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ABSTRACT 

The Buried Waste Integrated Demonstration is supporting the 
development, demonstration, testing, and evaluation of a suite of 
technologies that, when integrated with commercially available 
technologies, form a comprehensive system for the remediation of 
radioactive and hazardous buried waste. As a part of the 
program's technology development, remote retrieval equipment is 
being developed and tested for the remediation of buried waste. 
During remedial planning, several factors are considered when 
choosing remote versus manual retrieval systems. Time that 
workers are exposed to radioactivity, chemicals, air particulate, 
and industrial hazards is one consideration. The generation of 
secondary waste is also a consideration because it amounts to more 
waste to treat and some wastes may require special handling or 
treatment. Cost is also a big factor in determining whether 
remote or manual operations will be used. Other considerations 
include iraplementability, effectiveness, and the number of 
required personnel. This paper investigates each of these areas 
to show the risk and cost benefits and limitations for remote 
versus manual retrieval of buried waste. 

BURIED WASTE RETRIEVAL 

Prior to 1970, the primary method for disposal of transuranic mixed 
waste of the U.S. Department of Energy (DOE) was burial in pits and trenches. 
As an example, between 1952 and 1970 over 2 million cubic feet of waste was 
buried at the Radioactive Waste Management Complex (RWMC), located at the 
Idaho National Engineering Laboratory (INEL). The contaminants at the RWMC 
include plutonium and americium oxides, chlorides, hydroxides, volatile 
organics (e.g., trichloroethylene and carbon tetrachloride), and cutting oils. 
The waste containers are assumed to be severely deteriorated and the waste is 
expected to be commingled with approximately 10 million cubic feet of fill 
dirt. 

DOE is committed to remediating waste sites, such as the RWMC, 
throughout the DOE complex. To meet this commitment, DOE has formed the 



Office of Technology Development (OTD) to develop, test, demonstrate, and 
evaluate advanced remediation technologies to be infused into the 
environmental restoration and waste management missions. OTD has, in turn, 
initiated the Buried Waste Integrated Demonstration {BWID) at the INEL to 
investigate advanced technology that may be applied to remediation of buried 
waste throughout the DOE complex. BWID is concentrating on five technical ' 
areas: characterization, retrieval, treatment, assay, and containment. 

Retrieval of buried waste may be performed manually, using conventional 
retrieval techniques, or remotely. The determination of which method to use 
will be dependent on risk, cost, and other tradeoffs. This paper explores a 
process for making the necessary determination. For manual retrieval 
operations, technology currently exists; therefore, BWID is involved in 
developing the missing technologies to allow remote retrieval operations. 

During the summer of 1995, BWID will perform an integrated field 
demonstration at the INEL. The integrated tests will be performed on a 
simulated buried waste pit. For the BWID program, the excavation of waste 
centers on three primary system components: a remotely operated excavator, an 
autonomous waste conveyance system, and a telerobotic gantry crane. The 
telerobotic excavator will retrieve the majority of the waste. The 
telerobotic gantry crane will deploy other technology developed by BWID for 
characterizing waste, controlling dust and contamination spread, cutting large 
objects, and performing precision excavations. Simulated waste will be 
conveyed from the digface using an automated conveyance system. 

RISK TRADEOFFS 

When retrieving hazardous or radioactive buried waste, certain tradeoffs 
need to be considered and evaluated. One tradeoff that is often part of the 
decision for deciding whether to retrieve waste remotely or manually is risk. 

In order to evaluate risk as a tradeoff, it must be understood what 
"risk" really means. The definition in the American Heritage Dictionary is 
"the possibility of suffering harm or loss; danger or a factor, element, or 
course involving uncertain danger; hazard." Risk is frequently expressed as a 
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function of the probability that a certain event will occur and the resulting 
consequence of that event: 

Risk = Probability X Consequence 

Risk is managed through lowering the probability of an event occurring, 
reducing the consequence of that event, or minimizing both the probability and 
the consequence. 

For hazardous waste retrieval there are multiple factors that make up 
risk. These factors influence either the probability of an event or the 
resulting consequence for a given remediation scenario. The risk posed by the 
situation at a given site requires separate analysis for each site. The 
consequence of an event can include harm to the workers or nearby public, harm 
to the environment, or a full or partial loss of equipment, operating, and 
monitoring systems. The focus of this analysis is on the risk to the worker, 
which is frequently an overriding factor in managing the risk. 

The hazardous waste worker is at various levels of risk during all 
phases of remediation: construction, operations, maintenance, and 
surveillance. The hazards the workers are exposed to vary widely. They 
include standard construction hazards (cranes, electrical, etc.), industrial 
hazards (heavy equipment operation, maintenance, etc.), and hazards that 
result from the unique characteristics of a hazardous waste site. These 
unique hazards could include high radiation fields, exposure to toxic 
substances (heavy metals, radionuclides, organics, asbestos), explosion, 
rupture of pressurized containers, and fire. 

