 7. Alt II Technical Success Outcomes 

The technical outcomes for Alt III are!: 

No surprises, There are no technical surprises that cause significant changes in cost 
or schedule. 

0 Waste loading not as expected. The waste loading achieved varies significantly 
from the design basis of 20%. Two possibilities are considered: 

- Low. Only 10% waste loading is achieved resulting in an increase in direct costs 
of $229M ($340M total) and an increase in schedule of 3 years. 

- High. A 30% waste loading is achieved resulting in a reduction in direct costs of 
$64M ($67M total) and no change to schedule. 

Plant capacity problem. Plant capacity does not meet design basis of 85 MTIclay, 
resulting in an increase in direct costs of $21M ($22M total), but no change in 
schedule. 
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The Probabilities of these outcomes are shown in Figure 8. 

I I 

p = .10 

I No surprises 

~~ 

Figure 8. Alt III Technical Success Outcomes 

2.2.4 Major Accident Scenarios 

The majar accident braaches of the tree account for the possibility of an accident with a 
significant impact to cost, schedule, or human health and safety risk. The process for modeling 
major accidents was similar to that used for technical uncertainties. The Health and Safety 
Committee identified and then screened possible accident scenarios. To avoid being screened 
out, accident scenarios had to have (1) a reasonable chance of occurring and (2) if they were to 
occur, a significant impact on cost, schedule, or the risks to workers or the public. The only 
accident scenario identified by the Health and Safety Committee to meet these criteria was silo 
dome collapse. 

The two outcomes in the model are: 

0 None. Then arc no accidents producing significant impacts to cost, schedule, or 
health & safety. 

0 Silo Dome Collapse. The dome of either Silo 1 or 2 collapses. 

The Health and Safety Committee estimated exposures and health consequences to 
workers and to members of the public resulting from various processes and stages of the 
remediation process. However, in all cases analyzed, the estimated risks are relatively low and, 
with the exception of dome collapse, do not distinguish between the alternatives. Therefore, 
probability of dome collapse was the only risk measure retained for the analysis. Potential cost 
and schedule impacts of a silo dome collapse were not assessed and therefore are not reflected in 
the resulting total cost and schedule ranges. The likelihood of a dome collapse was estimated at 
0.039 per year based on a previous study. 
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Risk estimates for disposal at the NTS were not available to distinguish between the 
waste forms associated with the two alternatives. However, an analysis by the Health and Safety 
Committee of the long-term effectiveness of the waste forms concluded that (1) radon emanation 
at disposal would not be an issue for either alternative, since applicable limits will be met by 
burial depth, (2) the cement waste form is likely to present lower risk associated with intruder 
scenarios, and (3) both glass and cement waste forms meet NTS waste acceptance criteria. 
although cement is more effective than glass with respect to lead. On thls basis, it was concluded 
that long-term effectiveness should not represent a discriminator for the choice of a path forward. 

. .  

3.0 RESULTS 

The analysis consisted of generating probability distributions (also called risk profiles) 
describing cost and schedule uncertainties for each alternative. Probabilities of dome collapse 
were also computed. Cost and schedule uncertainties were obtained by aggregating the estimates 
of cost and schedule developed for each path through the decision tree, taking into account the 
uncertainty ranges and estimated probabilities for each path. The probability of dome collapse 
was obtained by simply multiplying the annual probability of dome collapse by the number of 
years untii waste retrieval would be completed. This gives a slightly larger result than would be 
obtained using standard methods based on a constant annual probability of collapse, but the 
approach was viewed by the Health and Safety Committee as providing a better estimate because, 
among other reasons, probability of collapse may be increasing over time. Expected costs and 
schedules were estimated for each alternative by computing the probability-weighted averages of 
the estimates for each path. 

Figure 9 provides a summary of the results. Note that both direct and total costs are 
compared. The bars indicate the uncertainties in each estimate. The expected value is indicated 
by the vertical line through the bar. The numbers corresponding to the left and right edges of the 
uncertainty bars define 80% confidence intervals. In other words, according to the estimates, 
there is only a 10 percent chance of incurring a value less than the left edge of the bar and a 10 
percent chance of achieving a value greater than the right edge of the bar. 

As Figure 9 indicates, the uncertainties in the ultimate costs and time to completion are 
considerable, regardless of which alternative is selected. The shapes of the underlying 
probability distributions for the alternatives are similar, although there are some potentially 
significant differences. The expected values of direct cost are $544M for Alt 11 and $489M for 
Alt III. The expected values for total cost are $1,043M for Alt II and $856M for Alt III. The 
expected duration is 17 years for Alt II and 14 years for Alt III. Also, it is apparent from the 
location of the expected values within the uncertainty bars that the skews (asymmetries in the 
shapes) of the underlying probability distributions are slightly different. Alt 11 has slightly more 
downside than upside potential (more chance for significantly higher costs and longer schedules), 
while Alt III has slightly more upside potential (more chance of lower costs and shorter 
schedules). 

13 
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Figure 9. Summary of Estimates of Cost, Schedule, and Probability of Dome Collapse 

. The estimated overall probabilities of dome collapse are high, 0.55 for Alt II and 0.48 for 
Alt III. The high estimates for dome collapse suggest that more study is needed to resolve this 
issue. 

Whether the estimatui differences between Alt II and Alt III are sufficient to provide a 
basis for decision making depends on several considerations, including the sensitivity of these 
differences to the assumptions that were made. 

3.1 Sensitivity Analysis 

Sensitivity analysis was used to determine the sensitivity of the quantitative results to 
model assumptions and inputs. Analyses were conducted to examine assumptions related to the 
probability of technical success for Alt I& waste loading, monolith vs. gem waste form for Alt II, 
and round-theclock operation for Alt m. 
3.1.1 ProbabiUy of technicalsuccess for Alt II 

probabilities of technical success. First, the probability of technical success for Alt 11 was 
increased from the nominal assumption of 0.65 to 0.85. Then, the probability of technical 
success for Alt 11 was allowed to vary within a range of 0.65 to 1. As shown in Figure 10, 
assuming a probability of technical success for Alt II equal to 0.85 results in an expected savings 
of $9M in direct costs and $16M in total escalated costs. Figure 1 1 shows the result when the 
assumed probability of technical success for Alt II varies from 0.65 to 1. As indicated, the 
expected direct cost for Alt III is lower than for Alt 11 regardless of the probability of technical 
success assigned to Alt II. 

The Probability distribution for the costs of Alt II were recalculated assuming different 
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3. I .2 Waste loading 

the waste loadings assumed for Alt II and Alt III. Figures 12 and 13 show the performance of 
Alt II and Alt III, respectively, under the different waste-loading scenarios that are included in the 
decision tree. For Alt II, the possible waste-loading scenarios are 40,60, and 80 percent. For 
Alt III, the waste-loading scenarios are 10,20, and 30 percent. As the figures indicate, cost and 
schedule estimates are quite sensitive to waste loading assumptions. 

Analyses were conducted to investigate the sensitivity of costs and schedule estimates to 

3.1.3 Monolith vs. gem waste form for A&. II 
The costs for Alt II were reestimated assuming a monolith waste form instead of gems 

(changing the waste form was estimated to produce no sigmficant impact to schedule). With a 
monolith waste form, the 70% packing factor assumed with gems was increased to 80%. This 
change would save 1/8 of the estimated $80M direct shipping costs, or $10M. With escalation, 
this translates into roughly a $16M savings in total costs. Although not addressed in this 
sensitivity analysis, there may be other cost impacts of shifting to a monolith waste form, such as 
savings resulting from reduced system complexity or cost increases caused by higher waste-. 
sampling costs or the greater difficulty of dealing with off-spec material. 

3.1.4 Round-the-clock openation for All II€ 
The costs and schedule for Alt III were reestimated under an assumption that the cement 

plant would be operated 24 M d a y .  Round-theclock operation would allow a schedule savings 
of up to 2 years, but would =quire a shift to rail transport to avoid excessive truck traffic. Rail 
transport was estimated to add approximately $250/container in shipping costs, for a total of 
$5M, plus a $3M increase for running 3 shifts. However, there is a direct cost decrease 
associated with saving 2 years of engineering project management at roughly $7M/yr, or $14M. 
This results in a net direct cost savings of $6M, whch translates to a total escalated cost savings 
of $1 1M. Finally, there is an additional escalated cost savings of 13% of $63M D&D costs 
(because these costs would be incurred two years sooner), plus 2 years of hotel costs, at 
$26M/year. This adds another $6OM in escalated cost savings, for a total estimated escalated 
cost savings of $71M. 

16 



. .>. 
L .  . 

, 4036 Waate 
Loading 

60% Wasto 
Loading 

60% Wart. 
Loading 

Figure 1% Sensitivity Analysis on Alt II Waste Loading 

1 o K W u t .  

581 1744 

Figure 13. Sensitivity Analysis on Alt m.Waste Loading 

17 



3.2 Value df Information 

This is the case if the costs of collecting the information (the costs of acquiring the information 
plus the costs of delay) are less than the value of the infomation that is collected. The value of 
the information is the expected savings that would result based on the ability to alter the choice 
depending on what is learned. 

It is sometimes cost-effective to collect additional information prior to malung a decision. 

Decision analysis techniques allow the value of information about uncertainties in a 
decision model to be calculated. The easiest calculation is the value of perfect information, an 
estimate of what it would be worth to completely resolve each of the uncertainties represented in 
the decision tree. In the tree, changing the decision sequence so that an uncertainty occurs before 
the decision is equivalent to having perfect information about that uncertainty. The savings 
produced by this reordering is the value of perfect information about the uncertainty that has been 
moved to the front of the tree. Thus, the value of resolving individual uncertainties can be easily 
obtained by altering the structure of the decision tree. 

