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REFERENCED DOCUMENT *EXCERPT LOCATION REMARK
Cook et al. 2005 General reference; no excerpt included

with this response.
DOE Order 414.1C, Quality Assurance Excerpt enclosed following response. Attachment 2.
SRM414. IC, 2005 Quality Assurance Excerpt enclosed fillowing response. Section 1.1.
Program Manual, U.S. Department of
Energy (DOE), Savannah River Operations
Office (SR), Aiken, South Carolina.
WSRC 2004a Other General reference; no excerpt included
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applicable are enclosed following the response.
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CONTRACTOR REQUIREMENTS DOCUMENT
DOE 0 414.1C, QUALITYASSURANCE

Regardless of the performer of the work, the contractor is responsible for complying with the
requirements of this Contractor Requirements Document (CRD). The contractor is responsible
for flowing down the requirements of this CRD to subcontractors at any tier to the extent
necessary to ensure the contractor's compliance with the requirements and the safe performance
of work. When the contractor conducts activities or provides items or services that affect or may
affect the safety of Department of Energy (DOE), including National Nuclear Security
Administration (NNSA), nuclear facilities, it must conduct work in accordance with the quality
assurance (QA) requirements of 10 CFR 830 Subpart A.

This CRD includes a requirement to integrate multiple QA program (QAP) drivers imposed by
QA regulations [see Title 10 Code of Federal Regulations (CFR) 830], the Nuclear Regulatory
Commission, and other Federal agencies. The CRD includes activity-specific requirements for
work that also may need to comply with QA regulations. This integration requirement
supplements but does not supersede or alter compliance with QA regulations. Where a work
activity, process, or item is specifically identified as within the scope of a QA regulation (e.g.,
10 CFR 830 or 10 CFR 63), that regulation prevails. In the event of a conflict between this CRD
and any QA regulation, the regulation prevails. (See QAP integration requirement, paragraph
2a(4) below.3

OBJECTIVES.

a. To ensure that DOE, including NNSA, products and services meet or exceed
customers' expectations.

b. To achieve QA for all work based upon the following principles.

(1) That quality is assured and maintained through a single, integrated,
effective QA program (i.e., management system).

(2) That management support for planning, organization, resources, direction,
and control is essential to QA.

(3) That performance and quality improvement require thorough rigorous
assessment and corrective action.

(4) That workers are responsible for achieving and maintaining quality

(5) That environmental, safety, and health risks and impacts associated with
work processes are minimized while maximizing reliability and
performance of work products.

c To establish quality process requirements to be implemented under a QAP for the
control of suspect/counterfeit items (S/CIs) and control of safety software.
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2 GENERAL QUALITY REQUIREMENTS.

a Quality Assurance Program Development and Implementation. A contractor must
assign and identify a senior management position responsible for the
development, implementation, assessment, and improvement of a QAP that does
the following.

(1) Implements QA criteria as defined in paragraph 3 of this CRD, S/CI
prevention requirements as defined in paragraph 4, and safety software as
defined in paragraph 5, using a graded approach and describing how the
QA criteria and graded approach are applied. See paragraph 2 of this
CRD for guidance on compliance.

(2) Uses the appropriate national or international consensus standard where
practicable and consistent with contractual or regulatory requirements, and
identifies the standard used. Appropriate standards include the following.

(a) ASME NQA- 1-2000, Quality Assurance Requirements for Nuclear
Facility Applications (for nuclear-related activities).

(b) ANSI/ISO/ASQ Q 9001-2000, Quality Management System
Requirements (for nonnuclear activities).

(c) ANSI/ASQ Z 1.13, 1999, Quality Guidelines for Research, (for
nonnuclear research activities).

(3) Applies additional standards, where practicable and consistent with
contractual or regulatory requirements and as necessary to address
unique/specific work activities (e.g., development and use of safety
software or establishing the'competence of a testing and calibration
laboratory). [Note: These standards are sometimes referred to as
"voluntary standards." However, once the practicable standard(s) is
adopted through regulation, code, contract, QAP, or procedure,
compliance with the standard is required and is not voluntary.]

(4) Integrates, where practicable and consistent with contract or regulatory
requirements, quality management system requirements as defined in this
CRD, the S/CI prevention process (Paragraph 4) and Safety Software
Quality Requirements (Paragraph 5) with other quality or management
system requirements in DOE directives and external requirements,
including as applicable -

(a) DOE P 450.4, Safety Management System Policy, dated 10-15-96

(b) DOE P 450.5, Line Environment. Safety and Health Oversight,
dated 06-26-97.
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(c) NNSA Quality Management Policy, QC- 1, (quality management
system for the nuclear weapons complex and weapons-related
activities).

DOE/RW-0333P, DOE Office of Civilian Radioactive Waste
Management, Quality Assurance Requirements and Description.

DOE/CBFO-94-1012, DOE Cairlsbad Field Office, Quality
Assurance Program Description, (for the Waste Isolation Pilot
Plant and related activities).

NOTE: This integration requirement does not establish or imply a
hierarchy of quality requirements or programs.

b. Ouality Assurance Program A__rovals and Changes. The contractor must-

(1) Submit a QAP to DOE for approval before beginning work under a DOE
contract.

(2) Implement the QAP as approved and modified by DOE,

(3) Indicate in the submittal any third-party certification affecting the QAP

(4) Revise an existing QAP that was approved in accordance with previous
versions of this CRD (e.g., CRD to DOE 0 414.1B, Quality Assurance,
dated 04-29-04) to address enhancements required by this CRD.

(5) Regard a QAP as approved by DOE 90 calendar days after DOE receipt,
unless approved or rejected by DOE at an earlier date, and include any
modification made or directed by DOE.

(6) Submit QAP changes made the previous year annually to DOE for review
and approval. In the submittal, identify the changes, the reason for the
changes, and the basis for concluding that the revised QAP continues to
satisfy the requirements of this CRD.

(a) The contractor may make changes to an approved QAP at any
time.

Editorial changes made to correct spelling, punctuation, grammar,
etc., do not require explanation.

c. Ouality Guidance Usage. The contractor must consider QA guidance in
developing and implementing a QAP. The following guidance documents (most
recent revisions) are available at httb'//www.directives.doe.Lov/.

(1) DOE G 414.1-1A, Management Assessment and Independent Assessment
Guide for Use with 10 CFR, Part 830, Subpart A, and DOE 0 414.1A,
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Quality Assurance; DOE P 450.4, Safety Management System Policy; and
DOE P 450.5, Line ES&H Oversight Policy, dated 5-31-01.

(2) DOE G 414. l-2A, Quality Assurance Management System Guide for Use
with 10 CFR 830 Subpart A Quality Assurance Requirements and DOE
0 414. IC, Quality Assurance, dated 6-17-05.

(3) DOE G 414.1-3, Suspect/Counterfeit Items Guide for Use with 10 CFR
830 Subpart A, Quality Assurance Requirements, and DOE 0 414.1B,
Quality Assurance, dated 11-03-04.

(4) DOE G 414.1-4, Safety Software Guidefor use with 10 CFR 830 Subpart
A, Quality Assurance Requirements, and DOE 0 414. iC, Quality
Assurance, dated 6-17-05.

3. QUALITY ASSURANCE CRITERIA. The QAP must address the following
management, performance, and assessment criteria.

a. Managsement/Criterion l-Program.

Establish an organizational structure, functional responsibilities, levels of
authority, and interfaces for those managing, performing, and assessing
work.

Establish management processes, including planning, scheduling, and
providing resources for work.

b. Management/Criterion 2-Personnel Training and Qualification.

(1) Train and qualify personnel to be capable of performing assigned work.

(2) Provide continuing training to personnel to maintain job proficiency.

C. Management/Criterion --Ouality Improvement.

(1) Establish and implement processes to detect and prevent quality problems.

(2) Identify, control and correct items, services, and processes that do not
meet established requirements.

(3) Identify the causes of problems, and include prevention of recurrence as a
part of corrective action planning.

(4) Review item characteristics, process implementation, and other
quality-related information to identify items, services, and processes
needing improvement.
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d. Management/Criterion 4-Documents and Records.

(1) Prepare, review, approve, issue, use, and revise documents to prescribe
processes, specify requirements, or establish design.

(2) Specify, prepare, review, approve, and maintain records.

e. Performance/Criterion 5-Work Processes.

(1) Perform work consistent with technical standards, administrative controls,
and hazard controls adopted to meet regulatory or contract requirements
using approved instructions, procedures, etc.

(2) Identify and control items to ensure proper use.

(3) Maintain items to prevent damage, loss, or deterioration.

(4) Calibrate and maintain equipment used for process monitoring or data
collection.

f. Performance/Criterion 6-Design.

(1) Design items and processes using sound engineering/scientific principles
and appropriate standards.
Incorporate applicable requirements and design bases in design work and

design changes.

Identify and control design interfaces.

Verify/validate the adequacy of design products using individuals or
groups other than those who performed the work.

Verify/validate work before approval and implementation of the design.

g. Performance/Criterion 7-Procurement.

(1) Procure items and services that meet established requirements and perform
as specified.

(2) Evaluate and select prospective suppliers on the basis of specified criteria.

(3) Establish and implement processes to ensure that approved suppliers
continue to provide acceptable items and services.
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h. Performance(Criterion 8-Inspection and Acceptance Testing,

(1) Inspect and test specified items, services, and processes using established
acceptance and performance criteria.

(2) Calibrate and maintain equipment used for inspections and tests.

Assessment/Criterion 9-Management Assessment. Ensure that managers assess
their management processes and identify and correct problems that hinder the
organization from achieving its objectives.

j. Assessment/Criterion 10-Independent Assessment.

(I •Plan and conduct independent assessments to measure item and service
quality, to measure the adequacy of work performance and to promote
improvement.

(2) Establish sufficient authority and freedom from line management for
independent assessment teams.

(3) Ensure that persons conducting independent assessments are technically
qualified and knowledgeable in the areas to be assessed.

4. DOE-WIDE SUSPECT/COUNTERFEIT ITEM PREVENTION PROCESS. The process
is operated by the DOE Office of Environment, Safety and Health as a service to DOE
and its contractors and provides for collecting, analyzing, and disseminating S/CI
information; notifying Secretarial Officers (SOs) when specific actions must be taken to
investigate and resolve S/Cl quality and safety issues; and tracking and reporting the
status of corrective actions.

NOTE: This service does not relieve the contractor from complying with the
requirements defined in this CRD.

a. Supplemental Oualitv Manaigem t System Requirements for Suspect/Counterfeit
Items. An S/Cl prevention process must be developed and implemented as a part
of the contractor's QAP and must be commensurate with the facility/activity
hazards and mission impact. The QAP must be applied to identifying, analyzing,
and removing S/CIs and preventing them from being supplied to DOE/NNSA and
its contractors. The QAP must address the following elements for S/CI
prevention.

(1) Preventing the introduction and use of S/CIs through engineering
involvement, design, procurement, testing, inspection, maintenance,
evaluation, disposition, reporting, trend analysis, and lessons learned work
process controls.
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(2) Training and informing managers, supervisors, and workers on S/Cl
processes and controls (including prevention, detection, and disposition of
S/CIs).

(3) Identifying and disposing of S/Cls onsite

(4) Restricting ,S/Cl use to only those items that have been found acceptable
through engineering analysis and formal disposition process.

(5) Collecting, maintaining, disseminating, and using the most accurate,
up-to-date information on S/CIs and associated suppliers using all
available sources. S/CI information sources include the following.

Government-Industry Data Exchange Program (www.ideg.org)

(b) Institute of Nuclear Power Operations (www.in=o.ora?.

(c) DOE Occurrence Reporting and Processing System
(http://www.eh.doe.eov/Daa/orpshtml).

(d) DOE S/Cl Web site (http://www.eh.doe.gov/sci/.

(6) Identifying the management point of contact responsible for these
activities to ensure that the DOE Office of Environment, Safety and
Health has a viable recipient for S/CI information notices.

b. Work Process Controls. Work processes must be developed and implemented
using available S/Cl information and must include the following elements.

(1) Engineering involvement in the development of procurement
specifications; during inspection and testing; and when replacing,
maintaining, or modifying equipment.

(2) Procurement processes that prevent introduction of S/CIs by-

(a) identifying technical and QA requirements in procurement
specifications;

accepting only those items that comply with the procurement
specifications consensus standards; and commonly accepted
industry practices; and

inspecting inventory. and storage areas to identify, control, and
disposition S/CIs.
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(3) Inspection, identification, evaluation, and disposition of S/CIs installed in
all safety applications' and other applications that create potential hazards

(4) Engineering evaluations and disposition of S/CIs installed in safety
applications/systems or in applications that create potential hazards. The
evaluations must consider potential risks to the public and worker and
cost/benefit impact, and include a schedule for replacement (if required).

(5) Ensuring that S/CIs identified in nonsafety applications during routine
maintenance and/or inspection are reported, evaluated, and dispositioned
to prevent future use in safety applications.

(6) Contacting the DOE Inspector General (IG) before destroying or disposing
of S/CIs and their documentation to determine whether to retain them for
criminal investigation or litigation.

Testing procured or installed S/CIs as necessary using approved
engineering test methods.

Reporting S/CIs as per DOE 0 23 1.1A Change 1, Environment, Safety,
and Health Reporting, dated 06-03-04, and DOE 0 221.1, Reporting
Fraud, Waste, andAbuse, dated 03-22-01, to-

(a) the responsible DOE/NNSA line management offices;

(b) the Office of Environment, Safety and Health; and

(c) the Office of the Inspector General.

(9) Conducting trend analysis and issuing lessons learned reports for use in
improving the S/CI prevention.

5. SAFETY SOFTWARE QUALITY REQUIREMENTS. These requirements are
necessary to ensure that DOE/NNSA safety software in nuclear facilities performs its
intended specific functions in relation to structures, systems, or components (SSCs) and
that the classification, design, and analysis associated with nuclear facility operations is
correct. These requirements complement those of 10 CFR 830 and provide detail for
work associated with safety software that is conducted under the nuclear facility QAP
compliant with 10 CFR 830.

Work processes involving safety software must be developed and implemented using
national or international consensus standards and must include the following elements.

'Safety applicatios arm those whose failure could adversely affect the enviromnent, safety, or health of the public or woate.
This term includes safety systems in nuclear facilities (see 10 CFR 830.2).
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a. Facility design authority involvement in identifying software specification,
acquisition, design, development, verification and validation (including inspection
and test), configuration management, maintenance, and retirement.

b Identify, document, and maintain safety software inventory

c. Establish grading levels for safety software. Document those grading levels in the
QAP.

d Using the grading levels established and approved above, select and implement
the applicable software QA work activities from the following list to ensure that
safety software performs its intended functions. ASME NQA-1-2000, Quality
Assurance Requirements for Nuclear Facility Applications, or other national or
international consensus standards that provide an equivalent level of quality
assurance requirements as NQA-1-2000, must be used to implement these work
activities. The standards used must be specified by the user and approved by
DOE. DOE G 414.1-4 provides acceptable implementation strategies and
appropriate standards for these work activities.

(1) Software project management and quality planning

(2) Software risk management

(3) Software configuration management

(4) Procurement and supplier management

(5) Software requirements identification and management

(6) Software design and implementation

(7) Software safety

(8) Verification and validation

Problem reporting and corrective action

Training of personnel in the design, development, use, and evaluation of
safety software
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1.0 PURPOSE AND SCOPE

1.1 PURPOSE

1.1.1 Quality Assurance Program (QAP)

A. This Quality Assurance Program Manual (QAPM) describes the QAP for the
Department of Energy Savannah River Operations Office (DOE-SR) as required. by
DOE 0 414.1B, "Quality Assurance." It describes the overall program (management
system) established to assign responsibilities and authorities, define policies and
requirements, and provide for the performance and assessment of work.