The probability of occurrence for specific events that result in harm to 
workers, within standard industrial and construction practices, is fairly well 
understood. However, the uncertainty that exists at a buried, hazardous waste 
site may force the risk manager to assume a probability of occurrence of 1. 
This drives the effort to mitigate the consequences such that an acceptable 
level of risk is attained. Completely remote operations may be necessary to 
reduce the risk to manageable levels. 
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Many factors affect the risk to the remediation worker: contaminants of 
concern, exposure pathway, time of exposure, radiation fields, potential for 
explosion or fire, adequacy of administrative controls, human reliability, 
equipment design, operation complexity and time, and adequacy of protection 
systems. Some factors that are unique to the hazardous waste retrieval worker 
are discussed below. 

The intensity of the radiation field is driven by the alpha, beta, and 
gamma fields that may be encountered within the buried waste. High gamma 
fields may require heavy shielding to lower the consequence to a manageable 
level or removal of the worker from the exposure pathway through use of remote 
operations. The exposure pathway factor refers to the various pathways that 
toxic substances may harm personnel. Pathways may include skin irritants, 
ingestion, and inhalation. Time of exposure (to radiation fields, toxic 
substances, or other potential hazards) is a critical factor in evaluating 
risk. The time of exposure is dependent on the nature of the operations, the 
specific manual tasks that have to be performed (maintenance, surveillance, 
etc.), and the magnitude of the retrieval operation. 

The factor associated with explosion and fire potential is one that 
carries great uncertainty within the buried waste environment. Knowledge of 
the buried waste contents and characterization of the site before and during 
retrieval operations will weigh into the determination of the risk associated 
with these events. 

COST TRADEOFFS 

In concert with risk, cost will be a major factor in determining whether 
a retrieval action will be performed manually or remotely. In assessing these 
costs, the life cycle of the project must be considered. The obvious costs to 
take into account include the capital costs for acquiring the equipment, the 
operating costs for performing the retrieval operation, and maintenance costs 
expected during the operation. 

In most instances the initial capital costs associated with remote 
equipment will exceed those of manually operated equipment. When life-cycle 
costs are accounted for, this cost differential may be reversed. By 
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developing the retrieval scenario based on remotely operated equipment, it is 
possible to automate' some activities, thereby reducing the required number of 
operators and the associated costs. The improved equipment control required 
for automated operations may also lead to more efficient activities. One 
example of efficiency improvement for the BWID operations is the removal of 
overburden material. Overburden is the fill dirt placed on top of the buried 
waste used as a radiation shield. In most instances, the overburden is not 
contaminated and, therefore, does not require treatment and storage. The 
improved control of the excavator, required to allow robotic operation of the 
excavator, has led to the ability to precisely remove overburden. This 
precision leads to less overburden being retrieved with the buried waste and 
thus less treatment volume. 

Retrieval experiments performed by BWID have shown approximately 50% 
faster operations for manual operations than remote operations with no steps 
automated. If maintenance operations are also expected to be performed 
remotely, larger discrepancies would be expected. Most equipment is not 
readily maintained remotely and may require significant modifications. Even 
after equipment modifications are made, the maintenance activities performed 
remotely may still be painstakingly slow. 

Beyond these costs, many indirect costs will also be affected by the 
determination of manual versus remote operations. If additional technology 
development activities are required, the associated costs must be included in 
the life-cycle costs. Decontamination and disposal costs for the equipment 
may also change due to different design considerations for the two options. 
Manual operations in a hazardous environment require the use of personal 
protective equipment {PPE). In the case of radioactive buried waste, the PPE 
includes coveralls, anti-contamination clothing, gloves, and possibly a 
breathing apparatus. The PPE will require decontamination at the end of each 
use or will be discarded (resulting in waste treatment and storage costs). 
Other secondary wastes may also be generated through manual operations that 
would be reduced, or possibly eliminated, through remote operations. 
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ADDITIONAL TRADEOFFS 

Additional tradeoffs that should be considered include the frequency of 
retrieval actions, task complexity, required number of people, duration, etc. 
Each of these is discussed below. 

The frequency that an operation must be performed will enter into the 
remote versus manual decision. Frequency is a measure of the repetitiveness 
of performing a task and in this case is proportional to the amount of waste 
to be retrieved. Frequency here can refer to the number of pits and trenches 
that must be retrieved or refer to a hot spot versus full pit retrieval. 

Task complexity is also a tradeoff for determining whether a task should 
be performed manually or remotely. Task complexity refers to how complex the 
task is to perform. Many dimensions enter into complexity - for example, the 
cognitive workload to perform the task, the required physical actions, and the 
"load" on each of the senses. Because complexity is multidimensional, a 
consistent method for determining complexity is more obscure. 

A methodology for determining task complexity is proposed. The method 
consists of using a subjective rating scale for determining values for each 
dimension. Each dimension is then weighted, based on the particular 
application. For example, the cognitive workload may be considered high (a 
value of 9) for determining what type of contamination control measure should 
be taken during a particular buried waste retrieval scenario. For that 
application, the cognitive workload may have a total weighting of 30%. The 
value of the cognitive workload for this task would be 2.7. The total 
weighting for any task complexity measure would be 100%. 