The value of perfect information provides guidance for information-collection activities. 
For example, if the value of information about a particular uncertainty is very high, then the 
feasibility of collecting information related to that uncertainty can be determined. The estimated 
costs can then be compared with the value of information to determine whether it may be cost- 
effective to focus information collection activities in that area Conversely, if the value of 
information about a particular uncertainty is zero or low, then it may not be cost-effective to 
consider informationcollection activities directed at these uncertainties. 

Figure 14 summarizes the values of perfect information (id direct dollars) for the various 
uncertainties included in the model. - AMI Akul B Q m w m M  

Melter Life -0 N/A WA 

Waste Loading -0 $1 6M $1 6M 

Plant Capacity -0 -0 -0 

All Tech 
Success Factors -0 $1 6M $1 6M 

Cost Estimates $32M $47M $66M 

All Tech 8 
Cost Estimates $32M $55M $73M 

5 0  

Figure 14. Value of Information 
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As indicated, it is generally less valuable to collect additional information relevant to 
Alt II compared to Alt III. This is due, in part, to the shapes of the probability distributions. As 
indicated previously, the probabilities suggest that additional information about Alt II is more 
likely to indicate that the alternative performs less well than expected, with the reverse being true 
for Alt III. Nevertheless, the values of information in several areas are quite large, suggesting 
that consideration be given to delaying a final commitment for the purpose of obtaining better 
information. In particular, the higher values of information about Alt III suggest that a strategy 
that preserves both options while resolving key uncertainties related to waste loading and other 
cost factors for Alt III may be worth consideration. 

3.4 summary 

The analysis shows the logical implications of judgments provided by the FDF technical 
committees and reviewed by the IRT. The key results of the analysis are summarized below: 

The analysis concluded that either alternative is capable of technical success. The Techca l  
Issues Committee could identify no technical problems that might be encountered under 
either alternative that could not be overcome by additional time and money. Nevertheless, 
the analysis shows that theie is considerable potential for technical and other difficulties'to 
increase cost and schedule. 

Although the uncertainties are considerable, the quantitative results favor Alt III. Alt III is 
expected 

. - to be less costly, roughly $55M less in direct costs, $NOM counting escalation 
and hotel costs. 

- to be completed approximately 3 years sooner. 

With round-the-clock operation of the cement plant the gap between Alt II and Alt III is 
estimated to increase to roughly $60M in direct costs and $260M in total costs. The expected 
schedule difference increases to 5 years. 

The fact that the probability distributions overlap (indicating, for example, that Alt II could 
turn out to be less expensive than Alt III) does not necessarily negate the importance of the 
estimated differences. According to decision theory, a choice that has a more favorable 
expected cost and schedule and that has the same or lower total uncertainty should be 
preferred, other things being equal. When probability distributions simiiar to those obtained 
here are encountered in applications in the world of commercial R&D, they are generally 
regarded as sufficient for decision making. 

Unlike commercial R&D, additional considerations are relevant to the question of whether 
the distinctions in cost and schedule (and the probability of dome collapse) are siflicant in 
this context. Of considerable relevance is the degree of credibility that external parties 
(including the IRT) assign to the assumptions and estimations underlying this analysis. 
Sensitivity analyses indicate that the conclusion is robust that Alt III is likely to produce 
lower. costs and a quicker schedulwhanging any individual assumption within a plausible 
range will not alter the conclusion. On the other hand, the IRT was not, in most cases, the 
primary source of the assumptions and inputs for this analysis. The IRT reviewed the 
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assumptibns and sometimes made changes, but did not accept responsibility for, or ownership 
of, those assumptions. Thus, while the analysis reflects the best-professional estimates of 
members of the FDF techca l  committees, tlus cannot be said to necessarily be the case for 
the IRT. Thus, external parties will naturally have less confidence in the analytical 
conclusions that those who participated more directly in the analysis. 

0 Another important difference between this context and commercial R&D is that in this case 
there are important considerations beyond cost and schedule. Some of these considerations 
that are not included in the quantitative analysis appear in the more complete objectives 
hierarchy in Figure 1. If any party were to conclude that Alt 11 is preferable to Alt III on some 
dimension other than cost, schedule, or risk (e.g., on public acceptance) and that this 
difference was more significant or important than the differences estimated for cost and 
schedule, then it would be logical to deviate from the conclusions of the quantitative analysis. 

0 Although not analyzed, an alternative of parallel development may be superior to either Alt II 
or Alt III.. Value-of-information results suggest that there is high value to retaining both 
options while collecting additional information. There may be value to using the decision 
framework described in this report to evaluate one or more parallel development alternatives. 
Questions that could be addressed through such an analysis include: Is retaining an option to 
revert to cementation worth the costs? How can informationcollection activities be 
optimized to support a final choice? What is the decision rule for deciding whether and when 
to abandon or revert to a cementation option? 

0 The analysis indicates that dome collapse prior to waste retrieval may be a serious risk. This 
may be an artifact of an overlyconservative risk analysis, or it may be a legitimate concern. 
More analysis of this issue is needed 

4.0 CONCLUSIONS. 

The analysis provided an integrated, comparative evaluation that incorporated the best 
technical judgments of FDF technical committees as reviewed and refined by the IRT. The 
analysis addressed, among other factors, current concepts for implementing each option; impacts 
of funding uncertainties; legal sad administrative ramifications; technical uncertainties; total 
waste volumes; treatment, storage and trausportation risks and risks of major accidents; and costs 
and schedule. The analysis showed that the best-technical judgments provided by the FDF 
technical committees and reviewed by the IRT logically imply that Alt III is likely to be superior 
to Alt II with regard to cost and schedule and unlikely to be signficiantiy different with regard to 
health and safety risk However, the analysis also suggests that the uncertainties are sufficiently 
great that serious consideration should be given to evaluating a parallel development option. 

Although the analysis idenflied and quantified distinctions between the alternatives, 
those differences were not sufficiently compelling to promote a consensus among IRT 
participants. IRT members split their recommendations, with a majority of members 
recommending Alt II and a minority recommending Alt III. Despite the IRT review of model 
inputs and the general insensitivity of model results to moderate changes in assumptions, a 
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majority of IRT members did not feel that the quantitative cost and schedule inputs have 
sufficient credibility to motivate recommending a signficant change for the path forward. 

Despite the differences between IRT recommendations and the decision model 
quantitative results, the analysis is viewed as having provided important contributions for the 
decision-making process: 

1) It facilitated the IRT conclusion that there are no insurmountable barriers to technical success 
for either alternative. At the same time, the analysis showed that technical uncertainties 
contribute sigruficantly to cost/schedule uncertainties. 

2) It produced realistic estimates of the current uncertainties in costlschedule. It demonstrated 
that uncertainties are large and unlikely to be resolved soon. As such, the analysis helps to 
promote reasonable expectations by external parties. 

3) It identified the technical process uncertainties most critical to success. 

4) It identified issues of potential concern that deserve further analysis (e.g. dome collapse). 

5 )  It forced identification and analysis of potential barriers for the path forward (e.g. regulatory, 
waste acceptance criteria, avdability of a waste disposal site). 

6) It provided a means for analyzing potential improvements (e.g. waste loading for vitrification 
and cementation, round-the-clock operation of a stabilization facility). 

7 )  It generated insights (e.g. that schedule impacts produce large changes to total escalated 
costs, that parallel development of vitrification and cementation has high value). 

8) It enabled issues to be exposed and clarified through sensitivity analysis (e.g. monolith waste 
form). 

9) It clarified the magnitude of health and safety risks and provided confidence that regulatory 
requirements can be met. 

10) It provided a structured framework for organizing discussion, idenwing and analyzing 
issues, and providing information for consideration by the IRT. 
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Core Team Responsibilities 
1) Develop initial summary description for each alternative. Pass out to all committees 

to verify consistency with their assumptions: 

2) Revise summary definitiondassumptions for each alternative based on Jan IRT 
meeting. 

3) Keep other committees up to date on current assumptions lists. 

4) Update and distribute lists of committee responsibilities and ensure that tasks are 

being completed. 

5) Develop and distribute schedule for completion of committee tasks. 
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Cost and'schedule Committee Responsibilities 
1 ) Review information and understanding relevant to assessing cost and schedule. 

2) For each alternative, estimate "base-case" life-cycle cost (by year) and schedule. 

Provide a best estimate and uncertainty range (1 0th percentile, 90th percentile). 

3) Review revised descriptions of alternatives and verify that assumptions are 
consistent with those used to estimate cost and schedule or modify cost and 

schedule estimates as needed. List additional specific assumptions used for the 

cost and schedule estimates. 

4) Work with Technical Committee to determine extent to which technical risk 

scenarios developed by IRT at Jan 22 meeting are already captured within cost and 

schedule uncertainty ranges. 

uncertainties identified by IRT at Jan 23 meeting are already captured within cost 

and schedule uncertainty ranges. Extend cost and safety ranges as necessary to 

accomodate any regulatory or programmatic uncertainties that have not previously 

been captured. Refer remaining health and safety uncertainties to the Health and 

Safety Committee. 

sure, for schedule if possible) for each alternative for the constrained and severely 

constrained funding scenarios. Uncertainty ranges should approximate 10 and 90 

percentiles of cumulative distributions. Work with Technical Success Committee 

and Health and Safety Committee to develop delta cost and schedule esimates (and 

time periods during which delta cost and delta schedule occur) under each technical 

risk scenarios and major accident scenario. 