B. The DOE-SR QAP is a management system that ensures DOE-SR's mission, policies,
and objectives are integrated into standard business practices and work processes.
Functions and activities performed to satisfy or implement DOE-SR's mission, policies,
and objectives are based on the requirements of various source documents (e.g., DOE
Orders, Federal Regulations, commercial standards). The commercial consensus
standard upon which the DOE-SR QAP is primarily based is the American Society of
Mechanical Engineers (ASME) NQA-1-2000, "Quality Assurance Requirements for
Nuclear Facility Applications." The requirements of this standard are tailored using a
graded approach to meet the needs of an organization whose primary functions
involve contractor oversight.

C. The QAP involves all DOE-SR organizational components and is not the sole
ownership of any single group. It is based on the criteria applicable to DOE as stated
in paragraphs 4 and 5 of DOE 0 414.1B, "Quality Assurance." The QAP applies to the
management and oversight of basic and applied research, scientific investigation,
engineering design, operations, maintenance, repair and decommissioning of facilities,
and eventual environmental restoration and reflects DOE&SR's comprehensive way of
doing business throughout the life cycle of DOE programs and projects.

D. The goal of the QAP is to achieve continuous improvement while satisfying the
appropriate requirements in a cost-effective manner. To achieve that goal, a culture
that encourages all employees to establish and maintain high standards, identify and
resolve problems, accept recommendations for improvement, and foster mutual
respect and effective communication has to be established and maintained.
Employees are responsible for continuous pursuit of enhancements to safety and
quality - not just complying with a minimal set of requirements.

E. The flow down to contractors of quality requirements, as well as other environment,
safety and health requirements, is performed using a process that generates a
Standards/Requirements Identification Document (S/RID). An S/RID is considered a
part of the official contract between DOE-SR and a contractor and is approved by
DOE. The S/RID process is defined and controlled by the requirements in SRIP
251.2, "Oversight of Contractor S/RID Activities." Validation and verification of
contractor compliance with an S/RID is accomplished primarily through independent
assessments, oversight of contractor self-assessments, and the facility representative
oversight process.
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Quality Assurance Program Manual (QAPM)

A. This QAPM is written to reflect the tone and format of DOE 0 414.18, "Quality
Assurance," in that it contains a section corresponding to each of the ten criteria of
DOE 0 414.1B. Within each criterion section, the basic requirement of DOE 0 414.1B
has been quoted, followed by a description of how DOE-SR satisfies the applicable
portions of the, requirement. Following the description, DOE-SR responsibilities are
assigned and defined at the level where requirement implementation is most effective.
At the end of each criterion section, there is a statement of implementation.

B. In addition to the ten criteria of DOE 0 414.1B, the QAPM contains a section covering
the DOE-SR Suspect/Counterfeit Item Program (section 14); Corrective Action
Management Program (section 15); and Safety Software Quality Requirements
(section 16).

C. The transmission of Quality Assurance requirements to contractors is accomplished in
the formal contracting process. For example, Federal Acquisition Requirements (FAR)
and DOE Acquisition Requirements (DEAR) are passed on to the Savannah River Site
(SRS) management and operating (M&O) contractor, Westinghouse Savannah River
Company (WSRC), and safeguards and security contractor, Wackenhut Services,
Incorporated (WSI), through their respective contracts. These contracts require them
to subsequently flow down the requirements to any subcontractors or vendors doing
work or providing products and services for SRS.

Project-Specific QAPs

A. While the requirements of DOE 0 414.1B involve all DOE-SR functions and activities,
specific DOE-SR projects may impose other quality assurance program requirements.
When this occurs, DOE-SR evaluates the project-specific requirements to determine
their impact on this QAPM. If there are significant differences, DOE-SR addresses
those requirements in project-specific QAPs. These requirements originate in ASME
NQA-1-2000, "Quality Assurance Requirements for Nuclear Facility Applications," or
other national or international standards and are documented in the appropriate
.contracts utilizing the SIRID process.

B. The Office of Civilian Radioactive Waste Management (OCRWM) establishes
requirements governing the waste acceptance process activities for the high-level
waste form production to ensure its acceptance in the repository at Yucca Mountain.
The Office of Environmental Management (EM) conducts audits, typically annually,
with the support of OCRWM to establish and maintain a high degree of confidence
that the quality assurance requirements for high-level waste form production are
being met.
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1.1.4 Integrated Safety Management System (ISMS)

A. The objective of ISMS is to ensure that DOE-SR and its contractors systematically
integrate safety into management and Work practices at all levels so that missions are
accomplished while protecting the worker, the public, and the environment. The
bottom-line objective is to MDO WORK SAFELY." The DOE-SR QAP is consistent with
and identified as an integral part of the DOE-SR safety management system. The
mechanisms used in the implementation of the DOE-SR QAP are linked to. the
implementation of the ISMS core functions: and guiding principles. These commonly
referenced DOE-SR mechanisms are found throughout both SRM 400.1.1 B, "DOE-SR
Safety Management System Description Manual" and the QAP.

B. Savannah River Policies (SRP), Notices (SRN), Manuals (SRM), and Implementing
Procedures (SRIP) define the principal mechanisms for implementing the DOE-SR
ISMS. These directives provide the detail necessary to ensure the proper
implementation of QAP and ISMS requirements. Maintenance and control of
Implementing directives is described in Section 7 of this QAPM.

Environmental Management System (EMS)

A. The SRS has implemented an EMS in accordance with the requirements of the
International Standards Organization (ISO) 14001, "Environmental Management
System;" Executive Order 13148, "Greening of Government Through Leadership in
Environmental Management;" and DOE Order 450.1, "Environmental Protection
Program." In addition to DOE-SR, it encompasses the primary site contractors and
other government agencies located at SRS. The EMS is not a standalone system, but
is an integral part of the ISMS as required by DOE Order 450.1.

B. Verification of implementation and maintenance of the SRS EMS is accomplished by a
SRS EMS Task Committee and through assessments by DOE-SR (particularly the
Environmental Quality Management Division) and site contractors.

C. The SRS EMS is described in SRP 04-03, "Savannah River Site Environmental
Management System Policy."

1.2 SCOPE

This manual applies to all DOE-SR Federal employees. The National Nuclear Security
Administration - Savannah River Site, consisting of the Savannah River Site Office (SV)
and the Fissile Materials Disposition Office (NA-266), may elect to adopt this directive for
the conduct of their business.

This QAPM Is NOT applicable to contractors or subcontractors who have in place a QAP
that has been approved by the DOE-SR Manager in accordance with DOE 0 414.1.11B,
"Quality Assurance." For example, the M&O contractor, WSRC, and the safeguards and
security contractor, WSI, both have approved QAPs in place. The requirements of this
QAPM flow down to all contractors and subcontractors performing work for DOE-SR who
do not have a DOE-SR approved QAP.



Conduct of Engineering and Technical Support Manual: E7
Procedure Manual Procedure: 2.3 1, Rev. 8

Approval: 12/3/04

Effective: 12/10/04

Page: I of 11

Engineering Calculations (U) Approved by

APPROVED for Release for G. H. Clare, Signature on File
Unlimited (Release to. Public) Site Chief Engineer

6/8/2005

1.0 Purpose

This procedure provides the methods for preparing, verifying, approving, accepting, and controlling
engineering calculations.

2.0 Scope

This procedure applies to the generation of engineering calculations or acceptance of engineering
calculations prepared by subcontractors that support plant modifications to Nuclear and Safety
Support Facilities, as defined in WSRC-RP-94-1268, FAOO, and those engineering calculations
that support Documented Safety Analysis (DSA), technical baseline documents and engineering
decisions, including research and development.

Refer to procedure 1.54, Manual E7 for calculations to support Commercial Industrial or
Infrastructure modifications or for GS and PS calculations that support Nuclear and Safety Support
facilities When the Chief Engineer has authorized the use of the Commercial Design Process
(reference procedure 1.02, Manual E7).

Pressure Relief Device calculations are prepared in accordance with this procedure and
Engineering Standard 15061, Manual WSRC-TM-95- 1.

Calculations performed on a recurring basis for operations or maintenance in accordance with the
step-by-step instructions of an approved procedure are not within the scope of this procedure.

The provisions of this procedure apply to members of the Performing Entity for management and
operations at Savannah River Site (SRS), and-to subcontractors performing work for any member
of the Performing Entity when required by subcontract or applicable law.

3.0 Terms and Definitions

Refer to the WSRC E7 Glossary.

4.0 Responsibilities

4.1 Originator
0 Determining the type of engineering calculation required
0 Preparing the engineering calculation
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" Ensuring application of quality assurance requirements when preparing calculations (see
Attachment 8.6, procedure 2.25, Manual E7)

* Obtaining calculation identification numbers
• Resolving Verifier and Checker comments
" Signing and dating the calculation to indicate the Originator and date of completion as well as to

attest that this procedure has been followed
* Ensuring the calculations are verified, accepted, and filed appropriately
o Ensuring input data and assumptions are applicable for the intended use and are adequately

referenced and/or justified to provide traceability during technical review

4.2 Verifier or Checker
* Verifying or checking the calculation for technical accuracy and procedural compliance
• Signing and dating the calculation to attest that the document vas reviewed, the resolution of

review comments is complete, the calculations are technically correct and valid for use in the
intended specified application(s), and the calculation complies with this procedure

4.3 Responsible Manager
* Ensuring the calculation is prepared and reviewed by qualified personnel
* Ensuring this procedure is followed for all engineering calculations
* Signing and dating the type 1 calculations to indicate the above two bullets have been

accomplished

4.4 Design Authority
" Assessing the impact of errors discovered in calculations utilized to support DSA or technical

baseline documents
* Initiating appropriate corrective action based upon the results of the assessment of errors
* Providing documented inputs to calculations as requested by the document originator
* Ensuring the input data, assumptions, and results, documented in the calculation, are consistent

with the facility design and operation

5.0 Procedure

5.1 General

Engineering calculations are completed, checked, reviewed, and approved prior to using their
results.

Excluding signatures, engineering calculations are produced in pencil or ink, including colors, and
will be legible and reproducible. Colors will not be used as the only means of conveying essential
information. The record copy sent to document control will be a legible and reproducible
photocopy.

The Originator makes an initial determination of the required type of the calculation (type 1 or type
2) using the guidelines provided by this procedure.
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5.2 Type 1 Calculations

Type 1 calculations are engineering calculations that are intended to be issued and controlled as
independent documents (i.e., a stand-alone documents). A type 1 calculation is statused as one of
the following:

preliminary calculation - calculations rmde for estimates of performance, costs or scale which
are not performed with the intent of being directly incorporated in final design documents. They
may include calculations to be incorporated in cost studies, or bid specifications, or as estimates in
reports to regulatory agencies.

Preliminary calculations may form the basis for preliminary safety analysis, or preliminary design
work, or for issue of drawings or specifications for construction or procurement when only
preliminary data is available (e.g., data supplied on similar equipment manufactured for other
modifications, designer's or supplier's knowledge of similar systems, etc). Such calculations will be
revised to assume the status of confirmed calculations when confirmed data is available. Design and
analysis work performed based on preliminary calculations will be reviewed and revised as
necessary if the results of confirmed calculations differ from the preliminary results.

confirmed calculation - calculations that form the basis for preliminary safety analysis, drawings,
specifications, or other design or safety analysis documents that are used to construct or operate the
facility, provide the design basis or DSA for an operating facility, or for modifications to an
operating facility. These calculations may be revised due to changes in design criteria, methods or
other reasons.

5.2.1 Initiation

5.2.1.1 Originator prepares a calculation and Calculation Cover Sheet (OSR 45-24).

Each sheet of the type 1 calculation, including attachments and appendices, includes the following.
OSR 19-260, Calculation Continuation Sheet, is available for use as needed.
* Sequential sheet number
* Calculation number
" Revision identifier

Calculation numbers are assigned in accordance with procedure 1.20, Manual E7.

5.2.1.2 The body of the calculation (starting with sheet 2) contains the following sections. (The items that
are required are specified as "required" on an item by item basis below.)

Table of Contents - (Required if the calculation contains attachments or appendices.) Generally
needed for larger calculations.

Summary Sheet or Summary Calculation (Roadmap) - When a single calculation is split into
multiple subordinate calculations to support complex tasks (e.g.,. a facility structural analysis or
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Master Calculation), include a summary sheet in each subordinate calculation that describes the
relationship between the subordinate calculations. This information may also be included in a
separate summary calculation that is referenced on the coversheet of each subordinate calculation.

Open Items - (Required for preliminary calculations.) Identifies those items that must be resolved
prior to the calculation being issued as confirmed. Each Open Item entry should clearly identify the
subject data and the reason(s) for, being designated an Open Item (e.g., preliminary, unverifiable,
etc.). Open Items are prohibited in confirmed calculations, although a subsection with this title may
be present to make it clear to the user that there are no current open items.

References - A listing of references will be included as applicable. Examples of references include
drawings, reports, manuals, publications, codes and standards. Each reference entry will contain
the document name and if applicable, the document number. The revision number or publication
date will be provided, if available. A reference section is not necessary for calculations performed
for submittal to outside regulatory authorities (e.g., permit calculations).

Input and Assumptions - (Required) List all input data and assumptions in this section with
reference to the source and/or justification. Input data and assumptions should be clearly
identifiable at the point of use within the calculation. The intent is to identify attributes that need to
be properly procured, tested, installed, configuration managed, protected, etc. for the facility
operation to be consistent with the calculation basis.

Analytical Methods and Computations (Required) A clear, step-by-step description of
method of solution, numerical computations (including identification of units used), and identification
of the source or derivation of all equations that are not common usage (including computer codes
used). For spreadsheet computations, describe, in the body of the calculation, the equations used
or reference a printout of the equations used and attach the printout to the calculation. The
explanation of the calculation method and the computations themselves should be succinct yet
detailed enough to permit a qualified Verifier/Checker to perform the technical review with minimal
interpretation or clarification of the facts presented.

Results - (Required) A description of the results obtained.

Conclusion,- (Required) A description of the degree to which the purpose and dcjectives have
been met along with information on the, appropriateness and completeness of the results for the
intended purpose.

Attachments and appendices - include additional information, as needed, such as copies of
references, memos, or pages of manuals, computer code output sheets, computation spreadsheet,
worksheets showing/explaining equations used, input transmittals, etc.

Sufficient input information will be included to allow all of the analyses to be repeated. If microfiche
or other forms of documentation (other than paper copy) are used, they will be acceptable to
records management, uniquely identified with the calculation number, indicate unambiguously the
extent of the information in the documentation, and be compatible for the storage period required.
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The paper copy will describe all other forms used and the method to retrieve the information if
stored separately.

5.2.1.3 Originator determines the calculation status (preliminary or confirmed).

For preliminary calculations, the revision identifier is an alpha character, with the initial issue being
"Revision A". For confirmed calculations, the revision identifier is a numeric character, with the
initial issue being "Revision 0".

5.2.1.4 Originator signs and dates the cover sheet of the calculation signifying that the calculation is accurate
and complete consistent with the identified status of the calculation.

5.2.2 Review and Approval

Note: If the Asset and Information Management (AIM) work flow routing is used, all approvals are
captured in AIM and authenticated prior to submittal of the calculation to Document Control. Only
the Authenticator signature is required on the Document Control submittal.

5.2.2.1 Verification and Checking

Originator forwards the calculation to the Verifier or Checker. Verification or checking is performed
in accordance with procedure 2.60, Manual E7. The Verifier or Checker reviews the calculation
for technical accuracy and procedural compliance, including logic of the calculation document,
adequate explanation of assumptions, adequate referencing of inputs, computations, and clarity of
presentation of results and conclusions. The Verifier or Checker confirms that all directly used
engineering calculation references are themselves confirmed. If software is used, Verifier or
Checker refers to Section 5.4 of this procedure for additional information The Verifier or Checker
signs and dates the cover sheet to indicate that all findings and comments have been resolved with
the Originator and that the calculation is technically correct, valid for use in the intended specified
applications, and complies with this procedure. The Originator gives the calculation to the
Responsible Manager.

5.2.2.2 Design Authority Review and Approval

Design Authority signature is required to be documented on the Calculation Cover Sheet for either
case listed below.