The number of people required to perform the task will also affect the 
decision as discussed in the cost tradeoff section. Not only the number of 
people/operators required, but the knowledge, experience, and training each 
person must have will affect the decision of performing a task manually or 
remotely. These aspects obviously affect cost and risk, but they also affect 
staffing for other projects and indeed, those resources may not be available 
or even exist. 
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Duration of performing a task manually versus remotely must also be 
considered. The time should include lead times (including any development), 
regulatory approvals (which may differ for remote and manual), setup times, 
task duration, decontamination times, and destaging times. 

SUBJECTIVE MEASURES 

Because several factors were determined to be a function of subjective 
and objective measures, a method for assessing the subjective nature of these 
factors is needed. Techniques for quantifying subjective judgments have been 
developed in the field of psychometrics. Psychometric techniques have been 
used to subjectively measure a person's perception of mental workload, which 
is the cognitive effort required to perform some task. Because several 
factors for determining whether to perform a task manually or remotely are 
subjective, psychometric techniques can be used for measuring these factors.1 

There are two basic types of psychometric techniques: ranking and 
rating. Ranking is a method by which you order a list from lowest to highest 
or from highest to lowest preference. Rating is a method used to obtain some 
type of classifiable quantity. There are several types of rating scales, 
including (a) global or straight point scales such as bipolar and Likert 
scales,2 (b) global-guided or scales that use a network of questions, which 
guide the evaluator to a point on the straight point scale such as 
Cooper-Harper,3 (c) multidimensional-global or scales that break down the 
subject into more detailed subpart and rate the subparts, such as Subjective 
Workload Assessment Technique4 or Task Load Index,5 and (d) multidimensional 
global-guided or scales that break down the subject into subparts and rate 
those subparts using a global-guided scale.1 

Any of the factors should satisfy two criteria. The first is that the 
factor should express perceptional orthogonality. This means that the 
dimension would be entered under one category or another, but not both. The 
second criterion is that the factor should be exhaustive over the domain. In 
other words, the dimensions should be adaptable to any situation one might 
experience in the domain. In this case, the dimensions should be adaptable to 
taking into account all aspects of buried waste retrieval. Figure 1 shows a 
portion of a tradeoff taxonomy for buried waste retrieval. 
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Application Factor Dimension 
Cost 

Risk 

Benefit Cognitive 
Workload 

Benefit Cognitive 
Workload 

Buried Waste 
Retrieval 

Task Complexity Physical 
Requirement 

Buried Waste 
Retrieval 

Task Complexity Physical 
Requirement 

Task Frequency Etc. Task Frequency Etc. 

Time to Complete 

Etc. 

Figure 1. Tradeoff taxonomy for buried waste retrieval. 

DECISION METHODOLOGY 

Deciding whether to use robots to perform a retrieval task or to use 
humans can be a difficult question. In the past, managers have based their 
decisions on weighing the risk, cost, and other factors addressed above. The 
problem with this approach is that if the same information was given to 
several managers, several answers likely would result. We propose that the 
decision can be more scientifically based. 

A set of graphs could be developed as a decision aid for buried waste 
retrieval. A discussion on this theory follows. These graphs could be three 
dimensional. The first graph would take into account the human aspect. The 
three axes could include task complexity, time to perform the task, and the 
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frequency the task may occur. Figure 2 shows a nonscaled version of this 
graph. Note the planes that cut the 3-D graph. Equations for these planes 
could be generated based on the specific application. The object could then 
be cut into pieces. On the far left, the task is better performed manually 
because the task does not take a lot of time and it is not very complex. The 
middle region shows where activities should be performed remotely. The region 
to the right suggests that the task is extremely complex and that a human may 
perform the task better than a robot. Certainly there is a tradeoff between 
the cost and time for programming the robot for a complex task and the number 
of times the task will be performed. 

Task frequency 

Time to 
complete 
task 

Task complexity 

X94 0451 

Figure 2. Task complexity, time to complete, and task frequency for any 
given task. This general graph shape will not change from application to 
application, but the specific numbers will change for each specific 
application. 

Similarly, another graph could be generated that shows the tradeoffs 
between risk, benefits, and cost. Again, the graph shape would be similar for 
all tasks, but the axis values will vary with specific applications. 
Numerical equations could be generated to cut the object into regions of 
manual and remote performance as well. 



Based on the specific application, in this case buried waste retrieval, 
quantitative values for the time to complete the task, task frequency, and 
cost can be generated. Methods for determining the task complexity, risk, and 
benefit depend on the definition of the terms and the makeup of those 
compositions for each application. 

SUMMARY 

A better method for determining the way in which tasks are decided to be 
performed (i.e., remotely or manually) has been explored. Each waste site and 
associated remedial objectives will impact the factors that must be considered 
during this decision process. A standard methodology that allows for 
variations in these factors can expedite the decision process and ensure that 
cost-effective solutions can be reached consistently while effectively 
managing risks. Future research efforts will continue to develop this 
methodology for application to hazardous waste environments. However, 
extensions of this methodology may be applicable to operations in hostile 
environments related to military, space, or other missions. 
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