Committee with time durations for computing total risk, including durations for 

retrieval packaging and shipping, disposal and O&D. 

5) Determine which of the health and safety, regulatory, and programmatic 

6) Estimate cost and schedule (best estimates and uncertainty ranges for cost, for 

7) For each attemative and each funding scenario, provide Health and Safety 

S6 
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Funding Committee Responsibilities 
1 ) Review information and understanding relevant to assessing funding. 

2) Define possible funding scenarios (Le., unconstrained, constrained, severely 

3) Review descriptions of alternatives and verify consistency with Funding Committee 

4) Estimate probability of each funding scenario under each possible regulatory 

constrained). 

assumptions. 

outcome. List any specific assumptions, beyond the descriptions of the alternatives, 

used for the estimates. 



¶ 

Technical Issues Committee Responsibilities 
1 ) Review information and understanding relevant to assessing likelihood of technical 

success. 
2) Define parameters of technical success. 

3) Understand all relevant factors impacting technical success. 

4) Review revised descriptions of alternatives and verify consistency with Technical 

5) Review each of the eight technical risk scenarios identified and evaluated at the Jan 

Committee assumptions. 

22 IRT meeting. Combine like scenarios. Clarify scenario definitions by specifying 

the "success assumption" and the "extreme assumption" for each uncertainty. 

Determine which scenarios are already captured in baseline cost and schedule 

uncertainty bounds. Decide which, if any, should instead be represented as explicit 

scenarios in the decision tree. Develop delta cost and delta schedule for each 

scenario to be represented in decision tree. Assess probability (using IRT weighted 

average probabilities, to be provided by ADA, as guidance). List any additional 

specific assumptions, beyond the descriptions of the alternatives, used for the 

estimates. 

6) Verify delta cost and delta schedule estimates are consistent with assumptions used 

by Cost and Schedule Committee. 
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Health and Safety Committee Responsibilities 
1) Review information and understanding relevant to assessing public and worker 

health and safety risks. 
2) Identify types of risks that need to be assessed (e.g., remediation, packaging and 

shipment, disposal, D&D) and establish measures to be used to quantify each. 

Review any suggestions from Jan 23 IRT meeting regarding additional risk 

scenarios that should be addressed. Determine response for each IRT suggestion. 

Committee assumptions. 

estimates of "base-case" risks. List any specific assumptions made in the 

3) Review descriptions of alternatives and verify consistency with Health and Safety 

4) For each type of risk to be included, and each alternative, make quantitative 

estimations. 

5) ldenttfy potential (low probabilityhigh consequence) major accident scenarios and 

screen them based on probability of occurrence and magnitude of the health and 

safety impact. 

Screening. List any specific assumptions, beyond the descriptions of the 

alternatives, used for the estimates. 

cost and schedule. 

6) Assess consequences and probabilities of each risk scenario that remains after 

7 )  Work with Cost and Schedule Committee to estimate impacts of major accidents on 



Regulatoh and Waste-Site Availability Committee Responsibilities 
1 ) Review information and understanding relevant to assessing regulatory impacts and 

2) For each alternative, define the possible regulatory outcomes (e.g., no change, 

3) Verify that delays in NTS availability would not affect the overall schedule. Verify 

waste-site availability. 

ESD, amend ROD). Identify issues impacting the regulatory outcome. 

that the likelihood of NTS unavailability is not dependent on the alternative selected 

or regulatory outcome. 

Waste-Site Committee assumptions. 

accommodated within the overall cost and schedule and uncertainty estimates. 

assumptions, beyond the descriptions of the alternatives, used for the estimates. 

4) Review descriptions of alternatives and verify consistency with Regulatory and 

5) Verify that potential delays in the regulatory process and NTS availability are 

6) Estimate probability of each possible regulatory outcome. List any specific 
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SECTION 1 

INTRODUCTION 

1 . 1  Background Information 

The Fernald Environmental Management Project (FEW) established operations in 1951 under orders of 
the Atomic Energy Commission and produced uranium and other metals for use at other U n h d  States 
Department of Energy (DOE) facilities. The FEMP is located near Fernald, Ohio, approximately 20 
miles northwest of Cincinnati. At present, production at the FEMP has ceased and the environmental 
remediation of the entire site is ongoing. To aid in the remediation effort, the FEMP is separated into 
Operable Units (OUs) 1, 2, 3, 4, and 5. 

Silos 1, 2, 3, and 4 are located in the west central boundary of the FEMP in OU-4. Silos 1 and 2, also 
known as the K-65 Silos, contain radium-bearing residues from pitchblende (high-grade uraniudradium) 
ore processes at the FEMP, the Lake Ontario Ordnance Works (currently known as the Niagara Falls 
Storage Facility), and the Mallinckrodt Chemical Works. 

Silo 3 contains dry uranium oxide and other metal oxides generated at the FEMP refinery operations. 

Silo 4 has never been used and is empty. 

1.2 Silo Construction, Tests, and Modifications 

Silos 1, 2, 3, and 4 were originally designed by Preload Engineering, Inc., and were constructed by 
Catalytic Construction Company during 1951-1952. The silos have an approximate 80-foot inside 
diameter, 27-foot height at the top of the wall, and 36-foot height to the top of the dome at the center of 
the silo. The walls were originally designed to be 8 inches thick and cast in place with 4,500 pounds per 
square inch (psi) concrete. They are wrapped on the outside surface with prestressed steel wires and 
covered with 1-inch-thick gunite. The walls have no vertical reinforcement or steel diaphragm. The wall 
reinforcement was primarily provided by vertical preload units spaced 4 feet apart around the 
circumference. The dome was originally designed to be 8 inches thick maximum near the edge, tapering 
to 4 inches thick minimum at the center, and was cast in place using 4,500 psi concrete. Dome 
reinforcement consisted primarily of welded wire mesh as shown in the engineering drawings (Preload 
a-f) . 
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Over the years the silos have shown visible signs of deterioration and have undergone periodic rep 
In 1963, the silo walls were given a waterproof coating. In 1964, soil berms were built around ar 
the top of the walls for Silos 1 and 2 at a slope of 1.5:1, and were enlarged to a slope of 3: 1 in 1, 
In 1986, a 30-foot diameter protective cover constructed of steel and plywood was added to the dc 
of Silos 1 and 2. In 1987,3 inches of rigid polyurethane foam topped by a 45-mil membrane was pi 
on top of the Silo 1 and 2 domes. 

1.3 Project Authorization 

Under the scope of work and as one of the items of work for Project Order 92 (P0-92), Revision 0, d 
April 2, 1993, Fernald Environmental Restoration Management Corporation (FERMCO) has author 
PARSONS to perform finite element analyses to determine the structural integrity of the silo wails 
domes by using the NDT results obtained by Camargo and Associates in 1986. 

Under the scope of work for a separate Project Order (PO-76). FERMCO has further author 
PARSONS to reevaluate and confirm the findings of this report using the results of the new NDT. 
new tests are scheduled to be started in September 1993 and completed by the end of October 1993 
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SECTION 2 

OBJECTIVE 

The objective of this report is to perform an independent structural analysis to determine the structural 
integrity of Silos 1, 2, 3, and 4 based on the fol4owing criteria: 

1) Silo material properties and data from 1986 NDT results by Camargo and Associates (Muenow 
& Associates 1985a, b). 

2) Design criteria and loadings per DOE Order 6430.1A (DOE 1989), a low-hazard facility category 
(Ref. 4), Project Order Plan PO-92 (PARSONS 1993b), and Design Criteria Package for PO-92 
(PARSONS 1993a). 

3) A proposed 6-footdiameter opening at the center of the dome (PARSONS 1993b). 
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SECTION 3 

PREVIOUS STUDIES 

- The silos have been a subject of study due to past records of leakage and public concern about their 
serviceability (FERMCO 1993). Only a brief summary of the previous studies made on the silos is 
presented here. 

In 1986 Camargo and Associates performed static analyses of Silos 1, 2, 3, and 4 (Camargo 1986a, b). 
The study included static analyses based on field data obtained by NDTs on Silos 1, 2, 3, and 4. Silos 
1 and 2 have been studied more extensively than Silos 3 and 4. 

In 1989 Camargo and Associates performed additional dynamic analyses on Silos 1 and 2 to include the 
effect of the added cover and addition of 4 feet of an internal sand layer (Camargo 1989). 

In 1990 Bechtel National Inc. performed analyses on Silos 1 and 2 based on a r e  test results obtained 
from the empty Silo 4 (Bechtel 1990). 

In 1990 d e  University of Cincinnati (1990) made a probabilistic risk assessment for Silos 1 and 2. In 
April 1991 Sandia National Lab (SANDIA 1991) made a study of the analyses by Bechtel and Camargo. 

In November 1991 PARSONS completed a review of all the reports and analyses to date on Silos 1 and 
2 as a part of the Safety Analysis Report (SAR) for Silos 1 and 2 (PARSONS 1991). 

The scopes of previous studies were varied in nature. Accordingly, the findings and conclusions were 
different. Some modifications were made to Silos 1 and 2 domes based on these studies. 

Following is a brief summary of some of the previous findings and recommendations: 

1) “The condition of each of the silo domes (Silos 1 and 2) must be considered structurally 
defective, with no definable life expectancy“ (Bechtel 1990). 

2) “The contents of the silos (Silos 1 and 2) and earthen embankments around the silos must 
be removed simultaneously to avoid damage and collapse of the silo walls and/or slab” 
(Camargo 1986b). 
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3) "The two K-65 siios, as analyzed for this report, are capable of sustaining the pr 
static loads plus the internal radon attenuation sand layer" (Camargo 1989). 