(1) when the calculation is used to support a DSA or technical baseline document, that is not part of
a Plant Modification subjected to a Technical Review in accordance with procedure 2.60, Manual
E7. In this case, Design Authority evaluates the impact of the calculation upon the facility
documents. The evaluation includes an Unreviewed Safety Questions (USQ) Screening if required
per procedure 1.05, Manual 1IQ. Design Authority signature on the Calculation Cover Sheet
indicates satisfactory completion of the evaluation and review, approval, and acceptance of the
calculation.
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(2) when the calculation has been prepared by a Technical Agency (reference Technical Agency
Contact List) and is not approved by the Design Authorityi as part of another document or
procedure (e.g., Technical Report, Studies, etc.). In this case, Design Authority signature indicates
review, approval, and acceptability of the calculation to the targeted facility, including the USQ
screening.

Design Authority signature is not required to be documented on the Calculation Cover Sheet if the
calculation supports a plant modification. In this case, Design Authority review, approval, and
acceptance of the calculation is documented as part of the Technical Review in accordance with
procedure 2.60, Manual E7.

5.2.2.3 Responsible Manager Approval

The Responsible Manager signs and dates the cover sheet indicating that the Originator and the
Verifier or Checker are qualified to perform the work and that the correct procedures have been
followed. The Responsible Manager returns the calculation to the Originator.

5.2.3 Transmittal to Document Control

The Originator forwards the calculation (hard copy and electronic file, if applicable) to Document
Control in accordance with procedure 1.20, Manual E7. As a minimum, the following information is
included on the record indexing form:

* Project or task identification * Calculation title
• Calculation number * Originator
* Revision status * Keywords
* Calculation status (preliminary or * Computer software and version

confirmed) number

5.2.4 Revising Issued Calculations

5.2.4.1 Revising the Total Calculation
* Revise the cover sheet and all pages to indicate the latest revision and date
* In the Revision Description block on the cover sheet, provide a concise description of the

revision to ensure that ihe significance of the revision is-understood
* Place a change bar in the right margin of each line in which a content change occurs
* Place a change bar in the right margin of each line containing new content
* Renumber pages to reflect the new page count
* Do not place change bars by existing content that is shifted due to deletion, addition or

replacement of other content

5.2.4.2 Revising Individual Pages

Revisions may be accomplished by revising calculation pages as follows:
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" The cover sheet is revised to reflect the correct number of sheets and revision status. The sheets
revised, added, deleted or voided are identified in the Summary of Revision block.

Note: It is acceptable for the Cover Sheet block to refer to a sheet or sheets in the document
that specify this detail.

* If additional information is required within the body of a calculation, additional sheets may be
added. The added sheet(s) are numbered and identified with the new revision number. These
sheets will be identified with alpha suffixes (e.g., 4A, 4B, etc. Starting with A going to Z, AA to
ZZ, AAA to ZZZ...)

* When a sheet identified with an alpha suffix is added, a note will be added to the previous sheet
to indicate that new sheets follow and the total extent of the number of sheets added is clearly
indicated.

* Revisions within a calculation sheet are identified by a change bar in the right hand margin
adjacent to the revised material. The revision number or letter of the sheet is changed to the new
revision identifier of the document.

" Correction tape, whiteout, or other materials are not to be used to make changes. Changes are
made by scribing a single line through the information, adding new information, then initialing and
dating next to the change. For multiple line changes, all lines are scribed and the Originator may
either date each line or draw a box or enclosure around all affected lines initialing along the box
or enclosure.

Calculation sheets may be voided. If a revised calculation sheet is to be substituted for an
existing sheet, the revised sheet is identified with the next revision number or letter and a bar
along the entire right margin. The original sheet is left in place with the word VOID marked in
large letters on the sheet covering the majority of the text. The date is placed on the voided
sheet by writing, "voided (date)" on the sheet.

5.2.4.3 Revisions due to Discovered Errors

If revisions are being made in response to errors discovered in the issued revision, and the issued
revision is not voided in its entirety, then all sheets of the issued revision must be corrected by the
Originator and reviewed by the Verifier or Checker to eliminate any incorrect information resulting
from the discovered error.

Errors discovered in issued calculations are evaluated for impact and resolved in accordance with
applicable procedures (e.g., Manual 1Q, QAP 15-1, Manual IB, 4.21, Manual E7).

5.2.4.4 Review and Approval

Review and approval are performed in accordance with step 5.2.2 of this procedure. The Verifier
or Checker signs and dates each revised or added sheet and the cover sheet. The Responsible
Manager signs and dates the cover sheet. The Originator forwards the revision to Document
Control in accordance with step 5.2.3.
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5.2.4.5 Voiding Calculations

Entire calculations are voided by entering "ENTIRE CALCULATION VOIDED" across the
majority of the text on the Calculation Cover Sheet. The Conclusion Section is revised on that
cover sheet to indicate why the calculation was voided. Under "Rev." on the cover sheet, enter the
next revision level. The Originator, Verifier or Checker, and Responsible Manager sign and date the
cover sheet.

5.3 Type 2 Calculations

Type 2 calculations may be used to support the engineering justification for conclusions contained in
engineering documents (e.g., Design Change Forms, Design Change Packages, Non-Conformance
Reports, etc.).

Type 2 calculations may also be used to document (generally in controlled Lab Books)
computations used in Research and Development that have not been identified as required to
support a configuration controlled structure, system or component or its technical baseline.

Type 2 calculations will meet the following requirements in a manner agreed to by the Originator and
Reviewer:
0 The calculation and documentation will be maintained for its useful life
* The calculation will be verified or checked in accordance with procedure 2.60, Manual E7. The

Verifier or Checker reviews the calculation for technical accuracy and procedural compliance,
including logic of the calculation document, adequate explanation of assumptions, adequate
referencing of inputs, computations, and clarity of presentation of results and conclusions.

* The documentation will be adequate to allow a qualified, independent person to repeat the
calculation and come to the same conclusion without recourse to the Originator.

5.3.1 The Originator prepares the calculation. As a minimum, the body cf the calculation includes the
purpose and summary of conclusions. It may also include the applicable items identified in step'
5.2.1.2 of this procedure. Type 2 calculations do not, require the use of a Calculation Cover Sheet.
OSR 19-189, Calculation Sheet, and OSR 19-260, Calculation Continuation Sheet, are available
for use as needed.

5.3.2 The Originator signs and dates the calculation signifying that the calculation is accurate and
complete.

5.3.3 The Reviewer signs and dates the type 2 calculation in a prominent position. in at least one location
by printing "Checked by:" or "Verified by:" if appropriate, followed by printed name, signature, and
date. This indicates that the calculation has been reviewed and all findings and comments have been
resolved with the Originator.

5.3.4 Type 2 calculations are approved and revised in accordance with the governing procedure of the
document of which they are a part. (Type 2 calculations may be numbered the same as the
document in which they are.included.) Type 2 calculations may be converted to type 1 and issued
as independent documents by following the steps .of this procedure for type 1 calculations.
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5.4 Use of Engineering Calculation Software

Engineering calculation software is not subject to the requirements of sections 5.4.1 and 5.4.2 if all
of the following provisions are met. However, all engineering calculation software is subject to the
error control requirements in section 5.4.3.

" The calculation Verifier/Checker independently assesses the equations or algorithms for
correctness and applicability in accordance with procedure 2.60, Manual E7.

" The calculation Verifier/Checker verifies input and output values for each use by one of the
design verification processes (e.g., alternate calculations) described in Manual E7. Where a
calculation has numerous input and output values, the Verifier/Checker may select a
representative sample of the total input and output values for review. In these cases, the
Verifier/Checker must justify the values selected in the review documentation.

5.4.1 Software Management and Quality Assurance

Software used in engineering calculations will comply with all of the following:
* 1Q, QAP 20-1 Software Quality Assurance
* E7, Section 5.0, Software Engineering and Control
* Applicable provisions in this section (5.4)

5.4.2 Functional Classification of Software

Prior to using software in an engineering calculation, ensure that the software has been
independently assessed for applicability and correctness for the intended use and the functional
classification assigned to the software, in accordance with procedure 5.05, Manual E7, meets or
exceeds the functional classification of the subject engineering calculation.

5.4.3 Error Control

Any user suspecting that software or programmable device may contain an error is to immediately
cease use of the item and notify the software owner or designee. The user identifying the possible
error and the owner jointly determine if an error exists. The owner investigates the error and
determines the impact of the error on the software functionality. The owner notifies all impacted
users. The owner and impacted users determine the reporting requirements and, as appropriate,
initiate non-conformance report(s), program deficiency report(s), request for corrective action
report(s), or stop work order(s) in accordance with Manual 1Q.

During error resolution, users are not to perform engineering calculations with the erroneous
software unless a technical justification that ensures technical adequacy of such calculations is
provided. The technical justification must be incorporated into the subject engineering calculation
documentation.
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5.5 Calculations by Others

Type 1 calculations, prepared by contractors or suppliers, that are not prepared in accordance with
this procedure, must be accepted'prior to using their results. Calculations prepared by contractors
or suppliers'are prepared according to the quality assurance requirements identified in the
procurement specification or subcontract. Acceptance is in addition to the subcontractor's quality
assurance requirements.

Calculations previously prepared for other projects that may be applicable to the design being
developed may be used instead of developing new calculations. Evaluation and acceptance are
performed in accordance with this section.

5.5.1 The Responsible Manager assigns an Originator to prepare a cover sheet and review the
calculation.

5.5.2 The Originator prepares an engineering calculation including the contractor calculation
documentation in axcordance with this procedure. The Originator states that the purpose of the
engineering calculation is to include the contractor's calculation and states how it is to be used. The
Originator states the review needed and performed to use the contractor's calculation.

5.5.3 The Originator reviews the calculation to assure applicability, conformance with procedural
requirements and completeness, and documents the results. If there are any discrepancies noted,
the calculation will not be used until the calculation is revised.

5.6 Registered Professional Engineer

When required by state or federal law or by the Department of Energy, calculations will be sealed,
signed, and dated by a professional engineer registered in the state of South Carolina in accordance
with procedure 1.40, Manual E7.

5.7 Release to Outside Agencies

Calculations that affect the technical baseline of a facility and are to be released to an outside agency
other than an Engineering Subcontractor will be reviewed by the Design Authority prior to release.
The Releasing Organization forwards the calculation to the Design Authority who reviews the
calculation for facility applicability. The Design Authority will indicate their concurrence by signing
(or initialing) and dating the calculation in block 18. The calculation is returned to the Releasing
Organization. This review is in addition to other reviews required to release information to the
public (outside agency). The Releasing Organization's Responsible Manager will concur prior to
release of calculations.

6.0 Records

Type 1 calculations are QA records and are maintained in accordance with QAP 17-1, Manual
lQ. Type 2 calculations are maintained in accordance with the procedure that governs the
document in which they reside. Records must contain adequate documentation to reproduce the
subject engineering calculations and demonstrate that all requirements are met.
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7.0 References

7.1 Conduct of Engineering and Technical Support Manual E7
Procedure 1.02, Engineering Overview and Graded Approach
Procedure 1.20, Engineering Document Numbering System
Procedure 1.40, Engineering Certification of State and Federal Documents
Procedure 1.54, Commercial Engineering Calculations
Procedure 2.25, Functional Classifications
Procedure 2.60, Technical Reviews
Procedure 5.05, Software Classification

7.2 WSRC Quality Assurance Manual 1Q
QAP 15-1, Control of Nonconforming Items
QAP 17-1, Quality Records Management
QAP 20-1, Software Quality Assurance

7.3 WSRC Management Requirements and Procedure Manual 1B
Procedure MRP 4.21, Problem Identification and Resolution Process

7.4 WSRC Facility Safety Document Manual 11Q
Procedure 1.05, Unreviewed Safety Questions

7.5 WSRC-RP-94-1268, WSRC Nuclear and Radiological Facility List Standard/Requirements
Identification Document, FA-00, Facilities Lists and Attachments

7.6 WSRC-TM-95-1, SRS Engineering Standards Manual
15061, Pressure Equipment Protection Requirements

7.7 Calculation Design Tools (Optional)
Design Checklists, Design Integration Desktop Instruction (DIDI-005)

Calculation Documentation When Using MathcadTM or ExcelTM Computer Programs,
Design Integration Desktop Instruction (DIDI- 023)

Forms

OSR 45-24, Calculation Cover Sheet
OSR 19-189, Calculation Sheet
OSR 19-260, Calculation Continuation Sheet

8.0 Attachments

None
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Technical Reviews Approved by

APPROVED for Release for
Unlimited (Release to Public) G. H. Clare, Signature on File

6/8/2005 Site Chief Engineer

1.0 Purpose

The purpose of this procedure is to provide engineers with the direction they need and
requirements they are required to meet when performing technical reviews.

2.0 Scope

The following technical reviews are defined within this procedure.

* Design Check
" Design Verification
* Design Authority Technical Review
* Formal Design Review
* Technology Development Review

The signature of the reviewing engineer, with the proper documentation, signifies completion
of the defined requirements.

Many site procedures require an engineer to perform a technical review. For technical
reviews other than the five listed above (e.g., operations procedures, work orders), the
engineer uses the review criteria and review comment handling process specified in the
procedure governing the document's origination(e.g., 2S-1.1, 1Y-8.20).

The provisions of this procedure apply to members of the Performing Entity for management
and operations at Savannah River Site (SRS), and to subcontractors performing work for any
member of the Performing Entity when required by contract or applicable law.

3.0 Terms and Definitions

The following terms are introduced in this procedure. Refer to the E7 Glossary for the
definition of additional terms.

Design Authority Technical Review- a technical review performed by the facility Design
Authority to assure technical acceptability of documents prior to their approval.

Design Check - a technical review performed to assure technical accuracy of design
documents prior to approval. A Design Check is normally performed by a peer (who was not
directly involved in the preparation of the document being reviewed) of the document

This procedure integrates E7 2.40, 2.60, 2.61, 2.65, and 3.14 into one procedure.
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originator. Documentation of this technical review is provided by the check reviewer's
signature on the reviewed document

Design Verification - a technical review performed to assure the echnical accuracy of
design documents and that the final design is correct and satisfactory prior to approval, either
by document review, by Qualification Testing, by alternative calculation, or by operational
testing. Verification Review is more formal and more in-depth than a Design Check.

Formal Design Review- a formal, rigorous technical review of a project design phase. It is
performed to assure the design at a specific stage of a project is sufficient to perform the
project task scope, and to assure that the required technical work commensurate with the
design phase has been accomplished.

Qualification Testing - Testing performed in lieu of analytical methods to demonstrate
conformance with technical requirements. This may include activities such as component
seismic testing, environmental qualification testing, load testing, proof-of-principle or
simulation of design demonstrations. It does not include on site acceptance testing.

technical review - a deliberate, thoughtful assessment process by which engineers, who
meet defined criteria, evaluate documents prior to approval to assure the documents meet
technical requirements.

Technology Review - an independent assessment of the technology development activities
supporting modifications to assure they have been accomplished commensurate with the
phase of the design being reviewed.

technical accuracy -a document accurately incorporates and fulfills the originating technical
input requirements, and meets the relevant requirements of all applicable regulatory and
industry codes and standards. Design Checks and Design Verifications are technical reviews
performed to assure technical accuracy of design documents.

technical acceptability -a document is acceptable to the affected facility and complies with
the approved design and safety envelope as defined in the documented safety analysis, as
determined by a comprehensive assessment of five main areas: facility system acceptability,
facility safety basis, facility impacts, •facility system interfaces, and additional review by
Technical Agencies. A Design Authority Technical Review is performed to assure technical
acceptability.

4.0 Responsibilities

4.1 Originator/Responsible Engineer/Design Team/Development Team
* identifying and obtaining the required technical reviews for documents

4.2 Design Verifier/Checker
* assuring the technical accuracy of documents

4.3 Design Authority
* assuring the technical acceptability of documents
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4.4 Formal Design Review Board
" assuring the design is sufficient to perform the project task scope at a specific stage of a

project
* assuring that the technical work activities and outputs, appropriate for the design phase

being reviewed, have been adequately accomplished and documented.

4.5 Technology Review Committee
e assuring the activities of a Technology Development Plan have been adequately

conducted for the project stage being reviewed

4.6 Chief Engineer (Business Unit, Program, Area/Project)
" appointing the Formal Design Review Board Chairperson
" approving project continuation memos after Formal Design Review Board Technical

Reviews

4.7 SRNL Director
* appointing the. Technology Review Committee Chairperson and members

5.0 General

5.1 Design Check

The philosophy behind a Design Check is that all design work benefits from a good review.
This is best accomplished by having a competent, capable, experienced peer perform a
review, to assure technical accuracy. A Design Check is required For Production Support
(PS) and General Services (GS) design output documents.

5.1.1 The design checker assures the technical accuracy of the design document by performing the
Design Check actions:
" a mathematical check, if appropriate
" a review for correct use of technical input, including quality requirements*
" a review of the approach used and reasonableness of the output
" an administrative check (page numbers, etc.)

• Determination of quality requirements is the responsibility of the document originator;

the checker reviews to assure the appropriate quality requirements were selected and
correctly implemented. Manual E7, Procedure 2.25, Attachment 8.6, Determination of
Quality Requirements, identifies potential quality requirements/management controls
along with applicable reference documents.

The design checker uses judgment, based on the dollar value and relative impact (scope, risk,
and functional class) on the SSCs' affected by the documents being reviewed, to determine
the level of detail for review, up to and including all the requirements of a Design
Verification (Reference Section 5.2)

5.1.2 A design checker must meet the following criteria to perform a Design Check:
0 Did not participate in the development of the portion of the document being checked:
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* Is knowledgeable in the area of the design or analysis for which they review.
* Is capable of performing similar design or analysis activities.
* Has security clearance for access to sufficient information to perform the Design Check.

5.1.3 The document originator's Manager may perform the Design Check provided the manager
meets the requirements of step 5.1.3 and did not:
" Specify a singular approach.
* Rule out certain design or analysis considerations.
" Establish inputs to the design or analysis documents being verified.,

5.1.4 The Design Authority may perform the Design Check provided the Design Authority meets
the requirements of step 5.1.2.

5.1.5 The design checker documents satisfactory completion of the Design Check by signing or
initialing the document.

5.2 Design Verification

The Design Verification philosophy is the same as the Design Check but assures the
technical accuracy of the design at an increased level of rigor, breadth, and depth. The
design verifier bases the extent of their review upon the importance of the design to safety,
the complexity. of the design, the degree of standardization, the state of the art, and similarity
with previously proven designs. Design Verification is required for Safety Significant (SS)
and Safety Class (SC) design output documents.

There are four acceptable methods of Design Verification:
0 design review
* Qualification Testing
*. alternate calculations
e operational testing for developmental, prototypical or experimental designs

The, design organization responsible for performing the design verification shall identify,
justify, and document the particular design verification method(s) used.

For all four methods of Design Verification, tie design verifier is required to have the same
qualifications listed in Section 5.1.2 for a check reviewer.

5.2.1 Design Verification by design review

The design verifier shall consider the following eleven questions in performing their Design
Verification in addition to performing the Design Check actions of Section 5.1.1 to assure the
technical accuracy of the design document and that the final design is correct and
satisfactory:

a. Were the inputs correctly selected and identified?

b. Are the assumptions made in the performance of the design activity adequately described
and reasonable?
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c. When necessary, are the assumptions identified for subsequent re-verification when the

detailed design activities are completed?

d. Were appropriate design methods and computer programs used?

e. Were the design inputs correctly incorporated into the design?

f Is the design output reasonable compared to the design inputs?

g. Are the necessary design inputs for interfacing organizations specified in the design
documents or in supporting procedures or instructions?

h. Have suitable materials, parts, processes, and inspection and testing criteria been
specified?

i. Have existing and potential workplace hazards been identified, evaluated, and controls
incorporated for the risk to worker injury or illness?

j. Was a review conducted to confirm that there are no interferences with other ongoing or

planned modifications?

k. Have engineering judgments been identified, technically justified, and supported?

Due to the safety implications of a document affecting SC or SS SSCs, the design verifier is
required to pay strong attention to detail in performing their Design Verification.

5.2.1.1 A design verifier shall only review the portion of the design for which they, meet the
criteria listed in Section 5.1.2 for a design checker. Multiple verifiers may be
required to cover multi-discipline documents.

5.2.1.2 When revisions are made to previously verified documents, Design Verification is
required for the revisions, including evaluation of the effects of the revisions on the
overall design or Documented Safety Analysis (DSA).

5.2.1.3 The satisfactory completion of Design Verification by design review may be
documented by a signature on the design document reviewed with the words "Design
Verifier" next to the signature or the word "Verifier"' in "VerifierS/Checker" may be
circled. Another means is to complete a Design Verification Report (OSR 19-196),
for which the verifier obtains a number and submits to document control in

accordance with Procedure 1.20, Manual E7

5.2.2 Design Verification by Qualification Testing

When Qualification Testing is used for Design Verification, such testing shall be performed
using test procedures that include qualification test requirements and acceptance criteria
identified by Technical Agency (ies). Tests / test procedures shall demonstrate the adequacy
of SSC performance under conditions that meet or exceed assumptions and technical
requirements expected to be experienced by the SSC. The Technical Agency shall consider
operating modes and environmental conditions in which the SSC must perform satisfactorily.
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Qualification Testing performed to satisfy Design Verification must be controlled in
accordance with Manual 1Q, QAP 11-1, Test Control, which provides the requirements and
responsibilities for preparing and approving test procedures, and for planning, performing,
and documenting tests.

If Qualification Testing indicates that a modification to an SSC is necessary to obtain
acceptable performance, then the modification shall be documented in accordance with the
requirements of Manual E7, and the SSC modified and retested or otherwise verified to
ensure satisfactory performance.

Where Qualification Testing is intended to verify only specific design features, the other
features of the design shall be verified by other means.

When Qualification Testing is being performed on models or mockups, scaling laws shall be
established and verified. The results of model test work shall be subject to error analysis,
where applicable, prior to use in the final design.

Design Verification by Qualification Testing done by Site personnel is documented on a
Design Verification Report (OSR 19-196) and includes the qualification test procedure(s),
test results, engineering evaluation, and subsequent retests, as required.

Design Verification by Qualification Testing done by Vendors or off-Site sources is
documented' in a manner equivalent to a Design Verification Report PSR 19-196) and
includes the qualification test procedure(s), test results, engineering evaluation, and
subsequent retests, as required.

5.2.3 Design Verification by alternate calculations

When alternate calculations are used for Design Verification, the alternate calculations are
prepared and documented in accordance with Procedure 2.31, Manual E7, and the calculation
number noted on the reviewed document. Alternate calculations are calculations or analyses
that are made with alternate methods to verify correctness of the original calculations or
analyses. The appropriateness of assumptions, input data used, and the computer programs
or other calculation methods used shall also be verified.

5.2.4 Design Verification by Operational Testing for Developmental, Prototypical, or
Experimental Designs

The design of SSCs that are developmental, prototypical, or experimental may be complex,
nonstandard, advance state of the art, or based on unproven technology. In such cases,
operational testing may be required to achieve adequate Design Verification. The portion(s)
of the design to be verified using operational testing are identified using the above criteria.
The extent of the verification, is defined, and documented on a Design Verification Report
(OSR 19-196), and the report number is noted on the reviewed document.

Where operational testing is intended to verify only specific design features, the other
features of the design shall be verified by other means.
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When operational testing is being performed on models or mockups, scaling laws shall be
established and verified. The results of model test work shall be subject to error. analysis,
where applicable, prior to use in the. final design.

5.3 Design Authority Technical Review (DATR)

The DATR philosophy differs from the Design Check and Design Verification. While a
Design 'Check and Design Verification assure technical accuracy, the Design Authority
Technical Review assures technical acceptability by answering the question "Is this
technically acceptable to put in this specific facility.?"

Notes: 1. The Design Authority technical reviewer does not have to be independent of the
development of design documents to perform the DATR (because the DATR is
for technical acceptability, not technical accuracy).

2. If the Design Authority technical reviewer is independent of the development of
design documents, then the reviewer can perform both the design verifier/checker
function and the DATR function

5.3.1 Design Authority Technical Reviewer Responsibilities

The Design Authority technical reviewer is responsible to assure the design being reviewed
is compatible with the existing system and the facility infrastructure. The Design Authority
technical reviewer fulfills this responsibility by accomplishing two activities:

Comprehensively assessing the design being reviewed by using the detailed list of
considerations in Attachment 8.1 to identify and document any items that are not
compatible with the existing system' and the facility infrastructure. This assessment
includes five subject areas, briefly described in the following five subsections;

* initiating corrective actions, and following-up as necessary, to address all items that are
identified by the review as not being compatible with the existing system and the facility
infrastructure.

5.3.1.1 Facility Impacts Review

The Design Authority technical reviewer, with input from Operations, ensures that all
impacts to the facility have been identified and the proper corrective change documents have
been initiated and/or scheduled (e.g. operating and maintenance procedures, Fire Hazard
Analysis, EPHA, training, spare parts, etc.).

5.3.1.2 Technical Agency Reviews

The Design Authority technical reviewer is responsible for identifying if review and/or
approval is needed by Technical Agencies to assure technical acceptability and for obtaining
that approval. When a Technical Agency Identification Checklist (TALC) (OSR 19-329) is
involved (e.g. projects, see section 5.2, procedure 2.05, Manual E7), the Design AUthority
reviews the TAIC to verify that the appropriate Technical Agencies have reviewed to assure
technical acceptability and/or approved the document. When a TAIC is not involved (e.g.
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DMM), the Design Authority selects the Technical Agencies (if any) to assure technical
acceptability in specific topics where their expertise is needed. (Reference the Technical
Agency Contact List.)

5.3.1.3 Facility Safety Basis Review

" For nuclear facilities and their supporting facilities, the Design Authority technical
reviewer ensures the proposed activity is within the safety envelope of the facility DSA by
implementing the USQ process in accordance with procedure 1.05, Manual I1Q or
assures that the Safety Basis Strategy is maintained, if one exists. Other related
responsibilities include impacts to a facility Linking Document Database (LDD), Safety
Basis Change Requests, etc.

" If not in a nuclear facility or supporting facility, the Design Authority technical reviewer
determines if the modification impacts a nuclear or safety support facility and ensures the
USQ process is implemented for those facilities (example: movement of a fire station that
impacts time for fire trucks to get to a nuclear facility, etc.).

" For Radiological and Chemical facilities, the Design Authority ensures the safety basis
represented in the facility Auditable Safety Analysis (ASA) is maintained. If necessary,
the Design Authority performs a Maintenance of Safety Basis (MSB) screening in
accordance with Procedure 1.07, Manual 11Q, or assures that the Safety Basis Strategy is
maintained, if one exists.

5.3.1.4 Facility System Acceptability Review

The Design Authority is the system expert and knowledgeable of the facility. The Design
Authority technical reviewer is responsible for reviewing for system acceptability and
compatibility with the facility. The Design Authority technical reviewer accomplishes this
by answering questions, such as: 'I2onsidering the operating environment (e.g. normal, harsh,
available space), does the equipment arrangement and spacing requirement& provide
adequate accessibility for maintenance, inspection, removal or replacement?".

5.3.1.5 Facility System Interface Review

The Design Authority technical reviewer identifies whether FOSC review is required. (The
actual FOSC review is performed after the DATR is complete). The Design Authority
technical reviewer is responsible for identifying system interfaces and obtaining
review/approval by other Design Authority Engineers as needed for those interfaces
(Compressed Air System, Electrical Pov~er, etc.).

5.3.2 DATR Documentation

5.3.2.1 A DATR Report OSR 19-258 is required for SSCs functionally classified SC, SS, and PS in
Nuclear Facilities or their Safety Support Facilities (WSRC-RP-94-1268, FAOO) in the
following cases. Exceptions are noted in Steps 5.3.2.2 and 5.3.2.3.

0 Permanent Modifications (Procedure 2.05, Modification Traveler; Procedure 2.37,
Design Change Form,_Procedure 2.38, Design Change Package)
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4 Temporary Modifications (Procedure 2.06, Temporary Modification Control)
* Other activities as determined by the Project/Facility Engineering Manager

The Design Authority technical reviewer determines the need for and obtains an Authorized
Derivative Classifier/Reviewing Official (ADC/RO) review for the DATR report in
accordance with Manua 17Q, Section 4.

5.3.2.2 In the following cases, when a DATR is required of the Design Authority, the signature of
the Design Authority technical reviewer represents that all responsibilities of a DATR are
complete and a separate Report is optional. The Design Authority technical reviewer
signature on the modification activity document verifies that all potential impacts have been
addressed and that the work is valid. This applies to all other documents requiring a DATR
not listed in 5.3.2.1 or 5.3.2.3 such as:

* GS engineering documents (including permanent and temporary modifications)
* PS engineering documents not in a nuclear facility or their safety support facilities
" Modifications to facilities operating with permits issued by the state of South Carolina or

the EPA
* Changes to technical baseline documents not initiated by a modification
* Modifications of Level A and B software that are used to support Safety Basis documents

Note: When the DATR Report is not required, all impacts found as a result of the review
are documented on the Modification Traveler form, associated design output
document, or other applicable site or division level document/forms.

5.3.2.3 When revising a document that has been previously reviewed, the Design Authority technical
reviewer has two options:

" If the Design Authority technical reviewer determines the previous DATR Report
adequately addresses the current change and a USQ process qualified individual
determines the previous USQ meets the conditions specified in Procedure 1.05, Manual
I1 Q, then the previous DATR Report can be referenced in the document under review. A
DATR Summary Sheet (QSR 19-282) may be used for documenting acceptability of
previous reviews. If used, the DATR Summary Sheet is referenced in the document under
review

" If the Design Authority technical reviewer determines additional review is required, then
they perform a new DATR.

5.3.3 Design Authority technical reviewer qualifications

Qualifications for Design Authority Engineers are specified in Procedure 1.10, Manual E7.
Design Authority managers designate Design Authority Engineers to perform technical
reviews based on their judgment of meeting Design Authority qualifications.
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5.4 Formal Design Review

The philosophy behind a Formal Design Re view is to provide a formal, rigorous review for
projects over a certain dollar value or involving a high risk strategy to assure the design is
sufficient to proceed to the next phase. The methodology of a Formal Design Review is to
perform an independent assessment of a project design phase, using the Formal Design
Review Methodology Manual, WSRC-IM-98-00036, as a guide, to determine whether or not
the design is sufficient to perform the project task scope and that the technical work
accomplished is adequate in scope and sufficiently accomplished for the project to proceed
without adversely affecting cost or. schedule. A Formal Design Review is not intended to be
a re-design of the modification, a Design Check, or a Design Verification.

5.4.1 The Chief Engineer appoints a Formal Design Review Chairperson. A copy of. the
appointment is transmitted to the Site Chief Engineer. The qualifications for a Formal
Design Review Chairperson are:

* Senior Engineer/Scientist, at a minimum
* Knowledgeable of the Formal Design Review process
* Prior experience as a Board member
* Preferably a member of the Design Authority organization

5.4.2 The Formal Design Review Chairperson, with assistance from the Project/Modification
Manager, selects the Formal Design Review Coordinator. The Formal Design Review
Coordinator must be knowledgeable of the Formal Design Review process.

5.4.3 The Formal Design Review Chairperson and Coordinator select the Formal Design Review
Board members. Boards are typically:

* Limited to as few members as practical.
* Representatives from technical disciplines such as engineering (Mechanical, Electrical,

Civil, etc.), construction, operations, maintenance, quality, and additional Technical
Agency representatives as listed on the TAIC (OSR 19-329) in accordance with
Procedure 2.05, Manual El. Not all disciplines are needed on every board.

* Represented by the Design Authority (engineering, operations, or maintenance), or if no
representative is available, a Design Authority-designated qualified representative.