4) "It is suspected that likelihood of seismically induced failure of the silos is significz 
Sandia Labs (SANDIA 1991). 

5 )  "Domes for both silos (Silos 3 and 4) are in good condition and should remain sc 
some time. Domes are capable of supporting 100 pounds per square foot live load. 
The walls of both silos are in good condition, but there are a few areas of deteriora 
Most of the deterioration is occurring in the post-tensioning wires. Silo 4 which is e: 
has undergone more deterioration than Silo 3. This deterioration has occurred in : 
that have through cracks in the wall allowing moisture to corrode wires" (Cam 
1986b). 

It must be emphasized that the above summary is incomplete and the original reports must be sn; 
before drawing any conclusions. 
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SECTION 4 

STRUCTURAL ANALYSIS 

- 4.1 Method of Analysis for Silos 1, 2, 3, and 4 

The analysis was based on elastic behavior for determining the internal forces and displacements of thin 
shells (ACI, ACI 1988, McGraw Hill 1965) and assumptions stated in Subsection 4.2. The allowable 
stress design method as permitted by ACI 318 was used for evaluating the stresses in the silos. 

SAP90, a PC-based general purpose finite element analysis computer software, was used for the analysis 
of Silos 1 ,  2, 3, and 4. SAP90 was developed by the author of the original mainframe SAP series of 
programs and is a reputed and widely used computer program in the field of structural analysis. The 
SAPIN graphics model generator was also used in creating the model. The input data was reviewed for 
correctness using the SAPLOT graphics processor before the final runs were made. 

A quarter model was used for the finite element model with appropriate boundary conditions. Typical 
details applicable for all silos modeled use a fine mesh to include the 20-inchdiameter manway and 24- 
inchdiameter hatch. 

The wall was assumed hinged at the base and fixed at the dome wall intersection. 

A separate finite element model was developed for each silo to include its own test result on concrete 
thicknesses, wire data, and concrete strengths. Figures 4-1 and 4-2 show typical finite element models 
for Silos 1,  2, 3, and 4. Figures 4-3, 4-4, 4-5, and 4-6 show the details of the model at the openings. 
Additional details of the model are included in a separate calculation package for each silo. 

4.1.1 Descrbtion of Finite Elements 

Three-dimensional shell elements combining the membrane and plate behavior were used. The plate- 
bending behavior includes two-way, outqf-plane plate rotational stiffness components in a direction 
normal to the plane of the element. 

The plate-bending behavior does not include any effects of shear deformation. 

The membrane behavior includes translational in-plane stiffness components in the direction normal to 
the plane of the element. 
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The element stresses were evaluated at eight integration points and extrapolated to the joints Oi 
element. 

Triangular elements were used only as transitional elements since their stress recovery is poor. 

To get meaningful stress contours, all the elements were generated so that the local axes were in the : 
direction as much as possible. Figure 4-7 shows a typical detail of the element local axes near the d 
wall intersection. 

Figure 4-7 also shows fictitious zero stiffness, zero mass beam elements used to input the radial pres: 
loads at the beam element end joints only. This technique was used to overcome the limitation of 
load specifications for interior joints. 

4.2 Assumptions 

The following assumptions were made in this analysis: 

The silos were built to the same dimensions as shown on the referenced drawings (preload ; 

The results obtained by a quarter model with proper boundary conditions are representativ 
the results for a full model. 

Construction loads are not included in the dome roof live load of 20 pounds per square foot (F 

The analysis was based on uncracked concrete structure and the material was assumed line 
elastic, homogeneous, and isotropic. Poisson's ratio was taken as zero. 

The cracks recorded (Muenow and Associates 1985% b) and observed on walls and dome: 
Silos 1,2,3,  and 4 were surface cracks only and not stnrctural cracks. 

The material and property data for concrete and prestress wire were the same as obtained by l a  
NDT results for Silos 1, 2, 3, and 4 (Muenow & Associates 1985a, b). 

The pkstress wire conformed to ASTM A821 and has not been damaged other than 
percentage wire loss reported (Muenow & Associates 1985a, b). 

The yield strength for reinforcement and welded wire mesh was taken as 40,OOO psi. 
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Figure 4-'1 - Typical Finite Element Model for Silos 1, 2, 3, and 4 
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Figure 4-2 - Typical Plan of Dome Showing Restraints for Silos 1, 2, 3, and 4 
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Figure 4-3 - Detail at Off-Center Manway for Silos 1 and 2 
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Figure 4-4 - Detail at Center for Silos 3 and 4 
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Figure 4-5 - Detail at 20-Inch Diameter Manway for Silos 1, 2, 3, and 4 
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Figure 4-6 - Detail at 24-Inch Diameter Hatch for Silos 1 ,  2, 3, and 4 
ERAFS I\VOLI :RSAF'PS\RSDATA\ 
OU-4\PO-92\SILOEVAL 4-a Rev. No.: 0 38 



- 1’54  

6 0  a 

tn z 
0 
c 
a, 
0 

U 

m 0 

c 
7 
0 
3 

U 

U 

Ln c z 
0 
3 

A 
2 

U 

a 

7 w x 
7 
3 
I1L 
I 
tn 

Ln 
W x 
<t 

1 
0 
0 
4 

a 

W r a 
LT 
LL 

w 
LT 

ZE 
U 

Figure 4-7 - Detail of Model Showing Local Axes and Stress Components 
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1 
9) n e  contents inside the silo will be level at the depths as noted in Subsection 4.4. 

10) The silos are classified as a low-hazard facility as designated in UCRL 15910. 

11) Finite element formulation is based on shell elements combining membrane and plate-bending 
behavior. 

. .  

4.3 Evaluation of Existing NDT Results 

The 1986 Camargo test results were obtained by Muenow and Associated and are contained in (Muenow 
& Associates 1985a) for Silos 1 and 2 and in (Muenow & Associates 1985b) for Silos 3 and 4. 

The test results were presented separately for the dome and wall at selected test points. Since the model 
used is a quarter model, averaged values of the test results were developed to represent typical values for 
the elements. The results included concrete strengths based on pulse velocities, concrete thicknesses, 
percentage of prestress wire loss, and crack data. 

Dome tests were conducted at 30 degrees diametrical lines at approximately 20 points on each test line. 
Wall tests were conducted at 15degree intervals along the circumference and at l-foot intervals to the 
full depth of the wall. 

The NDT test results taken at various points on the dome and the wall are shown in individual calculation 
packages for each silo. 

Figures 4-8, 4-9, 4-10, and 4-11 show a summary of the data as used for the finite element model for 
Silos 1, 2, 3, and 4, respectively. 

4.4 Loading Conditions and Loading Combinations 

The following loading conditions were included: 

Self Weight (SW) 
Live Loads (LL) 

Content Loads (CL) 
Wind Loads (WL) 
Earthquake Loads (EQK) 
Embankment Loads (Em) (Silos 1 and 2 only) 
Temperature Loads (TL) 

Prestress Loads (PL) 
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Figure 4-8 - Summary of Material Data for Silo 1 
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Figure 4-10 - Summary of Material Data for Silo 3 
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The following loading combinations were included: 

Silos 3 and 4 cDL=SW+PL): 

DL 
DL + LL 
DL + WL 
0.75 @L + EQK) 

DL + CL 
DL + LL + CL 

0.75 @L + LL + CL + WL) 
0.75 @L + LL + CL + EQK) 

0- 

Note: 1. 
2. 

4. 

5. 

Silos 1 and 2 (DL=SW+PL+EML) 

DL 
DL + LL 

DL + CL 
DL + LL + CL 

.75 (DL + LL + CL + EQK) 

.75 @L+EQK) 

1 I 7  , p 1  I T 1  
k I !-- a -Y I A Y  

1 T 1  
Y a b  

Silos 3 and 4 have no embankment loads. 
For Silos 1 and 2, load combinations with wind loads were omitted as not critical, since 
the wind is acting on the dome portion only. 
Silos 1 and 2 were not analyzed for different configurations of the embankment height 
including the case of no embankment. 
The weight of dome cover and foam insulation was included in the dead load for Silos 
I and 2. 
Load combinations with temperature loads (LC4 and LC-8) for Silos 1 and 2 were not 
significant since they are insulated by the berm on one side and the contents on the other 
side. Loading combinations with temperature loads (LC-5 and LC-10) for Silos 3 and 
4 also were not significant. The results for these combinations are, therefore, not 
included. 

Each loading condition is described briefly as follows: 

1) Self Weight (SW): This load includes the self weight of concrete. For Silos 1 and 2, the weight 
of dome cover and foam cover was added. Dead load due to self weight of concrete was 
automatically included in the analysis. 

Live Load (LL): Roof live load of 20 psf was used over the dome surface only (PARSONS 
1993a). Live loads were applied as joint loads using tributary areas. 

2) 

3) Prestress Load (PL): The vertical prestress loads and horizontal wire winding loads were based 
on the number and diameter per details shown in Preload Inc. drawings. Prestress loss was also 
included. The wire loads were proportioned in accordance with wire loss data from test reports 
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(Muenow & Associates 1985a, b). Prestress loads at interior joints were applied as span 1( 
on fictitious beam elements and as joint loads at end joints (see Figure 4-7). 

4) Content Loads (CL): The content loads were based on the depth and density of content 
shown in Figure 4-12. For Silos 1 and 2 the information from the OU-4 CDR (PARSONS 1' 
was used for the depth and density of contents and bentogrout. For Silo 4, the height of 
contents was taken as 6 feet. The density and unit weights were taken the same as for the 
1 contents. Content loads were applied as potential loads in the SAP90 model. 