Note: It is imperative that the board include the right personnel to ensure that all risk
management issues, such as technical risks, cost and schedule, are identified.

Formal Design Review Board members shall:

0 Be sufficiently independent of the design stage under review to provide an independent
review (have not been involved in the creation or review of the task documents under
review)

* Have demonstrated technical expertise in a specific area relevant to the modification
being reviewed or have technical experience on similar designs / plant modifications in
order to assess the technical adequacy of the task documents and compliance of the task
output documents with the task input documents.
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5.4.4 During the Formal Design Review, communication between the Formal Design Review
Board and the Design Team is encouraged, especially communication which clarifies the
content of the Formal Design Review Data Package and the Formal Design Review
comments. A Design Team Lead is assigned in accordance with Procedure 1.01, Manual
Eli.

5.4.5 The Formal Design Review Board references the guidance provided in the Formal Design
Review Methodology Manual, WSRC-IM-98-00036. The Formal. Design Review
Methodology Manual provides the sequential flow of activities and associated
responsibilities involved in conducting a Formal Design Review.

5.4.6 The scope of the Formal Design Review and contents of each Formal Design Review Data
Package for each design stage is described in WSRC-IM-98-00036.

5.4.7 The Formal Design Review Board documents the Formal Design Review as follows:

5.4.7.1 Issues a Formal Design Review Report in accordance with Procedure 1.20, Manual
E7.

5.4.7.2 Issues a Formal Design Review Closure Memo notifying the Project/Modification
Manager, Design Authority, Design Team Lead, Board Chairperson, and Site Chief
Engineer that the Formal Design Review is complete.

5.4.8 The task input/output documents under review are not issued for use (next design stage,
construction, procurement, etc.), until the Formal Design Review Closure Memo is issued.
An exception is allowed with approval if processed as follows:

5.4.8.1 The Project/Modification Manager documents the risk and justification in a project
continuation memo to the Formal Design Review Coordinator.

5.4.8.2 The project continuation memo is approved by the sponsoring Chief Engineer.

5.4.8.3 A copy of the project continuation memo is sent to the Design Authority, Technical
Agency Manager, Project Manager, Design Team Lead, and Site Chief Engineer.

5.4.8.4 The project continuation memo is attached to the Closure Memo when issued.

5.5 Technology Review

The philosophy of a Technology Review is to provide an independent assessment of the
Technology Development activities supporting modifications and is not intended to be a
redesign, or a Design Check, or a Design Verification, or change in scope to the modification
under review. The methodology of the Technology Review is to evaluate the technology
development activities required to be performed in accordance with the project Technology
Development Plan, using the SRNL LI, Procedures Manual, Section 7.0 Technical Work
Control as a reference, to determine whether they have been adequately accomplished to
support the phase of the modification or project being reviewed.
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5.5.1 The SRNL Director appoints the Technical Review Committee Chairperson based on the
Development Program Manager's recommendation. The qualifications of the Chairperson
include:

0 Senior Engineer/Scientist, at a minimum, and is recognized as a Subject Matter Expert in
the technology for the subject modification.

* Knowledgeable of the Technology Review process.
* Prior experience as a Committee member.

5.5.2 The SRNL Director appoints the Technology Review Committee members based on input
from the Business Unit Engineering organization sponsoring the modification, the Projects,
Design & Construction (PD&C) Design Services Manager, and the Technical Development
Program Manager. Committees are typically:

• Limited to as few members as practical.
* Representatives from technical disciplines related to the subject modification. These

three (3) to five (5) representatives may include engineering (Mechanical, Electrical,
Civil, etc.), construction, operations, maintenance, quality, or others as shown on the,
TAIC (OSR 19-329) or external consultants as necessary. Not all disciplines are needed
on every Committee. The SRNL Director will determine the optimal make-up of the
Committee.

• A total of two (2) to three (3) representatives from the Design Authority (engineering,
operations, or maintenance) and Project Team.

Note: It is imperative that the board include the right personnel to ensure that all risk
management issues, such as technical risks, cost and schedule, are identified.

Board members shall:

* Be sufficiently independent of the modification under review to provide an impartial
review (have not been involved in the creation or review of the Technology Development
materials under r'eview).

" Have demonstrated technical expertise in a specific area relevant to the modification
being reviewed or have technical experience on similar designs/plant modifications in
order to assess the technical adequacy of the task documents and compliance of the task
output documents with the task input documents.

5.5.3 The Technology Review is conducted using the SRNL Li, Procedures Manual, Section 7.0
Technical Work Control as a reference. During the Technology Review, communication
between the Technology Review Committee and the Development Team is encouraged,
especially communication which clarifies the content of the Technology Review Data
Package and the Technology Review comments.

5.5.4 The issues and actions identified by the Technology Reviews shall serve as input into the

Project Risk Analysis performed in accordance with Procedure 2.62, Manual El.L

5.5.5 The Technology Review Committee documents the Technology Review as follows:
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5.5.5.1 A Technology Review Report is issued from the Technology Review Gbmmittee
Chairperson to the SRNL Director, Development Program Manager, sponsoring
Business Unit Engineering organization, and Project Manager in accordance with
Procedure 1.20, Manual E7.

5.5.5.2 After reviewing the Technology Review Report, the SRNL Director, with
concurrence from the Development Program Manager, Business Unit Engineering
organization, and Project Manager, issues a letter to the Project Manager, with a copy
transmitted to the Site Chief Engineer, indicating acceptance of the Technology
Review and recommending a path forward.

5.5.6 The modification under review may not proceed to the next design stage until the
Technology Review Report is issued. An exception is allowed with approval if processed as
follows:

5.5.6.1 The Development Program Manager and Project Manager document the risk and
justification for not issuing the Technology Review Report in a project continuation
memo.

5.5.6.2 The sponsoring Chief Engineer approves the project continuation memo, with
concurrence from the SRNL Director.

5.5.6.3 A copy of this memo is sent to the Design Authority, Technical Agency Manager,.
Project Manager, Design Team Leader, Development Program Manager and Site
Chief Engineer.

5.5.6.4 The project continuation memo is attached to the Technology Review Report when
issued.

6.0 Records

Design Verification Reports, DATR Reports, Formal Design Review Reports, and
Technology Review Reports are QA records and are maintained in accordance with
Procedure 3.31, Manual I B, and QAP 17-1, Manual 1Q.

7.0 References

7.1 Conduct of Engineering and Technical Support Manual E7
Procedure 1.10, Design Authority
Procedure 1.20, Engineering Document Numbering System
Procedure 2.05, Modification Traveler
Procedure 2.06, Temporary Modification Control
Procedure 2.25, Functional Classifications
Procedure 2.31, Engineering Calculations
Procedure 2.37, Design Change Form
Procedure 2.38, Design Change Package
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7.2 Conduct of Project Management and Control Manual El 1
Procedure 1.01, Project Management and Control Systems Description
Procedure 2.62, Project Risk and Opportunity Analysis

7.3 WSRC Management Requirements and Procedures Manual LB
Procedure 3.31, Records Management

7.4 WSRC Quality Assurance Manual 1Q
QAP 3-1, Design Control
QAP 11-1, Test Control
QAP 17-1, Quality Assurance Records Management

7.5 WSRC Security Manual 7Q
Section 4, Information Security

7.6 WSRC Employee Safety Manual 8Q
Procedure 32, Hazardous Energy Control (Lockout/Tagout)

7.7 WSRC Facility Safety Document Manual 1 Q
Procedure 1.05, Nuclear Safety Unreviewed Safety Questions
Procedure 1.07, Management of Safety Basis Change Process

7.8 WSRC Conduct of Operations Manual 2S
Procedure 1.1, Procedure Administration
Glossary

7.9 WSRC Conduct of Maintenance Manual 2S
Procedure 8.20, Work Control

7.10 WSRC-RP-94-1268, FAOO, S/RID Nuclear and Radiological Facilities List

7.11 WSRC-IM-98-00036, Formal Design Review Methodology Manual

7.12 SRNL LI, Procedures Manual, Section 7.0 Technical Work Control

7.13 WSRC Design Guide G-DCC-G-001

7.14 Technical Agency Contacts

Forms

OSR 19-196, Design Verification Report
OSR 19-258, DATR Report
OSR 19-282, DATR Report Summary Sheet
OSR 19-329, TAIC

8.0 Attachments

8.1 Design Authority Technical Review Considerations
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Attachment 8.1
Design Authority Technical Review Considerations

(Page 1 of 3)

Section 2.1 - Facility Impacts

NOTE This is a typical list of impacts to consider and is not intended to be all-inclusive. The DAE may
remove or add items as appropriate for facility specific needs.

Document Type Requiring Change Document Title Document Change Completion

and Number Request/ Tracking No. Code
Accountability Plan
AB Change Request Packages
Authorization Commitment Matrix
Calculations E7, Procedure 2.31
Chemical Inventory
Commitment Documents
Computer Hardware & Software
Computer Software Config. Items
Consolidated Hazards Analysis (CHA) (OSR 14-398)
Design Descriptions SDD/FDD
Drawings (essential drawings require incorporation or
waiver)
Emergency Preparedness HazardsAssessment (EPHA)
Environmental and Regulatory Permits
Fire Hazard Analysis Report
Functional Classification Document
Functional Acceptance Criteria
Installed Temporary Modifications
Instrument Index
Interface Control Documents
Interlocks
IPI Databases
Labeling
Linking Document Databases
LCO Tracking Database
Maintenance Briefings
Maintenance Procedures
Master Equipment Lists /Equipment Records
Nuclear Criticality Safety Evaluations
Operations Shift Briefs
Other (Procurement Specs, Turnback Docs, etc)
PLC software
Power Services Utilization Permit
Pre-operational PHR
Pressure relief valve verification records
Preventative Maintenance Record
Procedures (Operations, Test, Maintenance, Admin, etc.)
Process Change Evaluation *

Process Interface Description
Process Requirements
* Identify impacts to (1) chemistry flow path or configuration, (2) processing parameters such as temperature, flow rates,
pressure, (3) initial conditions assumed by the operating procedures, (4) cold runs being conducted or cold run solution
being processed, (5) chemical or radiological inventories, concentrations, or isotopics. Refer to area procedures for
additional impact reviews (e.g., 1E7 Procedure E-107, WSRC-IM-2003-00018 Guide CBUE.07).
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Document Type Requiring Change Document Title Document Change Completion
and Number Request/ Tracking No. Code

Procurement Specifications
PSUP and Regulatory Permits
Scaling / Set Point Documents
Spare Parts Documents
Status Board Templates
Structural Integrity Database
Structural Integrity Datasheet
Surveillance Sheet
System Alignment Checklists
Technical Baseline Document List
Training (Formal Maintenance Training, Formal
Operations Training)
Surveillance Tracking datasheet
Transfer Line Pressure Test Database (H & F Areas)
Transfer Route Diagram
Uncertainty Calculations
Vendor Technical Manuals/VPF/BPFs
Waste Acceptance Items/ Document (S-Area)
Waste Stream Characterization

Section 2.2 - Technical Agency Reviews

1. If a TAlC has been completed, have all the required reviews/approvals been completed? Are any additional reviews
by Technical Agencies needed?

2. If a TAlC was not required:

Consider carefully the following technical areas to determine if the applicable technical agency review/approval is
required.

a. Radiological Technology - click to see checklist.

b. Industrial Hygiene - click to see checklist.

c. Area Fire Protection- click to see checklist.

d. Area Pressure Protection Coordinator- click to see checklist.

e. Area Safeguard, Security, & Emergency Preparedness Engineer - click to see checklist.

f. Area NEPA Coordinator - click to see checklist.

g. National Historic Preservation Act (NHPA) Organization - click to see checklist.

h. Other Technical Agencies to consider for review/approval - see Part B of TAlC (OSR 19-329)
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Attachment 8.1 (cont'd)
Design Authority Technical Review Considerations

(page 3 of 3)

Section 2.3 - Safety Basis Review

1. If in a nuclear or safety support facility, is the USQ complete? Reference USQ number.
2. If not in a nuclear or safety support facility, is the modification such that it would impact a nuclear or safety support

facility and need a USQ? If so, reference USQ number. (e.g. movement of a fire station that impacts time for fire
trucks to get to a nuclear facility, etc.)

3. If the facility has an Auditable Safety Analysis (ASA), does a Management of Safety Basis (MSB) screening need to
be prepared?

4. If a Safety Basis Strategy has been developed for this project, are the actions complete to date for this stage of the
project?

5. Any AB Change Request needed? Have they been initiated? (list in impacts section)
6. If the facility has a Linking Document Database - have the necessary changes been initiated. (list in impacts section)

Section 2.4 - System Acceptability Review

NOTE: The originator and checker/verifier are responsible for the technical accuracy of the document; however, the
Design Authority always has the authority to review and comment on technical accuracy, if appropriate.

As the Design Authority is the system expert, review for acceptability to the system. Some considerations are:

1. Does the design output comply with the-required system's regulatory and performance requirements?
2. Does the design output include consideration for the system's unique physical or material properties?
3. Considering the operating environment (e.g. normal, harsh, available space), does the equipment arrangement and

spacing requirements provide adequate accessibility for maintenance, inspection, removal or replacement?
4. Is sufficient detail provided to clarify construction, installation, and inspection methods and requirements?
5. Have adequate post-modification testing requirements been established, especially for state of the art applications?
6. Does the modification adequately address unique materials requirements for harsh operating environments?
7. Has the modification included provisions to perform tests required to verify performance requirements and

calculated values?
8. Does the modification include evaluation and selection for waste minimization and ALARA?
9. Have all the drawings necessary to operate the facility that were affected by the modification been identified,

modified and/or created?
10. Does the design provide adequate provision for equipment lock-out/isolation?

Section 2.5 - System Interface Review

1. Is FOSC Review required?
2. Is the modification compatible with interfacing equipment, systems, facilities, computers, and personnel? (electric

power, public address, alarms, compressed air, domestic water, etc.)
3. Do any other Design Authority Engineers need to review for system interfaces?



§830A

safety structures, systems, and compo-
nents and their support systems re-
quired for safe operations are main-
tained, that facility operation is within
safety limits, and that limiting control
settings and limiting conditions for op-
eration are met.

Technical safety requirements (TSRs)
means the limits, controls, and related
actions that establish the specific pa-
rameters and requisite actions for the
safe operation of a nuclear facility and
include, as appropriate for the work
and the hazards identified in the docu-
mented safety analysis for the facility:
Safety limits, operating limits, surveil-
lance requirements, administrative and
management controls, use and applica-
tion provisions, and design features, as
well as a bases appendix.

Unreviewed Safety Question (USQ)
means a situation where

(I) The probability of the occurrence
or the consequences of an accident or
the malfunction of equipment impor-.
tant to safety previously evaluated in
the documented safety analysis could
be Increased:

(2) The possibility of an accident or
malfunction of a different type than
any evaluated previously In the docu-
mented safety analysis could be cre-
ated;

(3) A margin of safety could be re-
duced; or

(4) The documented safety analysis
may not be bounding or may be other-
wise inadequate.

Unreviewed Safety Question process
means the mechanism for keeping a
safety basis current by reviewing po-
tential unreviewed safety questions, re-
porting unreviewed safety questions to
DOE, and obtaining approval from DOE
prior to taking any action that in-
volves an unreviewed safety question.

Use and application provisions means
the basic instructions for applying
technical safety requirements.

(b) Terms defined in the Act or in 10
CFR Part 320 and not defined in this
section of the rule are to be used con-
sistent with the meanings given in the
Act or in 10 CFR Part 820.

§ 830.4 General requirements.
(a) No person may take or cause to be

taken any action inconsistent with the
requirements of this part.

10 CFR Ch. iii (1-1-05 Edition)

(b) A contractor responsible for a nu-
clear facility must ensure implementa-
tion of. and compliance with. the re-
quirements of this part.

(c) The requirements of this part
must be implemented in a manner that
provides reasonable assurance of ade-
quate protection of workers, the pub-
lic, and the environment from adverse
consequences, taking into account the
work to be performed and the associ-
ated hazards.