5) Wind Loads (WL): Wind loads were based on wind velocity of 80 miles per hour (OBE 
Wind pressures were based on using exposure C and the procedures of ASCE 7-88 (ASCE). 
Silos 1 and 2, wind load is not critical. Wind loads were applied for Silos 3 and 4 only. % 

hazard curve was based on UCRL 53526 (UCRLa). Wind loads on dome surface were basec 
ASCE paper (ASCE 1972) and ASCE 7-88 (ASCE). 

6 )  Earthquake Loads (EQK): Earthquake loads were based on the procedures of UCRL 15 
(UCRL 1990). A response spectrum analysis was made using the site-specific response spe 
for the FEMP taken from UCRL 53582 (UCRLb) and site-specific peak ground acceleration v: 
of 0.13 g for the FEMP taken from UCRL 15910, as shown in Figure 4-13. Ten modes o 

considered. The mass of contents was lumped at the wail nodes. Conservative approximat: 
were made in the load combinations which include earthquake loads. Earthquake loads o 
analyzed using response spectrum and modal superposition methods using separate runs. Vert 
accelerations were taken as 2/3 of the horizontal accelerations. I\ 0 

7) Embankment Loads (EML): Embankment loads were applied for Silos 1 and 2 only as shc 
in Figure 4-12. The height of the embankment was taken to the full height of the silo wall. 
soil density (125 pcf) and horizontal earth pressure coefficients (0.5) were based on the OL 
Project Order 92 Soil Report (Nutting 1993). Embankment loads were approximated and app 
as potential loads in the SAP90 model. 

8) Temperature Loads (TL): The temperature loads were based on a maximum annual temperat 
differential of f 40 degrees F. The temperature load was applied as a uniform expamior. 
contraction due to change of temperature throughout the silo structure. Temperature loads w 
applied as potential loads with the SAP90 model. Temperature variations through the thickn 
of the elements were not considered. Temperature loads were not critical. 
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pcf = pounddcubic foot psf = pounddsquare foot 

Figure 4-12 - Depth of Contents for Silos 1, 2, 3, and 4 
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Figure 4-13 - Design Response Spectrum Scaled to 1.0 g (22, 5 % ,  and 10% of Critical Damping) 
FEMP (UCRL 53582) 
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4.5 Allowable Stresses 

4.5.1 Dome Buckling 

Dome buckling stress was calculated using the elastic theory of dome shell stability based on ACI 344-W 
(ACI 1988). This method accounts for creep, imperfections, material variability, cracking, and 
nonlinearity. The buckling Ioad was also calculated by a second method based on ACI SP 67 (ACI 
1981). The most conservative value of the buckling load corresponds to about 100 psf for a dome based 
on a constant thickness of at least 2-1/2 inches and is well above the &urn anticipated loading. 

4.5.2 Allowable Stresses in Concrete 

The silos were constructed as circular- wire-wrapped prestressed concrete tanks and post-tensioned by 
vertical tendons. The walls have no vertical reinforcement or metal diaphragm. The allowable stresses 
were based on the alternate design provisions of ACI 318 and ACI 344-W applicable for prestressed 
concrete shell structures of this type of construction. The allowable tensile stresses in the dome are based 
on plain concrete (ACI 1989, NAWY 1989). 

it 
& H C r C l ~  w' 

B o h l y  

The allowable hoop and meridional, compressive and tensile stresses, and the allowable shear stresses 
for the wall and the dome are summarized in Table 4-1. The concrete strengths are based on 1986 
-est results as noted in Subsection 4.3. 

4.5.3 Allowable Stresses in Reinforcement 

The allowable stresses in rebars and welded wire mesh were taken -d provisions of ACX 
318. 

4.5.4 Allowable Stresses in Prestress Wires 

The allowable stress in prestressed wires was based on ACI 344-W assuming field die-drawn wires 
corresponding to ASTM A821 or equal, with specified tensile strength, fpu of 218,000 psi. 

The allowable stress for prestress wkes was taken as 152,000 psi corresponding to 0.7 fpu. 

ERAFSl WOLl :RSAPPS\RSDATA\ fl OU4\PO-92UILONAL 4-19 Rev. No.: 0 



J 

ALLOWABLE STRESS 
3500 3250 3000 

700 650 600 

Table 4-1 - Allowable Stresses in Concrete 

2875 

575 

DOME 

2750 

550 

(79.2) 

82.5 

(11.88) 

1238 

(178.3) 

315 

(45.4) 

58 

(8.4) 

1 

- 

- 

Hoop compr. (-S1 1) I 

Hoop tension (+S 1 1) 
(ACI 318.1, 6.2.l[a]) 

Merid. tension (+ S22) 
(ACI 318.1, 6.2.l[a]) 

- 

Merid. compr. (-S22) 
(NAWY pg. 678) 

*0.03 f c  
or 

1.9$ 

KSF 

Hoop compr. (-S 11) 
(ACI 344, 2.3.3.2[d]J -45 d 
Merid. compr. (-S22) KSF 
(ACI 344, 2.3.3.2[d]) 

Hoop tension (+ S 1 1) PSI ** 
[ACI 318, 18.4.2[b]) 

Merid. tension (+S22) 
[ACI 318, 18.4.2[b]) 

KSF 
@ 

[ACI 318, A.3.l[b]) 1.1@ 
3ut of plane shear PSI 

KSF 

WALL 

(15.1) (14.0) (12.96) (12.42) 

1575 1463 1350 1294 

(226.8) (210.7) (194.4) (186.3) 

355 342 329 322 

(51.1) (49.1) (47.2) (46.4) 

63 60 59 65 

(9.4) (9.1) (8.6) (8.5) 

KSFl (100.8) I (93.6) I (86.4) I (82.8) 

I 105 I 97.50 I 90 1 86.25 
I I I 1 

Notes: *Conservative value of 0.03 f c  is used: (ACI 1940) 
**Stress at which concrete will crack. 
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SECTION 5 

COMPUTER SOLUTIONS 

~ 5.1 Summary of Stresses 

The results of structural analyses on Silos 1, 2, 3, and 4 are summarized to include stresses and 
displacements for all the applicable loading conditions. 

The tensile (+ve) and compressive (-ve), hoop stress (S1 1) and meridional stress (S22), for the top (T) 
and bottom (€3) surface were evaluated for each element for all load cases separately for the dome and 
the wall for silos 1, 2, 3 and 4. 

Tables 5-1 and 5-2 show the enveloped values of the hoop and meridional stresses for Silo 1 Dome and 
wall respectively. 

Tables 5-3 and 5-4 show the enveloped values of the hoop and meridional stresses for Silo 2 Dome and 
wall respectively. 

Tables 5-5 and 5 4  show the enveloped values of the hoop and meridional stresses for Silo 3 Dome and 
wall respectively. 

Tables 5-7 and 5-8 show the enveloped values of the hoop and meridiond stresses for Silo 4 Dome and 
wall respectively. 

Figures 5-1 through 5-4 show typical stress contour plots for the Silo 1 Dome and Wall for LC-5 
(DL+ U+ a), for the stress components S 11B and S22B. 

Figures 5-5 through 5-8 show typical stress contour plots for the Silo 2 Dome and Wall for LC-5 
(DL+LL+CL), for the stress components Sl lB and S22B. 

Figures 5-9 through 5-12 show typical stress contour plots for the Silo 3 Dome and Wall for LC-7 
(DL+LL+CL), for the stress components Sl lB and S22B. 

Figures 5-13 through 5-16 show typical stress contour plots for the Silo 4 Dome and Wall for LC-7 
(DL+LL+CL), for the stress components Sl lB and S22B. 

Note: Similar stress contour plots were obtained for the stress components S 11T and S22T. 
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Table 5-1 - Silo 1 - Summary of Maximum Stresses - Dome 

- 

- 

(-93.6) Hoop Stress 0 (+I41 I (24) 

-85.6 6.1 

864 910 

-77.5 -13 

864 910 

- 

- I  

-S 11T G 
Jt. No. 

LC-2 

Jt. No. 

LC-3 

Jt. No. 

727 

-55 

727 

4 5  

727 

1 LC-4 

~ Jt. No. 

LC-5 

-60 

727 

-55 

727 

-37.5 

727 

~~ ~~ 

Jt. No. 

LC-7 

-3.1 
- 

423 

4.78 

864 

4.62 

864 

- 

- 
Jt. No. 

76 1 +SllT 

I -3.25 

I 4.53 

- 1864 

-1.87 

- 1 - r  

% I -S11B ' 1  % I +SllB I f, 

I -82.8 I I 15.9 I 6.33 

I -34 I I 415 I 

Notes: 
1) Allowable stresses in concrete (shown in parenthesis) are based on concrete strength, f,' = 3,: 

psi, as shown in Table 4-1 and Figure 4-8. Allowable stress in steei = 24 KSI. 
96 indicates overstress in concrete section. 
f ,  indicates stress in reinforcement @I). 
Joint number shown in second row of each load case indicates approximate location where 
maximum stress occurs. 
LC: Load combination (see Subsection 4.3). Load combinations with temperature effects L( 
and LC-8 are not critical. 
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. .  . 

_____ 

Meridional Stress 0 (+ 14) 

+ S22T Sb -S22B 96 +S22B 

3.4 -17.7 35 

75 1 753 854 

5.8 -34.7 20.1 

726 728 854 

- - 

- - 

Table 5-1 - Silo 1 - Summary of Maximum Stresses - Dome (Continued) 

(24) 

f. 

13.93 

(3) 

8.0 

(3) 

. .. 

LC-2 

Jt. No. 

LC-3 

It. No. 

LC-4 

Jt. No. 

LC-5 

Jt. No. 

I (-93.6) 

~~ ~ 

-40 

854 

-35 

727 

-60 

727 

-48.2 

854 

- 

- 

- 

- 

I -SZT I Z 

I LC-1. I -50 

I -  Jt. No. I 727 

LC-7 I -34.9 I 
Jt. No. I 854 -1 - 

2.87 1 - 1-13 I - I 27.7 I 11.02 

(3) 755 753 854 

S 11T - Hoop Stress top surface 
S 11B - Hoop Stress bottom surface 

S22T - Meridional Stress top surface 
S22B - Meridional Stress bottom surface 

Notes: 
1) 

2) 
3) 
4) 

5) 

Allowable stresses in concrete (shown in parenthesis) are based on concrete strength, f,' = 3,250 
psi, as shown in Table 4-1 and Figure 4-8. Allowable stress in steel = 24 KSI. 
% indicates overstress in concrete section. 
f, indicates stress in reinforcement 0. 
Joint number shown in second row of each load case indicates approximate location where the 
maximum stress occurs. 
LC: Load combination (see Subsection 4.3). Load combinations with temperature effects LC-6 
and LC-8 are not critical. 
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Table 5-2 - Silo 1 - Summary of Maximum Stresses - Wall 

S 11T - HOOP Stress top surface 
S 11B - Hoop Stress bottom surface 

S22T - Meridional Stress top sur 
S22B - Meridional Stress bottom sur 

Notes: 
1) 

2) 
3) 

4) 

Allowable stresses in concrete (shown in parenthesis) are based on concrete strength, f,’ = 3, 
psi, as shown in Table 4-1 and Figure 4-8. 
76 indicates overstress in concrete section. 
Joint number shown in second row of each load case indicates approximate location where 
maximum stress occurs. 
LC: Load combination (see Subsection 4.3). Load combinations with temperature effects Lr 
and LC-8 are not critical. 
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LC-4 

Jt. No. 

LC-5 

Jt. No. 

-60 

727 
- 

-56 - 
1036 

Table 5-2 - Siio 1 - Summary of Maximum Stresses - Wall (Continued) 

(-194.4) Meridional Stress 0 (+ 47.2) 

I -S22T 1 % + S22T % 1 -S22B 1 7% I +S22B I % 

LC-1 I -154 0.62 

Jt. No. I 1396 1101 

LC-2 I -154 5.09 

Jt. No. I 1396 726 1109 1396 

LC-3 I -115 0.98 -42 82.0 73 

1109 1396 (5) 

-39 

1109 728 

- - ,  

- - 

Jt. No. I 1396 I 
- ~~ 

1101 

-5.9 

1103 

0.86 

726 

LC-7 1-42 

- - - Jt. No. I 1036 

S11T - Hoop Stress top surface 
Sl lB - Hoop Stress bottom surface 

S22T - Meridional Stress top surface 
S22B - Meridional Stress bottom surface 

Notes: 
1) 

2) 
3) 

4) 

5)  

Allowable stresses in concrete (shown in parenthesis) are based on concrete strength, f,' = 3,000 
psi, as shown in Table 4-1 and Figure 4-8. . 

96 indicates overstress in concrete section. 
Joint number shown in secund row of each load case indicates approximate location where the 
maximum stress occurs. 
LC: Load combination (see Subsection 4.3). Load combinations with temperature effects LC-6 
and LC-8 are not critical. 
Loading combination without contents is critical. Embankment load must be reduced before 
contents of tank are removed for load cases LC-1, LC-2, and LC-3. 
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Table 5-3 - Silo 2 - Summary of Maximum Stresses - Dome 

. .. 

S 11T - Hoop Stress top surface 
S 11B - Hoop Stress bottom surface 

S22T - Meridional Stress top surf: 
S22B - Meridional Stress bottom surf 

\ Notes: 
1) 

2) 
3) 

4) 

Allowable stresses in concrete (shown in parenthesis) are based on concrete strength, f,' = 3,: 
psi, as shown in Table 4-1 and Figure 4-9. 
46 indicates overstress in concrete section. 
Joint number shown in second row of each load case indicates approximate location where 
maximum stress occurs. 
LC: Load combination (see Subsection 4.3). Load combinations with temperature effects LC 
and LC-8 are not critical. 
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Table 5-3 - Silo 2 - Summary of Maximum Stresses - Dome (Continued) 

S 11T - Hoop Stress top surface 
S 11B - Hoop Stress bottom surface 

S22T - Meridional Stress top surface 
S22B - Meridional Stress bottom surface 

Notes: 
1) 

2) 
3) 
4) 

5)  

Allowable stresses in concrete (shown in parenthesis) are based on concrete strength, f,' = 3,250 
psi, as shown in Table 4-1 and Figure 4-9. Allowable stress in steel = 24 KSI. 
96 indicates overstress in concrete section. 
f, indicates stress in reinforcement (KSI). 
Joint number shown in second row of each load case indicates approximate location where the 
maximum stress occurs. 
LC: Load combination (see Subsection 4.3). Load combinations with temperature effects LC-6 
and LC-8 are not critical. 
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Table 5-4 - Silo 2 - Summary of Maximum Stresses - Wall 

LC-1 

Jt. No. 

LC-2 

Jt. No. 

LC-3 

It. No. 

LC4 

Jt. No. 

LC-5 

Jt. No. 

LC-7 

Jt. No. 

(-186.3) Hoop Stress (+ 46.4) 

-SllT % +SllT % -SllB 96 +S11B % 

-188 .16 -177 9.83 

1363 1456 1363 1 472 

-1 88 8.5 -177 9.83 

1363 864 1363 1472 

-140 .74 -132 - -0 

1 - - - 

1 - - - 

- .  - - - 
1363 864 1363 1472 

-38.5 - -0 -49.4 - -0 
- - - 

1019 1456 1487 1472 

41.4 6.07 41.8 - -0 - - - - 
1333 864 1487 1 472 

-24 5.41 -30.7 1.33 

1002 864 1487 1479 
- - - - 

S11T - Hoop Stress top surface 
S 11B - Hoop Stress bottom surface 

S22T - Meridional Stress top SUR 
S22B - Meridional Stress bottom surf 

Allowable stresses in concrete (shown in parenthesis) are based on concrete strength, f,' = 2, 
psi, as shown in Table 4-1 and Figure 4-9. 
% indicates overstress in concrete section. 
Joint number shown in second row of each load case indicates approximate location where 
maximum stress occurs. 
LC: Load combination (see Subsection 4.3). Load combinations with temperature effects LC 
and LC-8 are not critical. 
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... -S22T 

-151 

1380 

-151 

i 1380 

-1 13 

1380 

-72 

727. 

-48 

1370 

-42.5 

727 

Table 5 4  - Silo 2 - Summary of Maximum Stresses - Wall V( 
% 

- 

- 

- 

- 

- 

- 

LC-1 

+ S22T % 

-.69 

1103 

6.56 

728 

.02 

1103 

- 

- 

- 

8.21 - 
726 

3.36 

728 

3.53 

728 

- 

- 

Jt. No. 

-S22B 

-53.5 

1074 

-54 

1076 

-39.5 

1074 

-30 

1114 

-36 

727 

-25 

727 

LC-2 

Jt. No. 

LC-3 

Jt. No. 

LC-4 

Jt. No. 

LC-5 
~ ~ 

Jt. No. 
~ 

LC-7 
~ 

Jt. No. 

S11T - HOOP Stress top surface 
S11B - Hoop Stress bottom surface 

S22T - Meridional Stress top surface 
S22B - Meridional Stress bottom surface 

Notes: 
1) 

2) 
3) 

4) 

5 )  

Allowable stresses in concrete (shown in parenthesis) are based on concrete strength, f,' = 2,875 
psi, as shown in Table 4-1 and Figure 4-9. 
% indicates overstress in concrete section. 
Joint number shown in second row of each load case indicates approximate location where the 

LC: Load combination (see Subsection 4.3). Load combinations with temperature effects LC-6 
and LC-8 are not critical. 
Loading combination without contents is critical. Embankment load must be reduced before 
contents of tank are removed for load cases LC-1, LC-2, and LC-3. 

' maximum stress occurs. 
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Table 5-5 - Silo 3 - Summary of Maximum Stresses - Dome 

~~ 

-72 28 11.14 
- I  

901 904 . (3) 

-92.6 14.7 5.85 - 
864 904 (3) 

~ 

LC- 1 

~ 

-S11B 

-74.5 

901 

-63 

901 

Jt. No. 

96 +S11B f, 

26.7 10.62 
- .  

910 (3) 

13.3 5.29 

910 (3) 
- 

LC-2 

-S11T 

-77 

901 

-44 

Jt. No. 

Z +SllT 56 

2.3 

423 
- - 

-1.96 

HoopStress 

~ 

-86.9 

901 

-75.9 

864 

41.1 16.35 - 
910 (3) 

20.9 8.3 1 - 
904 (3) 

90 1 I 1864 I 

LC-6 

Jt. No. 

LC-7 

Jt. No. 

Jt. No. 

~ ~ ~~ 

-40 -2.36 - .  - 
901 423 

-37.5 -0.7 

901 864 
- - 

Jt. No. 

~ 

49.1 

864 

-80.8 

864 

-1.62 

901 423 

11.8 

904 

31.8 12.65 

- .  