(d) If there is no contractor for a
DOE nuclear facility. DOE must ensure
Implementation of. and compliance
with, the requirements of this part.

1830.5 Enforcement.

The requirements In this part are
DOE Nuclear Safety Requirements and
are subject to enforcement by all ap-
propriate means, Including the Imposi-
tion of civil and criminal penalties in
accordance with the provisions of 10
CFR Part 820.

I0830A Becordkeeping.
A contractor must maintain com-

plete and accurate records as necessary
to substantiate compliance with the re-
quirements of this part.

Sm80.7 Graded approach.

Where appropriate, a contractor
must -use a graded approach to imple-
ment the requirements of this part,
document the basis of the graded ap-
proach used, and submit that docu-
mentation to DOE. The graded ap-
'proach may not be used in imple-
menting the unreviewed safety ques-
tion (USQ) process or in implementing
technical safety requirements.

Subpart A--Quality Assurance
Requirements

1830.120 Scope.

This subpart establishes quality as-
surance requirements for contractors
conducting activities, including pro-
viding items or services, that affect, or
may affect, nuclear safety of DOE nu-
clear facilities.
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Depoatment of Energy

0830.121 Quality Amurance Program
(QAP).

(a) Contractors conducting activities.
Including providing items or services,
that affect, or may affect, the nuclear
safety of DOE nuclear facilities must
conduct work in accordance with the
Quality Assurance criteria in S830.122.

(b) The contractor responsible for a
DOE nuclear facility must:

(1) Submit a QAP to DOE for ap-
proval and- regard the QAP as approved
90 days after submittal, unless it is ap-
proved or rejected by DOE at an earlier
date.

(2) Modify the QAP as directed by
DOE.

(3) .Annually submit any changes to
the DOE-approved QAP to DOE for ap-
proval. Justify in the submittal why
the changes continue to satisfy the
quality assurance requirements.

(4) Conduct work in accordance with
the QAP.

(c) The QAP must:
(1) Describe how the quality assur-

ance criteria of S830.122 are satisfied.
(2) Integrate the quality assurance

criteria with the Safety Management
System, or describe how the quality as-
surance criteria apply to the Safety
Management System.

(3) Use voluntary consensus stand-
ards in its development and implemen-
tation, where practicable and con-
sistent with contractual and regu-
latory requirements, and Identify the
standards used.

(4) Describe how the contractor re-
sponsible for the nuclear facility en-
sures that subcontractors and suppliers
satisfy the criteria of §830.122.

1830.122 Quality amurance criteria.
The QAP must address the following

management, performance, and assess-
ment criteria:

(a) Criterion I-Management/Pro-
gram.

(1) Establish an organizational struc-
ture, functional responsibilities, levels
of authority, and interfaces for those
managing, performing, and assessing
the work.

(2) Establish management processes.
including planning, scheduling, and
providing resources for the work.

(b) Criterion 2-Management/Per-
sonnel Training and Qualification.

§I 30.122

(1) Train and qualify personnel to be
capable of performing their assigned
work.

(2) Provide continuing training to
personnel to maintain their Job pro-
flciency.

(c) Criterion 3-Management/Quality
Improvement.

(1) Establish and implement proc-
esses to detect and prevent quality
problems.

(2) Identify. control, and correct
items, services, and processes that do
not meet established requirements.

(3) Idehtify the causes of problems
and work to prevent recurrence as a
part of correcting the problem.

(4) Review item characteristics, proc-
ess implementation, and other quality-
related information to identify Items.
services, and processes needing Im-
provement.

(d) Criterion 4-Management/Docu-
ments and Records.

(1) Prepare. review, approve. issue,
use. and revise documents to prescribe
processes, specify requirements, or es-
tablish design.

(2) Specify, prepare, review, approve,
and maintain records.

(e) Criterion 5--Performance/Work
Processes.

(1) Perform work consistent with
technical standards, administrative
controls, and other hazard controls
adopted to meet regulatory or contract
requirements, using approved Instruc-
tions, procedures, or other appropriate
means.

(2) Identify and control items to en-
sure their proper use.

(3) Maintain items to prevent their
damage, loss, or deterioration.

(4) Calibrate and maintain equipment
used for process monitoring or data
collection.

(f) Criterion 6-Performance/Design.
(i) Design, items and processes using

sound engineering/scientific principles
and appropriate standards. ,

(2) Incorporate applicable require-
ments and design bases in design work
and design changes.

(3) Identify and control design inter-
faces.

(4) Verify or validate the adequacy of
design products using Individuals or
groups other than those who performed
the work.
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9830.200

(5) Verify or validate work before ap-
proval and implementation of the de-

s Criterion 7-Performance/Pro

curemnent.
(I) Procure Items and services that

meet established requirements and per-
form as specified.

(2) Evaluate and select prospective
suppliers on the basis of specified cri-
teria.

(3) Establish and implement proc-
esses to ensure that approved suppliers
continue to provide acceptable items
and services.

(h) Criterion 8-Performance/Inspec-
tlion and Acceptance Testing.

(I) Inspect and test specified items,
services, and processes using estab-
lished acceptance and performance cri-
teria.

(2) Calibrate and maintain equipment
used for inspections and tests.

(i) Criterion 9-Assessment/iManage-
ment Assessment. Ensure managers as-
sess their management processes and
identify and correct problems that
hinder the organization from achieving
its objectives.

(J) Criterion i0-Assessment/lInde-
pendent Assessment.

(1) Plan and conduct independent as-
sessments to measure item and service
quality, to measure the adequacy of
work performance, and to promote im-
provement.

(2) Establish sufficient authority, and
freedom from line management, for the
group performing independent assess-
ments.

(3) Ensure persons who perform inde-
pendent assessments are technically
qualified and knowledgeable in the
areas to be assessed.

Subpart B--Saety Bas
Requirements

S830.200 Scope.
This Subpart establishes safety basis

requirements for hazard category I. 2.
and 3 DOE nuclear facilities.

§830.21 Performance of work.
A contractor must perform work in

.accordance with the safety basis for a
hazard category 1, 2. or 3 DOE nuclear
facility and, In particular, with the
hazard controls that ensure adequate

10 CFR Ch. III (1-1-405 Edition)

protection of workers, the public, and
the environment.

5830.202 Safety basi.
(a) The contractor responsible for a

hazard category I, 2, or 3 DOE nuclear
facility must establish and maintain
the safety basis for the facility.

(b) In establishing the safety basis
for a hazard category 1. 2, or 3 DOE nu-
clear facility, the contractor respon-
sible for the facility must:

(I) Define the scope of the work to be
performed;

(2) Identify and analyze the hazards
associated with the work;

(3) Categorize the facility consistent
with DOE-STD-1027-92 ("Hazard Cat-
egorization and Accident Analysis
Techniques for compliance with DOE
Order 5480.23. Nuclear Safety Analysis
Reports," Change Notice 1, September1997);

(4) Prepare a documented safety anal-
ysis for the facility; and (5) Establish
the hazard controls upon which the
contractor will rely to ensure adequate
protection of workers, the public, and
the environment.

(c) In maintaining the safety basis
for a hazard category 1, 2, or 3 DOE nu-
clear facility, the contractor respon-
sible for the facility must:

(1) Update the safety basis to keep it
current and to reflect changes in the
facility, the work and the hazards as
they are analyzed in the documented
safety analysis;

(2) Annually submit to DOE either
the, updated documented safety anal-
ysis for approval or a letter stating
that there have been no changes in the
documented safety analysis since the
prior submission; and

(3) Incorporate in the safety basis
any changes, conditions, or hazard con-
trols directed by DOE.
§1830.M20 Unreviewed safety question

process.
(a) The contractor responsible for a

hazard category 1, 2. or 3 DOE nuclear
facility must establish, implement, and
take actions consistent with a USQ
process that meets the requirements of
this section.

(b) The contractor responsible for a
hazard category 1, 2, or 3 DOE existing
nuclear facility must submit for DOE
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A.2.6 Molecular Diffusion

The molecular diffusion coefficients selected for use in this investigation were established by
material type, and are listed below in Table 'A-9. These values are not expected to vary
significantly as the material hydraulic properties in some zones and no attempt was made to re-
define them as such changes occurred. The selected values are consistent within the range of
diffusion coefficients reported for ionic solutes in porous media (Domenico and Schwartz, 1990).
The values'selected for Saltstone and concrete are near the lower end of this range, as one would
expect.

Table A-9. Molecular Diffusion Coefficients

Molecular Diffusion Coefficients

Porous Media cm 2/sec cm 2/year

Native/Backfill Soil 5.E-05 1.58E+02

Drainage Layer 5.E-05 1.58E+02

Saltstone 5.E-09 1.58E-01

Concrete 1.E-08 3.15E-01

A.2.7 Initial and Boundary Conditions

For the first time period (0 to 100 years), an initial amount of 1,000,000 moles of the parent
radionuclide is placed in the Saltstone, from NX = 4 to 64 (0.75 to 99.25 ft) and NY = 33 to 61
(42.0 to 65.75 ft). The height from 65.75 to 66.75 ft is clean pour (i.e., concrete containing no
waste). The thickness of the third dimension is 1.0 cm. The porosity of Saltstone is 0.42.
PORFLOW sets the initial concentration in the pore water at every node of the "waste" zone to be
equal. From PORFLOW output, this concentration for nitrate is 1.1138 mol/cm 3. Since Q =

CXVXýXS = .106 moles and V = 98.5x23.75x30.48 2 = 2.1734x 106 cm 3, then S = 0.9836. This is in
good agreement with the average Saltstone saturation predicted by the TIO0 steady-state flow
field.

No-flux boundary conditions for contaminant transport are assumed for the top and both sides of
the modeling domain. No boundary condition is specified for the bottom of the modeling
domain. PORFLOW 5.97.0 has a default algorithm to calculate convective, and diffusive fluxes to
the water table.

A.2.8 PORFLOW Transport Runs

Under the initial and boundary conditions, contaminant transport is simulated for the first timne
interval (0 to 100 years). The steady-state flow field is used for the transient-state transport
simulations. Contaminant migration is generally in a downward direction from Saltstone to the
water table. The time-history of the contaminant release to the water table is saved for post
processing. In the post-processing program, the predicted quantity of contaminant release in
mole/yr is divided by the initial amount of 1,000,000 moles to get a fractional release rate (unit =

mole/year/mole parent).

For the second time interval (100 to 300 years), the flow field is represented by a new set of
saturations and velocities. Because the infiltration rate is higher, the saturation at each of the

Rev. 0
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1. Summary
Projections of the composition of waste going to SRS Saltstone with current plans show that the
concentrations ofradionuclides in the Saltstone grout will be below the Class C Limits for shallow land
disposal of radioactive waste.

Projecting the composition of the grout is a complicated task because the waste will come from different
tanks with different compositions, using three different decontamination processes. The composition
projections are based on analytical measurements of SRS salts and supernatants, and process knowledge.
Based on this data and knowledge of the planned batches of waste going to Saltstone, the compositions
of wastes going to Saltstone were projected for interim salt processing as well as an average composition
for the Salt Waste Processing Facility (SWPF). These waste composition projections were rolled up into
averages for each of the processes and converted to concentrations in the finished grout.

This report documents the process for preparing the projections of Saltstone grout composition.

2. Introduction
Three processes will be used to decontaminate salt solutions from SRS Liquid Waste tanks:
1. Deliquification, Dissolution, and Adjustment (DDA) process. This process began in 2004 with the

deliquification of Tank 41. This process will be used to process some of the lowest activity salts.
2. Actinide Removal Process (ARP) and the Modular Caustic Side Solvent Extraction (CSSX) Unit

(MCU). Beginning in 2007 these two processes will be used to process some additional higher
activity salt waste.

3. Salt Waste Processing Facility (SWPF). Beginning in 2009, this process will be used to process the
remaining salt waste. This process is the most complex of the three processes, is able to process the
highest activity salt wastes, and has the highest capacity of any of the processes. However, to feed
the process at design capacities requires tank space to accumulate feed solutions. This tank space is
not available at this time, which will limit the SWPF feed rate when it begins operation in 2009.8
Operating the first two processes on the lower activity salts will allow SWPF to operate at design
flowrates when it begins operation.

The purpose of this report is to document the bases for the estimated compositions of the
decontaminated salt solution from each of the three processes.. This information is being used to
compare the waste from each of these processes with the Class C limits for disposal as Low-Level
Waste.

3. Waste Composition Tables

These tables summarize the estimated waste compositions for the Saltstone grout waste resulting from
each process-l) DDA, 2) ARP/MCU, and 3) SWPF. The compositions are compared to the limits in
10 CFR 61.55,1 and only the nuclides included in this regulation are included in these tables.

Radionuclide Concentrations in Saltstone CBU-PIT-2005-00013
Rev. 3
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ABSTRACT

LADTAP XL© is an EXCEL© spreadsheet used to estimate dose to offsite individuals and
populations resulting from routine releases of radioactive materials to the Savannah River.
LADTAP XL© contains two worksheets: LADTAP and IRRIDOSE. The LADTAP
worksheet estimates dose for environmental pathways including external exposure resulting
from recreational activities on the Savannah River and ingestion of water, fish, and
invertebrates of Savannah River origin. IRRIDOSE estimates offsite dose to individuals and
populations from irrigation of food crops with contaminated water from the Savannah River.
Minimal input is required to run the models and site-specific parameters are used when
possible. A complete code description, verification of models, and user's manual have been
included.
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To: S. E. Aleman, 773-42A

From: M. A. Phifer, 773-42A

Vault #4 Closure Cap Estimated Infiltration and Material Properties for the Base Case, Lower Bounding Scenario,
and Upper Bounding Scenario over 10,000 Years

Estimated infiltration through the upper geosynthetic clay liner (GCL) and pertinent material properties have been
determined for the following three land use scenarios consistent with Phifer and Nelson (2003), Phifer (2004) and
Phifer (2005):

* Base Case Scenario: Institutional Control to Pine Forest

* Lower Bounding Scenario: Continuous Bamboo Cover

* Upper Bounding Scenario: Institutional Control to Farm to Pine Forest

Infiltration through the upper GCL and hydraulic properties of the lower drainage layer, side vertical drainage
layer, and vault base drainage layer for the base case scenario are provided over 10,000 years in Table 1. The
Table 1 information was taken directly from Phifer (2005). Infiltration through the upper GCL and hydraulic
properties of the lower drainage layer, side vertical drainage layer, and vault base drainage layer, for the lower
bounding scenario are provided over 10,000 years in Table 2. The Table 2 infiltration and lower drainage layer
hydraulic properties were taken from Phifer (2004), and the calculations for the side vertical drainage layer and
vault base drainage layer hydraulic properties are provided in Appendix A. Infiltration through the upper GCL
and hydraulic properties of the lower drainage layer, side vertical drainage layer, and vault base drainage layer for
the upper bounding scenario are provided over 10,000 years in Table 3. The Table 3 infiltration and lower
drainage layer hydraulic properties were taken from Phifer (2004), and the calculations for the side vertical
drainage layer and vault base drainage layer hydraulic properties are provided in Appendix B. Figure 1 provides
the Saltstone Disposal Facility (SDF) Vault 4 closure cap configuration, and Figure 2 provides the infiltration
through the upper GCL for each of the scenarios.

CC: B. T. Butcher, 773-43A

R. S. Aylward, 773-42A

J. R. Cook, 773-43A

E. L. Wilhite, 773-43A

W. E. Jones, 773-42A

We Put Science To Work

Westinghouse Savannah River Company - Aiken. South Carolina • 29808-0001 srnl.doe.gov
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Table 1. Vault #4 Base Case Scenario PORFLOW Input
Year Infiltration Lower Height of Height of Thickness of Thickness of

through Drainage Side Vertical Side Vertical Upper Lower
Upper GCL Layer K, . Drainage Drainage Portion of the Portion of

(in/yr) (cm/s) Layer with a Layer with a Vault Base the Vault
K, of 0.1 K, of 0000.1 Drainage Base

cm/s cm/s Layer with a Drainage
(cm/s) (cm/s) K, of 0.1 Layer with a

cm/s K, of 0.0001
(feet) cm/s

(feet)
0 0.36 1.00E-01 23.5 0 5 0
100 0.41 1.OOE-01 23.5 0 4.9995 0.0005
300 3.05 9.98E-02 23.5 0 4.995 0.005
550 7.90 9.89E-02 23.5 0 4.978 0.022
1,000 12.04 9.61E-02 23.5 0 4.92 0.08
1,800 13.76 8.96E-02 23.5 0 4.79 0.21
3,400 14.03 7.56E-02 23.5 0 4.51 0.49
5,600 14.08 5.62E-02 23.5 0 4.12 0.88
10,000 14.09 1.74E-02 23.5 0 3.34 1.66
50,000 14.04 1.OOE-04 19.78 3.72 0 5
100,000 14.11 1.OOE-04 10.94 12.56 0 5
190,000 16.54 1.OOE-04 0 23.5 0 5
280,000 18.12 1.OOE-04 0 23.5 0 5
500,000 18.12 1.00E-04 0 23.5 0 5
1,000,000 18.12 1.00E-04 0 23.5 0 5

All values taken from Phifer 2005

Table 2. Vault #4 Lower Bounding Scenario PORFLOW Input
Year Infiltration Lower Height of Height of Thickness of Thickness of

through Drainage Side Vertical Side Vertical Upper Lower
Upper GCL Layer K, Drainage Drainage Portion of the Portion of

(crn/s) Layer with a Layer with a Vault Base the Vault
(in/yr) K, of 0.1 K, of 0000.1 Drainage Base

cm/s cm/s Layer with a Drainage
(cm/s) (cm/s) K, of 0.1 Layer with a

cm/s K, of 0.0001
(feet) cm/s

(feet)
0 0.36 1.OOE-01 23.5 0 5 0
100 0.41 1.OOE-01 23.5 0 4.9995 0.0005
300 0.55 9.99E-02 23.5 0 4.998 0.002

.550 0.80 9.98E-02 23.5 0 4.996 0.004
1,000 1.75 9.94E-02 23.5 0 4.989 0.011
1,800 . 5.05 9.77E-02 23.5 0 4.955 0.045
3,400 6.46 9.20E-02 23.5 0 4.84 0.16
5,600 6.44 8.30E-02 23.5 0 4.66 0.34
10,000 6.40 6.53E-02 23.5 0 4.30 0.70
26,2502 ND I.OOE-04 ND ND ND ND
280,000 - 4.75 1.OOE-04 ND ND ND ND

2 of 9
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ND = not determined
Values taken from Phifer (2004)

2 This is the year that the lower drainage layer is assumed to completely silt in and the saturated hydraulic
conductivity is assumed to remain at 1.OOE-04 cm/s thereafter.

3 Infiltration at complete degradation of the closure cap, but not including the side vertical and base drainage
layers

Table 3. Vault #4 Upper Bounding Scenario PORFLOW Input

Year Infiltration Lower Height of Height of Thickness of Thickness of
through Drainage Side Vertical Side Vertical Upper Lower

Upper GCL Layer K, Drainage Drainage Portion of the Portion of
I (cnVs) Layer with a Layer with a Vault Base the Vault

(in/yr) K, of 0.1 K, of 0000. 1 Drainage Base
cm/s cm/s Layer with a Drainage

(cm/s) (cm/s) K, of 0.1 Layer with a
cm/s K, of 0.0001
(feet) cm/s

(feet)
0 0.36 LOOE-01 23.5 0 5 0
100 0.43 .lOOE-01 23.5 0 4.9995 0.0005
154 0.42 L.OOE-01 23.5 0 4.9992 0.0008
300 0.56 9.99E-02 23.5 0 4.998 0.002
550 1.22 9.98E-02 23.5 0 4.9955 0.0045
602 1.37 9.97E-02 23.5. 0 4.9945 0.0055
802 16.12 9.86E-02 23.5 0 4.973 0.027
1,000 19.46 9.64E-02 23.5 0 4.928 0.072
1,800 21.32 8.62E-02 23.5 0 4.72 0.28
3,400 21.42 6.47E-02 23.5 0 4.30 0.70
5,600 21.13 3.54E-02 23.5 0 3.7 1.30
8,303 ND 1.OOE-04 23.5 0 ND ND
10,000 20.05 1.OOE-04 23.5 0 2.57 2.43
38,25-4 18.60 1.OOE-04 ND ND ND ND
ND = not determined

Values taken from Phifer (2004)
2 This is the year that the lower drainage layer is assumed to completely silt in and the saturated hydraulic
conductivity is assumed to remain at 1.OOE-04 cm/s thereafter.

I Infiltration at complete degradation of the closure cap, but not including the side vertical and base drainage
layers
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Figure 1. SDF Vault 4 Closure Cap Configuration (Phifer and Nelson 2003)
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Figure 2. Base Case, Lower Bounding, and Upper Bounding Infiltration over Time
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Appendix A

Vault #4 Lower Bounding Scenario Vault Base Drainage Layer and Side Vertical Drainage Layer Hydraulic
Properties Calculation

The vault base drainage layer hydraulic properties were determined in Phifer and Nelson (2003) for a closure cap
with a 350-foot slope length under the base case land use scenario (i.e. institutional control to pine forest). Phifer
and Nelson (2003) assumed that colloidal clay migration at 63 mg/L from the overlying backfill is driven by the
water flux through the upper GCL. This water-flux-driven clay migration enters into the 5-foot-thick vault base
drainage layer and fills the lower drainage layer from the bottom up. The saturated hydraulic conductivity of the
clay filled portion is reduced from 1.OE-01 to 1.OE-04 cm/s (i.e. the saturated hydraulic conductivity of the

* overlying backfill layer), while the conductivity of the clean portion remains at 1.OE-01 cm/s. The thickness of
the clay filled portion increases with time while the thickness of the clean portion decreases with time.

The vault base drainage layer hydraulic properties are determined herein for a 450-foot slope length closure cap
using the same methodology used by Phifer and Nelson (2003). The total clay mass transported into the lower
drainage layer previously calculated for a 450-foot slope length closure cap Under the lower bounding land use
scenario (i.e. continuous bamboo cover) in Phifer (2004) was utilized. The total clay mass transported into the
vault base drainage layer is the same as that for the lower drainage layer (Phifer and Nelson 2003).

Clay mass transported into the lower drainage layer from Phifer 2004:

Year Clay mass transported into the lower drainage layer
(same as that into the vault base drainage layer)

0 0
100 5.8 g
300 20.1 g
550 45.2 g
1,000 130.7 g
1,800 535.3 g
3,400 1,903.8 g
5,600 4,012.8 g
10,000 8 ,211.6 g

Determine mass of clay to fill the vault base drainage layer void volume (0.38):

Assume clay bulk density is 1.1 g/cm 3

Look at a 1-ft2 area of the 5-foot thick the vault base drainage layer (i.e. 5 ft3)

Void volume = 0.38 x 5 ft
3 

= 1.9 ft3

Clay mass per ft3 = 1.1 g/cm 3 x 1.9 ft3 x 2.83 1685E-02 m3/ft3 x 1,000,000 cm 3 /m 3 -59,182.2 g
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Appendix A (continued)

Determine the fraction of the vault base drainage layer filled at the end of each time step:

Year Fraction, F, of the vault base drainage layer filled
0 0

100 5.8 g ÷59,182.2 g = 0.000098
300 20.1 ÷59,182.2 g = 0.00034
550 45.2 g ÷59,182.2 g = 0.000764
1,000 130.7 g + 59,182.2 g = 0.00221
1,800 535.3 g - 59,182.2 g = 0.00904
3,400 1,903.8 g + 59,182.2 g = 0.0322
5,600 4,012.8 g + 59,182.2 g = 0.0678
10,000 8,211.6 g - 59,182.2 g = 0.139

Determine thickness of the 0.1 and 0.0001 cm/s layers at the end of each time step:

Year Fraction, F, of the vault base 0.1 cm/s layer thickness (ft) 0.0001 cm/s layer thickness
drainage layer filled (ft) 2

0ý 0 5 0
100 0.000098 4.9995 0.0005
300 0.00034 4.998 0.002
550 0.000764 4.996 0.004
1,000 0.00221 4.989 0.011
1,800 0.00904 4.955 0.045
3,400 0,0322 4.84 0.16
5,600 0.0678 4.66 0.34
10,000 0.139 4.30 0.70

I Thickness = 5' - (5' x F)
2 Thickness = 5' x F

Since the vault base drainage layer has not been completely filled within the 10,000 year period, no degradation
of the side vertical drainage layer has occurred within the 10,000 year period for the Lower Bounding Scenario.
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Appendix B

Vault #4 Upper Bounding Scenario Vault Base Drainage Layer and Side Vertical Drainage Layer Hydraulic
Properties Calculation

The vault base drainage layer hydraulic properties were determined in Phifer and Nelson (2003) for a closure cap
with a 350-foot slope length under the base case land use scenario (i.e. institutional control to pine forest). Phifer
and Nelson (2003) assumed that colloidal clay migration at 63 mg/L from the overlying backfill is driven by the
water flux through the upper GCL. This water-flux-driven clay migration enters into the 5-foot-thick vault base
drainage layer and fills the lower drainage layer from the bottom up. The saturated hydraulic conductivity of the
clay filled portion is reduced from 1.OE-01 to 1.OE-04 cm/s (i.e. the saturated hydraulic conductivity of the
overlying backfill layer), while the conductivity of the clean portion remains at 1.OE-01 cm/s. The thickness of
the clay filled portion increases with time while the thickness of the clean portion decreases with time.

The vault base drainage layer hydraulic properties are determined herein for a 450-foot slope length closure cap
using the same methodology used by Phifer and Nelson (2003). The total clay mass transported into the lower
drainage layer previously calculated for a 450-foot slope length closure cap under the upper bounding land use
scenario (i.e. institutional control to farm to pine forest) in Phifer (2004) was utilized. The total clay mass
transported into the vault base drainage layer is the same as that for the lower drainage layer (Phifer and Nelson
2003).

Clay mass transported into the lower drainage layer from Phifer 2004:

Year Clay mass transported into the lower drainage layer
(same as that into the vault base drainage layer)

0 0
100 5.9 g
154 9.3 g
300 20.0 g
550 5311 g

602 63.2 g
802 323.1 g
1,000 846.8 g
1,800 3,272.0 g
3,400 8,355.4 g
5,600 15,314.3 g
10,000 28,784.2 g

Determine mass of clay to fill the vault base drainage layer void volume (0.38):

Assume clay bulk density is 1.1 g/cm 3

Look at a 1-ft2 area of the 5-foot thick the vault base drainage layer (i.e. 5 ft3)

Void volume -0.38 x 5 ft
3 

= 1.9 ft3

Clay mass per ft3 = 1.1 g/cm 3 x 1.9 ft 3 x 2.831685E-02 m 3/ft 3 x 15000,000 cm 3/m 3 59,182.2 g
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Appendix B (continued)

Determine the fraction of the vault base drainage layer filled at the end of each time step:

Year Fraction, F, of the vault base drainage layer filled
0 0
100 5.9 g + 59,182.2 g = 0.00010
154 9.3 - 59,182.2 g = 0.00016
300 20.0 g ÷ 59,182.2 g = 0.00034
550 53.1 g - 59,182.2 g = 0.00090
602 63.2- 59,182.2 g = 0.0011
802 323.1+ 59,182.2 g = 0.0054
1,000 846.8 g ÷59,182.2 g = 0.0143
1,800 3,272.0 g ÷59,182.2 g = 0.0553
3,400 8,355.4 g ÷59,182.2 g = 0.141
5,600 15,314.3 g - 59,182.2 g = 0.259
10,000 28,784.2 g + 59,182.2 g = 0.486

Determine thickness of the 0.1 and 0.0001 cm/s layers at the end of each time step:

Year Fraction, F, of the vault base 0.1 cm/s layer thickness (ft) 0.0001 cm/s layer thickness
drainage layer filled (ft) 2

0 0 5 0
100 0.00010 4.9995 0.0005
154 0.00016 4.9992 0.0008
300 0.00034 4.9983 0.0017
550 0.00090 4.9955 0.0045
602 0.0011 4.9945 0.0055
802 0.0054 4.973 0.027
1,000 0.0143 4.928 0.072
1,800 0.0553 4.72 0.28
3,400 0.141 4.30 0.70
5,600 0.259 3.7 1.30
10,000 0.486 2.57 2.43

Thickness = 5' - (5' x F)
2 Thickness = 5' x F

Since the vault base drainage layer has not been completely filled within the 10,000 year period, no degradation
of the side vertical drainage layer has occurred within the 10,000 year period for the Lower Bounding Scenario.
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2.0 GROUNDWATER ANALYSIS

2.1 Methodology

The groundwater pathway analysis for each radionuclide involves two steps. First a vadose zone
flow and transport simulation is done to estimate flux to the water table for a disposed
radionuclide parent and any subsequent progeny. Then saturated zone flow and transport
modeling is used to estimate the groundwater concentration(s) at a hypothetical well placed 100
meters down-gradient from the disposal unit.

The vadose zone flow model was developed to reflect the current Z-Area closure concept (Phifer
and Nelson 2003), which calls for a geosynthetic cover system instead of a kaolin cap as assumed.
in'the 1992 PA. After completion of the institutional control period, infiltration is predicted to
gradually increase over time as the closure system degrades due to phenomena such as intrusion
of deep-rootedplants (e.g., trees) and silting of drainage layers (Phifer 2004). While it is assumed
that tree root penetration will contribute to closure system degradation, tree roots should not
penetrate into the Saltstone, itself, and uptake radionuclides for the following reasons:

* Several layers of the multi-layered cover system above the vault roof are'frequently at or near
saturation. Since tree roots are opportunistic and seek sources of water, the roots will
concentrate in these layers above the vault roof, which contain significant water.

* While roots might penetrate to the vault roof, the concrete roof presents a hardened surface
over which roots are more likely to extend along rather than penetrate.

The pore fluid within Saltstone is essentially a salt solution (brackish water) which the trees
could not utilize.

* It is unlikely that roots would be able to extract water from Saltstone due to the matrix
potential within Saltstone.

The purpose of the deeper roots of pine trees is to seek sources of water. The multi-layered cover
system will produce local zones of saturated water in the drainage layers overlying the barrier
layers. The pine tree roots will tend to follow these layers rather than attempt to penetrate to
deeper levels since it is much easier for the roots to extract water from saturated soil than
unsaturated soil. Therefore, pine tree roots are not expected to penetrate the vault roof.

A potential PA concern is the effects of cracks developing in the Saltstone monolith over time. A
structural analysis (Peregoy 2003) predicts that cracks will develop and their aperture will
increase with increasing time. However, the analysis shows that the cracks will open either at the
top or at the bottom and will be pinched closed at the opposite end. Therefore, no through-wall
cracks will develop. A separate modeling study (Yu and Cook 2004) concluded that cracks of this
nature have very little effect on contaminant transport rate. Based on this finding cracks are not
considered in this SA.

The conceptual model describes the materials, layout, and dimensions of the SDF. Figure 2-1
depicts the conceptual model used for the Vault No. 4. The Saltstone monolith is approximately
200x600x25 ft. Only half of a vault in the short dimension is modeled, taking advantage of
symmetry. The top of the modeling domain is the bottom of the upper GCL layer. Infiltration
through this layer as a function of time is calculated by the HELP code (USEPA 1994a, 1994b).
The constant infiltration rate is used as a flow boundary condition at the top of the modeling
domain. The bottom of the modeling domain is the water table. Capillary pressure at the water
table is set to zero to simulate 100% water saturation. The vertical boundary through the center of
the vault is modeled as a no-flow boundary due to symmetry. The right boundary is also assumed
to be a no-flow boundary because it is sufficiently far away from the vault and the predominant
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contaminant transport mechanism is downward convection. Figure 2-2 shows the gridding used in
the model.