- 
904 (3) 

S 11T - Hoop Stress top surface 
S 11B - Hoop Stress bottom surface 

S22T - Meridional Stress top surf. 
S22B - Meridional Stress bottom surf: ' 

Notes: 
1) 

2) 
3) 
4) 

5) 

Allowable stresses in concrete (shown in parenthesis) are based on concrete strength, f,' = 3,C 
psi, as shown in Table 4-1 and Figure 4-10. Allowable stress in steel = 24 KSI. 
% indicates overstress in concrete section. 
f, indicates stress in reinforcement (KSI). 
Joint number shown in second row of each load case indicates approximate location where 
maximum stress occurs. 
LC: Load combination (see Subsection 4.3). Load combinations with temperature effects L( 
and LC-10 are not critical. 
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Table 5-5 - Silo 3 - Summary of Maximum Stresses - Dome (Continued) 

I 

(-86.4) 

-S22T 

LC- 1 -45 

Jt. No. 692 

+S22T I % -S22B I % I +S22B I f, 

- 1 1  
939 

-23.6 

937 

-21.6 

987 

17.70 
____ 

-25.8 59.6 23.7 1 

854 (3) 

34 13.53 

856 (3) 

- 

- 

734 937 

6.96 -17.4 LC4 -35 

Jt. No. 858 

LC-6 -45 

Jt. No. 692 

LC-7 4 2  

Jt. No. 692 

937 734 

8.25 -23.8 I 144 

-~ I 17.50 

734 937 

2.07 

525 

-21.8 11.93 

937 

LC-8 I -30 1.78 -16.2 I I 27.8 I 11.06 

937 Jt. No. I 692 525 

12.7 LC-9 I -40 
~~ 

Jt; No. I 692 734 

S11T - Hoop Stress top surface 
S 11B - Hoop Stress bottom surface 

Notes: 

S22T - Meridional Stress top surface 
S22B - Meridional Stress bottom surface 

1) 

2) 
3) 
4) 

5)  

Allowable stresses in concrete (shown in parenthesis) are based on concrete strength, f,' = 3,000 
psi, as shown in Table 4-1 and Figure 4-10. Allowable stress in cafiE@= 24 KSI. 
% indicates overstress in concrete section. 
f, indicates stress in reinforcement (KSI). 
Joint number shown in second row of each load case indicates approximate location where the 
maximum stress occurs. 
LC: Load combination (see Subsection 4.3). Load combinations with temperature effects LC-5 
and LC-10 are not critical. 

' Q E E L  
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Table 5-6 - Silo 3 - Summary of Maximum Stresses - Wall 

LC-1 

Jt. No. 

~~ 

(-210.7) Hoop Stress (+49.1) 

-S 1 1T % +S11T % -SllB 96 +S11B % 

-98.9 0 -98.9 0 

1333 1444 1341 ' 1450 
- - - - 

11 Jt. No. I 1333 1 I I 1341 I 

Jt. No. 

LC-6 

Jt. No. 

11 LC-4 I -73.9 1 l o  I 1 -73.7 I 
~ 

1333 1446 1340 

-77.8 0 -77.8 - - - 
1333 1444 1341 

LC-9 

Jt. No. 

~~ ~ 

-58.6 0 -58.7 

1335 1446 
- - 

1341 
~ ~~ ~ 2 

y. 
1444 

0 

1479 1 

I 1479 

01- 
S 11T - Hoop Stress top surface 
S 11B - Hoop Stress bottom surface 

S22T - Meridional Stress top surf2 
S22B - Meridional Stress bottom surfa 

Notes: 
1) 

2) 
, 3) 

4) 

Allowable stresses in concrete (shown in parenthesis) are based on concrete strengths, f,' = 3,2 
psi, as shown in Table 4-1 and Figure 4-10. 
% indicates overstress in concrete section. 
Joint number shown in second row of each load case indicates approximate location where t 
maximum stress occurs. 
LC: Load combination (see Subsection 4.3). Load combinations with temperature effects LC 
and LC-10 are not critical. 

ERAFSl WOLl :RSAPPS\RSDATA\ 
O U 4 ~ 9 2 \ S I L O E v A L  5-12 

loa 
Rw. No.: 



. .  

LC- 1 

Jt. No 

Table 5-6 - Silo 3 - Summary of Maximum Stresses - Wall (Continued) 

(-210.7) Meridional Stres 

-S22T % + S22T % 

-108 -1.56 - - 
1333 1103 

LC-2 

Jt. No 

LC-3 

Jt. No 

-94 -4.88 

1406 1103 

-105 1.90 

1406 1103 

- 

- - 

LC-4 

Jt. No 

LC-6 

Jt. No 

LC-7 I -88 I I -5.1 ~ -1 

-72 -0.9 

1406. 1103 
- - 

84 -1.74 - - 
1406 1103 

Jt. No 

LC-8 

Jt. No 

LC-9 

Jt. No 

0 
-S22B 

- 

1406 1103 

-64 -3.57 

1406 1103 

4% 1.28 

1406 - -  1103 

- 

- 

1147 I 

~~ 

1110 

-31.9 

1147 

-36.5 

-3 1.4 

(+49.1) 

+ S22B 

1387 -1-; 
1386 

,1387 

1387 

34.7 

1387 

26.2 

1387 

27.2 

1386- 

- 

- 

- 

S11T - Hoop Stress top surface 
S11B - Hoop Stress bottom surface 

S22T - Meridional Stress top surface 
S22B - Meridional Stress bottom surface 

Notes: 
1) 

2) 
3) 

4) 

Allowable stresses in concrete (shown in parenthesis) are based on concrete strength, f,’ = 3,250 
psi, as shown in Table 4-1 and Figure 4-10. 
56 indicates overstress in concrete section. 
Joint number shown in second row of each load case indicates approximate location where the 
maximum stress occurs. 
LC: Load combination (see Subsection 4.3). Load combinations with temperature effects LC-5 
and LC-10 are not critical. 
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LC-1 

Jt. No. 

LC-2 

Jt. No. 

LC-3 

Jt. No. 

LC-4 

Jt. No. 

LC-6 

Jt. No. 

LC-7 

Jt. No. 

LC-8 

Jt. No. 

LC-9 

Jt. No. 

SI 1T - Hoop Stress top surface 
S 11B - Hoop Stress bottom surface 

/ -%y 
Hoop Stress 0 (+ 14) (24) 

-S 1 1T 5% +SIIT 5% -SllB X +SllB f, 

-72 -2.4 -74.6 27.3 10.86 
- - - 

725 423 901 904 (3) 

-51 -1.9 -63 0 

797 864 901 904 

-66 2.07 -87 42.1 16.75 

- - - 

- - - 
790 40 901 904 (3) 

-45 -1.69 -76 21.2 8.43 

724 423 864 904 (3) 

-90 -2.4 -74.8 27.5 10.94 

724 423 901 904 (3) 

-68 -2.2 -63.3 0 

725 864 901 725 

-52 - -1.1 -70.6 0 

725 864 864 725 

-72 -2.4 -102 27.3 10.86 

- - - 

- - - .  

- - .  - .  

- - I  - .  

- - .  - 
692 423 864 904 (3) 

S22T - Meridional Stress top surfa 
S22B - Meridional Stress bottom surfa 

Notes: 
1) 

2) 
3) 
4) 

5) 

Allowable stresses in concrete (shown in parenthesis) are based on concrete strength, f,' = 3,O 
psi, as shown in Table 4-1 and Figure 4-1 1. 
5% indicates overstress in concrete section. 
f, indicates stress in reinforcement (KSI). 
Joint number shown in second row of each load case indicates approximate location where t 
maximum stress occurs. 
LC: Load combination (see Subsection 4.3). Load combinations with temperature effects LC. 
and LC-10 are not critical. ' 
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S 11T - Hoop Stiess top surface 
S11B - Hoop Stress bottom surface 

S22T - Meridional Stress top surface 
S22B - Meridional Stress bottom surface 

Notes: . 

1) 

2) 
3) 
4) 

5) 

Allowable stresses in concrete (shown in parenthesis) are based on concrete strength, f,' = 3,000 
psi, as shown in Table 4-1 and Figure 4-1 1. Allowable stress in steel = 24 KSI. 
Sb indicates overstress in concrete section. 
f, indicates stress in reinforcement (KSI). 
Joint number shown in second row of each load case indicates approximate location where the 
maximum stress occurs. 
LC: Load combination (see Subsection 4.3). Load combinations with temperature effects LC-5 
and LC-10 are not critical. 

ERAFS 1 WOLl :RSAPPSWDATA\ 
OU4\PO-92\SILOMAL 5-15 Rw. No.: 0 



Table 5-8 - Silo 4 - Summary of Maximum Stresses - Wall 

LC- 1 

Jt. No. 

LC-2 

Jt. No. 

LC-3 

Jt. No. 

LC4 

Jt. No. 

LC-6 

Jt. No. . 

LC-7 

Jt. No. 

LC-8 

Jt. No. 

LC-9 

Jt. No. 

~ ~~ ~ 

(-210.7) Hoop Stress 0 (+ 49.1) 

-SI 1T % +S11T % -S11B % +SUB o/c 

-99.0 - -0 -99 - -0 - - - - 
1333 1444 1341 1450 

-99.0 - -0 -99 - -0 
- - - - 

1333 1444 1341 1450 

-99 - -0 -99.5 - -0 

1335 1446 1341 1444 

-73.9 - -0 -73.8 - -0 

- - - 

- - - - 
1333 1445 1340 1479 

-96 - -0 -95 - -0 - - - 
1333 1444 1339 1480 

-96 - -0 -95 - -0 - - - - 
1333 1444 1339 1480 

-7 1 - -0 -70.9 - -0 - - - - 
1333 1445 1338 ' 1479 

-72.2 - -0 -71.6 - -0 - - - - 
1334 1445 1339 1480 

SI IT - Hoop Stress top surface . 
S 11B - Hoop Stress bottom surface 

S22T - Meridional Stress top surf 
S22B - Meridional Stress bottom surf 

Notes: 
1) 

2) 
3) 

4) 

Allowable stresses in concrete (shown in parenthesis) are based on concrete strength, f,' = 3,: 
psi, as shown in Table 4-1 and Figure 4-11. 
% indicates overstress in concrete section. 
Joint number shown in second row of each load case indicates approximate location where 
maximum stress occurs. 
LC: Load combination (see Subsection 4.3). Load combinations with temperature effects L( 
and LC-10 are not critical. 
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Table 5-8 - Silo 4 - Summary of Maximum Stresses - Wall (Continued) 

LC- 1 

Jt. No 

. .- 

~~ 

(-210.7) 

-S22T % 

-96 

1406 
- 

-S22B 

-40 

1110 

-44 

1110 

-41.6 

% 

- 

- 

Meridional Stres 

LC-2 

Jt. No 

LC-3 

+S22T I % 

~~ 

-99 

1406 

-105 

- 

- 

-1.98 
- 

1103 

-5.25 

1103 

1.42 

1103 

- 

- 
1110 

-30 - 
1147 

-43.4 

1074 
- 

--I -3 1.3 

1110 1 

(+49.1) 

+ S22B 

1387 -1 ; 
50.8 

37.5 

1387 

43.4 

1370 1 -1 - 

32.2 

Ff 
1370 

S 11T - Hoop Stiess top surface 
S 11B - Hoop Stress bottom surface 

S22T - Meridional Stress top surface 
S22B - Meridional Stress bottom surface 

Notes: 
1) 

2) 
3) 

4) 

Allowable stresses in concrete (shown in parenthesis) are based on concrete strength, f,' = 3,250 
psi, as shown in Table 4-1 and Figure 4-11. 
96 indicates overstress in concrete section. 
Joint number shown in second row of each load case indicates approximate location where the 
maximum stress occurs. 
LC: Load combination (see Subsection 4.3). Load combinations with temperature effects LC-5 
and LC-10 are not critical. 
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Figure 5-1 - Hoop Stress SllB for Silo 1 Dome, LC=5 @L+LL+CL) 
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Figure 5-2 - Meridional Stress S22B for Silo 1 Dome, LC=5 IDL+LL+CLl 
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Figure 5-3 - Hoop Stress SllB for Silo 1 Wall, LC-5 @L+LL+CL) 
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Figure 5-4 - Meridional Stress S22B for Silo 1 Wall, LC=5 @L+LL+CL) 
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Figure 5-5 - Hoop Stress SllB for Silo 2 Dome, LC=5 @L+LL+CL) 
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Figure 5-6 - Meridional Stress S22B for Silo 2 Dome, LC=5 (DL+LL+CL) 
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Figure 5-7 - Hoop Stress SllB for Silo 2 Wall, LC=5 (DL+LL+CL) 
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Figure 5-8 - Meridional Stress S22B for Silo 2 Wall, LC=5 @L+LL+CL) 
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Figure 5-9 - Hoop Stress SIlB for Silo 3 Dome, LC-7 (DL+LL+CL) 
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Figure 5-10 - Meridional Stress S22B for Silo 3 Dome, LC=7 @L+LL+CL) 
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Figure 5-11 - Hoop Stress SI 1B for Silo 3 Wall,gLC=7 @L+LL,+CL) 
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Figure 5-12 - Meridional Stress S22B for Silo 3 Wall, LC=7 @L+LL+CL) 
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Figure 5-13 - Hoop Stress SllB for Silo 4 Dome, LC=7 @L+LL+CL) 
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Figure 5-14 - Meridional Stress S22B for Silo 4 Dome, LC=7 @L+LL+CL) 
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Figure 5-15 - Hoop Stress SI 1B for Silo 4 Wall, LC=7 @L+LL+CL) 
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Figure 5-16 - Meridional Stress S22B for Silo 4 Wall, LC=7 @L+LL+CL) 
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For any given stress component ,stress contour plots were obtained from SAPLOT post processor and 
examined to determine the maximum +ve and -ve values. Due to possible limitations of the quarter 
model the unrealistic peak values obtained at the comer nodes (729 and 693) were omitted. Figure 5-17 
shows a typical stress contour obtained for the enlarged area near the dome wall intersection near node 
729. 

The stress contours at suspicious areas were enlarged by similar stress contour plots to determine the true 
maximum values. The results were also verified by comparing numerical values from SAP90 stress output 
files. 

To determine the out-of-plane shear stresses separate computer runs were made to obtain the out-of-plane 
shear force output. These results were then reviewed to determine the maximum values. 
The shear stress values were not critical for any silo. 

5.2 Summary of Displacements 

The maximum displacements were obtained for each load case for each silo. The results are summarized 
in Tables 5-9, 5-10, 5-11, and 5-12 for Silos 1, 2, 3, and 4, respectively. Figure 5-18 shows a typical 
deformed shape for Silo 2 for Load Case 5 .  

5.3 SAP90 Files 

Table 5-13 shows the list of SAP90 computer input and output files for Silos I,  2, 3, and 4, including 
a brief description-of each file. 
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Figure 5-17 - Meridional Stress SllB for Silo 1 Dome Wall Intersection, LC=5 @L+LL+CL) 
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Figure 5-18 - Magnified Deformed Shape of Silo 2 for Load Case 5 @L+LL+CL) 
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C L .  . 

LC-1 ft. 

in. 

LC-2 ft. 

in. 

LC-3 ft. 

in. 

LC-4 ft. 

in. 

LC-5 ft. 

in. 

LC-7 ft. 

in. 

Table 5-10 - Silo 2 - Summary of Maximum Displacements 

+X +Y +z MF -X -Y -2 MI 

0 0 .447 10’ .148 .147 .0147 10’ 

.054 .178 .176 .017 

0 0 .3041 lo2 -148 .147 .0151 10’ 

.036 .178 .176 .018 

0 0 .3459 10’ .lo99 .lo88 .OlW 10’ 

.042 .132 .131 .013 

0 0 .4049 10’ .2775 .2827 .1466 1 o2 
.049 .033 .034 0.018 

0 0 .2655 10’ .2131 .2156 .1507 lo2 
.032 ,026 .026 .018 

0 0 .2085 1U2 -1564 .1583 .1125 102 

.025 .019 .019 .014 

. .  

MF: Multiplication Factor 
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Table 5-12 - Silo 4 - Summary of Maximum Displacements 

-Z* 

.1506 

.0182 

-1548 

.0182 

.146 

.0175 

.1127 

.0135 

.1503 

.018 

.1544 

.0185 

.1156 

.0139 

.lo93 

.013 

I +x I +Y I +z MJ? 

lo2 

10” 

lo2 

1U2 

lU2 

1U2 

in. 

LC-3 I ft. I I 1 .8519 

LC-4 I ft. I I I .4876 

I in. I I 1 .0769 

LC-9 

MF -X -Y 

.866 .8495 

.lo39 .lo19 

lo2 .866 .8497 

.lo39 .lo19 

lo-? 3702 .8444 

.lo44 .lo13 

. a 3 5  .631 

.0772 .0757 

1U2 .8427 .7829 

.lo11 .0939 

lU2 .6259 .58 

.0751 .0696 

.6351 5820 

.0762 .0698 

MF: Multiplication Factor 
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1 7 4  
.3 yl ..- 

6) The shear stresses in the dome and walls are within allowable stresses for Silos 1, 2, 3, anc 

7) The maximum displacements in the X, Y, and Z directions are less than 0.25 inches for Silc 
2, 3, and 4. 

6.2 Path Forward 

1) Establish the structural condition of the silos as they exist now, including the material propel 
and material thicknesses by conducting independent NDT tests on each silo as planned una 
separate project order (PO-76). 

2) Evaluate the new test results to determine if the results from the 1986 test results are 
applicable. 

3 )  Evaluate the new test results to determine if there are any major concerns about the struct 
integrity of the silos. 

4) 

6.3 Conclusion 

Determine the future course of action based on the evaluation of the new test results. 

1) Based on the results of structural analyses performed to date and the assumptions made in 
report, including original design criteria, the structural integrity of Silos 1,2,3, and 4 should 
be affected by the proposed 6-foot diameter opening at the center of the dome, subject to 
loading restriction that Silos 1 and 2 not be empty with the embankment in place. The find 
of this report need to be confirmed by independent NDT results. 
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k 

Figure 5-1 presents unit weight data of CSS grout, measured immediately after mixing, 
plotted against respective long-term (24 to 31 days) UCS results. Based on this 
comparison, unit weight used as an indirect measure of solids content of thickened sludge 
and CSS grout will be a quality control parameter measured during CSS Production 
Facility operation. 

Figure 5-1 

Fresh % Solids vs. UCS (24 to 31 days) 
Data From SPP935md TealFiU Bptdr 

8 

\ 
B&LirudBerlFii 
Y 0 8.1 1 X - 251.83 

33 34 35 38 37 38 So 40 41 42 43 44 45 46 47 48 48 50 51 52 

Fresh% Solids . 

5.3 TCLPResults 

The results of CSSX-SPP-935 Optimization Tests for CSS Grout-Like Product (Appendix 
N) indicate flocculated sludge, oversized material (> 0.125 in.) from dredged sludge 
slurry, grout product, and free liquids (from the grout) passed the TCLP test for TC 
regulatory levels. In addition, the results of CSSX-SPP-930, Grout Weathering Test 
(Appendix 0) indicate that CSS grout TCLP results do not significantly change due to 
weathering for tested recipes of 1:0.2 and 1:0.3 sludge-to-binder ratios. 
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