The vadose zone flow simulation was performed as a sequence of steady-state runs
approximating average conditions during a number of time intervals over 10,000 years based on
the HELP code results. Time zero is when closure operations are complete. Material properties
were varied for each time interval to represent degradation of the closure system, the Saltstone
waste form, and the vault. These properties are given in Appendix A.

A total of 45 radionuclides were selected for analysis based on a screening study for the SRS Low
Level Waste Facility- (Cook and Wilhite 2004). Nitrate was also run in the analysis because it
occurs in high concentrations and has a relatively low groundwater limit.

The new plutonium chemistry implemented for the trench disposal units in the E-Area Low-Level
Waste Facility (Cook 2002, Kaplan 2004) has been included in the present special analysis. The
Pu (III/IV) oxidation state is far more abundant than Pu (V/VI), but the latter is significantly more
mobile in sediments: a soil-solute distribution coefficient of Kd = 370 mL/g is assumed for Pu
(III/IV) versus Kd = 15 mL/g for Pu (V/VI). Although present in trace amounts, the relatively
high mobility of Pu (ViVI) could potentially lead to a significant contribution to the dose at the
100-meter well. The two pairs of oxidation states are tracked separately in the vadose zone
transport simulations to accommodate the difference in mobility.

In addition to the geochemistry modifications described above, some distribution coefficients
were updated to reflect current knowledge. Appendix A provides a complete listing of Kd values
used in the groundwater analysis and other key input data such as, radionuclides analyzed, half-
lives, atomic mass, concentration limits, solubility limits, and assumed decay chains.

The FACT code model of the General Separations Area (GSA) was recently superseded by an
equivalent model using the PORFLOW code, in order to consolidate PA subsurface flow and
transport modeling to a single software product (Flach 2004). The flow field computed by
GSA/PORFLOW is used in the present study. GSA/PORFLOW is a regional scale model with a
mesh resolution in the horizontal plane of 200 ft, compared to a width of about 200 ft for Vault 4.

Figure 2-3 illustrates locations of the existing Vaults, 1 and 4, and the aquifer model mesh. Figure
2-3 also shows the extent of the aquifer flow and transport model (blue border) and the mesh
resolution in the horizontal plane (light gray dashes). Particle tracking results starting from the
four comers of the combined facility indicate the groundwater flow direction. Time markers (red
dots) are shown every 10 years of travel. Figure 2-3 indicates a possibility of plume overlap,
which is the subject of a sensitivity study presented in Section 7.

2.2 Results

The magnitude and time of maximum concentration, the Maximum Contaminant Level (MCL)
(USEPA 2004) and the Vault 4 inventory limit for the key radionuclides for two time periods of
interest, 1000 years and 10,000 years, are given in Tables 2-1 and 2-2, respectively. These limits
for the groundwater pathway are compared with limits derived for the other pathways and with
the projected Vault 4 inventory in Section 7. For the projected Vault 4 inventory, none of the

* radionuclides produces a significantly large fraction of the groundwater limit.

Plots of fractional flux and concentration for each radionuclide modeled with PORFLOW are
presented in Appendix A.
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A.2.3.2 Infiltration Rates

The infiltration rates (in inches/year) through the lower GCL (Phifer 2004) used for this study are
summarized in Table A-6 and shown in Figure A-7.

Table A-6. Infiltration Rates Used as Upper Boundary Conditions

Time Interval Infiltration Rate (in/yr)

0 to 100 0.39

100 to 300 1.73

300 to 550 5.48

550 to 1,000 9.97

1,000 to 1,800 12.90

1,800 to 3,400 13.90

3,400 to 5,600 14.06

5,600 to 10,000 14.09
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1.0 EXECUTIVE SUMMARY

The Performance Assessment (PA) for the Saltstone Disposal Facility (SDF) is currently under
revision. As part of the PA revision and as documented herein, the closure cap configuration has been
reevaluated and closure cap degradation mechanisms and their impact upon infiltration through the
closure cap have been evaluated for the institutional control to pine forest, land use scenario. This
land use scenario is consider-ed the base case land use scenario. This scenario assumes a 100-year
institutional control period following final SDF closure during which the closure cap is maintained.
At the end of institutional control, it is assumed that a pine forest succeeds the cap's original bamboo
cover. Infiltration through the upper hydraulic barrier layer of the closure cap as determined by this
evaluation will be utilized as the infiltration input to subsequent PORFLOW vadose zone contaminant
transport modeling, which will also be performed as part of the PA revision.

The reevaluation of the closure cap configuration has resulted in the following primary changes to the
closure cap configuration:

* The previous kaolin hydraulic barriers have been replaced with geosynthetic clay liners (GCL).

" The drainage system configuration has been revised to decrease the drainage slope lengths.

. An erosion barrier separate from and above the upper drainage layer has been added.

* A backfill layer has been added between the erosion barrier and the upper drainage layer to help
promote evapotranspiration.

* The previous grout layer directly above the vault has been replaced with soil.

* The thickness of the lower drainage layer has been increased, a vertical drainage layer has been
added along the sides of the vaults, and a drainage layer has been added at the base of the vaults
to minimize the hydraulic head on top of the vaults.

The impacts of pine forest succession, erosion, and colloidal clay migration as degradation
mechanisms on the hydraulic properties of the closure cap layers over time have been estimated and
the resulting infiltration through the closure cap has been evaluated. The primary changes caused by
the degradation mechanisms that result in increased infiltration are the formation of holes in the upper
GCL by pine forest succession and the reduction in the saturated hydraulic conductivity of the
drainage layers due to colloidal clay migration into the layers. Erosion can also result in significant
increases in infiltration if it causes the removal of soil layers, which provide water storage for the
promotion of evapotranspiration. For this scenario, infiltration through the upper GCL was estimated
at approximately 0.29 inches/year under initial intact conditions, it increased to approximately 11.6
inches/year at year 1000 in nearly a linear fashion, and it approached an asymptote of around 14.1

* inches/year at year 1800 and thereafter. At year '1800, it was estimated that holes covered
approximately 0.3 percent of the GCL due to root penetration, and that this resulted in an infiltration
near that of typical background infiltration (i.e. as though the GCL were not there at all). This
demonstrated that a very small area of holes essentially controlled the hydraulic performance of the
GCL.
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Table 3.0-1. Average Monthly Precipitation and Temperature Data

Month Average Precipitation Average Temperature
(inches) (OF)

January 4.38 46.3
February 3.95 50.0
March 4.68 57.2
April 2.91 64.3
May 3.56 72.1
June 4.99 78.4
July 5.43 81.6
August 5.41 80.3
September 3.93 75.2
October 3.12 65.1
November 2.96 56.7
December 3.45 48.8

The HELP model weather data input files, which were utilized for all HELP model runs, are provided
in the following appendices:

* Appendix A, Augusta Synthetic Precipitation Modified with SRS Specific Average Monthly
Precipitation Data over 100 Years (file name: Zprec.d4),

* Appendix B, Augusta Synthetic Temperature Modified with SRS Specific Average Monthly

Temperature Data over 100 Years (file name: Ztemp.d7),

* Appendix C, Augusta Synthetic Solar Radiation Data over 100 Years (file name: Zsolar.di 3), and

* Appendix D, Augusta Evapotranspiration Data (file name: Zevap.dl 1).

The HELP model also requires the input of soil property data. Table 3.0-2 provides the initial intact
soil property data for the soil types utilized within the HELP modeling documented within this report.

Table 3.0-2. HELP Model Required Soil Property Data

Layer Saturated Total Porosity Field Capacity Wilting Point
Hydraulic (Vol/Vol) (Vol/Vol) (VolNol)

Conductivity
(cm/sec)

Topsoil' 1.00E-03 0.4 0.11 0.058
Backfill L.OOE-04 0.37 0.24 0.136
Gravel Drainage l.OOE-01 0.38 0.08 0.013
Kaolin L.OOE-07 0.56 0.55 0.5
GCL 5.00E-09 2 0.75 3 0.747 3 0.40 3
Clean grout L.OOE-08 0.19 0.18 0.17
Concrete vault L.OOE-12 0.19 0.18 0.17
roof and floor 1
Saltstone' 5.OOE-12 0.42 0.41 0.4

WSRC (2002)
2 GSE (2002)

3 USEPA (1 994a) and USEPA (1 994b)
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Deep roots have a diameter of 3 inches in the top foot of soil and taper with depth to 0.25 inches at
depth. These roots will be maintained over the life of the tree and exhibit little turnover prior to death.
They will enlarge with yearly growth, similar to branches, although anatomically different and at a
slower rate. Smaller trees, which are suppressed and die, will not establish deep roots in excess of 4 to
5 feet, and primarily only 1 or 2 such roots. Hard layers and water-saturated layers will slow root
penetration. A continuous water surface will stop elongation. Hard layers will eventually be
penetrated.

Decomposition of toots near the ground surface should occur fairly quickly due to better
microclimate for microbial populations than at depth. Decomposition of roots at depth will be fairly
slow,, depending on the soil environment and aeration. It is assumed that it will take 25 years for the
decomposition of intermediate depth roots and 30 years at depth due to the soil environment. Some
shrinkage of the deep roots may occur at depth and provide a channel for water or sediment
movement along the surface. Very rapid yearly turnover of fine roots and feeder roots occurs in the
soil, although these are primarily in the top 18 inches of soil and will not go vertically with any
intensity or longevity.

Based upon this discussion the following assumptions are made relative to the succession of bamboo
by a pine forest for this evaluation:

* 200 years after the end of institutional control it is assumed that the entire cap is dominated by'
pine.

* Complete turnover of the 400 mature trees per acre occurs every 100 years (in a staggered
manner).

* There are 400 mature trees per acre with 4 roots to 6 feet and 1 root to 12 feet. The roots are 3
inches in diameter at a depth of 1 foot and 0.25 inches in diameter at either 6 or 12 feet,
whichever is applicable.

5.2 Erosion

The topsoil and upper backfill layers, which are located above the erosion barrier, are subject to
erosion. For the institutional control to pine forest land use scenario, it is assumed that the closure cap
will be vegetated with bamboo during the institutional control period, with a combination of bamboo
and pine trees for 200 years immediately following the institutional control period, and with a pine
forest thereafter. The projected erosion rate for both the topsoil and upper backfill layers has been
determined utilizing the Universal Soil Loss Equation (Horton and Wilhite 1978; Goldman et al.
1986). The Universal Soil Loss Equation is expressed as:

A=RxKxLSxCxP (Eq. 5.2-1)

where

A = soil loss (tons/acre/year)

R = rainfall erosion index (100 ftiton/acre per in/hr)

K = soil erodibility factor, tons/acre per unit of R

LS = slope length and steepness factor, dimensionless

C = vegetative cover factor, dimensionless

P = erosion control practice factor, dimensionless

The erosion rate for the SRP Burial Grounds (i.e. current SRS E-Area) was previously estimated and
documented by Horton and Wilhite (1978) as provided in Table 5.2-1.
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Table 5.2-1. Previous SRP Burial Grounds Estimated Erosion Rate (Horton and Wilhite 1978)

Parameter Value Utilized Comment
R 260
K 0.28 Dothan subsoil
LS 0.67 1000 foot long 2% slope
C 0.001 Natural successional forest
P 1 No supporting practices
A: (soil loss) 0.05 tons/acre/year
A (soil loss) 0.0007 cm/year Assuming dry bulk density of

1.6 g/cm3

The following are estimated parameter values based upon Horton and Wilhite 1978 and Goldman et
al. 1986:

* From Figure 5.2 of Goldman et al. (1986), R is slightly greater than 250 but significantly less than
300 100 ft-ton/acre per in/hr. Therefore will utilize the Horton and Wilhite 1978 R value of 260
100 ft-ton/acre per in/hr

* From Figure 5.6 of Goldman et al. (1986):

- If topsoil is assumed to consist of 70% sand, 25% silt, and 5% clay, K equals 0.28 tons/acre
per unit of R.

- If backfill is assumed to consist of 70% sand, 20% silt, and 10% clay, K equals 0.20 tons/acre
per unit of R.

* With a slope length of 350 feet (see Figure 4.2-2) and a slope of 3% the LS value-equals 0.40 as
determined from Table 5.5 of Goldman et al. (1986).

* Will assume that both bamboo and a pine forest, have C values of a natural successional forest,
therefore the C value equals 0.001 as utilized by Horton and Wilhite (1978).

* No supporting practices are associated with the closure cap therefore P equals 1.

Based upon the Universal Soil Loss Equation and the parameter values listed above the following are
the estimated soil losses:

Topsoil with a natural successional forest has an estimated soil loss of 0.0291 tons/acre/year
( A = 260 x 0.28 x 0.40 x 0.001 x I ). Based upon the dry bulk density the estimated soil loss can
be converted to a loss in terms of depth of loss per year. From Jones and Phifer (2002), the dry
bulk density of topsoil was taken as 90 lbs/ft3. Topsoil with a natural successional forest has an
estimated depth of soil loss - of approximately 1.8E-04 inches/year

(LOSS - 0.0291 tons / acre / year x 2000 lbs / ton x 12 inches / foot)

43560 ft2 / acre x 90 lbs / ft 3

Backfill with a natural successional forest has an estimated soil loss of 0.0208 tons/acre/year
(A = 260 x 0.20 x 0.40 x 0.001 x I ). Based upon the dry bulk density the estimated soil loss can
be converted to a loss in terms of depth of loss per year. From Jones and Phifer (2002), the dry
bulk density of backfill was taken as 104 lbs/ft3. Backfill with a natural successional forest has an
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estimated depth of soil loss of approximately 1.1 E-04 inches/year

(Loss = 0.0208 tons / acre / year x 2000 lbs / ton x 12 inches ! foot)

43560 ft 2 / acre x104 lbs / ft3

The previous estimated erosion rate of 0.0007 cm/year (2.8E-04 inches/year) for the SRP Burial
Grounds (Horton and Wilhite 1978) compares well with the current estimates for the SDF closure cap
of 1.8E-04 and 1.LE-04 inches/year for topsoil and backfill, respectively. The primary difference in
input between the two estimates is associated with the site-specific slopes and slope lengths.

5.3 Colloidal Clay Migration

It is assumed that colloidal clay migrates from overlying backfill layers and accumulates in the
drainage layers reducing the saturated hydraulic conductivity of the drainage layers over time. The
clay minerals (in order of predominance) at SRS are shown in Table 5.3-1 along with the percentage
range of the clay mineral fraction and typical range in particle size for each. Colloids can be mineral
grains such as clays, which have particle sizes between 0.01 and 10 gim (Looney and Falta 2000).
Colloidal clay can exist in groundwater in concentrations up to 63 mg/L as measured by suspended
solids (Puls and Powell 1991). Based upon this information and the previous assumption, it will be
assumed that water flux driven colloidal clay migration at a concentration of 63 mg/L occurs from
overlying backfill layers to the drainage layers. It will be further assumed that the colloidal clay
accumulates in the drainage layer from the bottom up filling the void space of the drainage layer with
clay at a density of 1.1 g/cm3 (Hillel 1982). These assumptions are analogous to the formation of the
B soil horizon as documented in the soil science literature. Clay translocation is a very slow process
where discrete clay particles are washed out in slightly acidic conditions and deposited lower in .the
soil profile (McRae 1988). Evidence has been found that the B-horizon where the translocated clay is
deposited may form at a rate of 10 inches per 5,000 years (Buol et al. 1973).

Table 5.3-1. SRS Clay Minerals

Clay Mineral Percentage Range of the Clay Typical Particle Size Range 2
Mineral Fraction' (gm)

(Nm
Kaolinite 62.6 to 98.8 0.1 to 4
Vermiculite 0.7 to 34.3 0.1 to 2
Illite 0 to 7.1 0.1 to 2

'Looney et al. (1990), Table 6.31
2 Mitchell (1993)

5.4 Closure Cap Degradation Summary

Base upon the assumed closure cap degradation mechanisms, pine forest succession, erosion, and
colloidal clay migration, an assumed degradation scenario has been assumed for each layer as
outlined in Table 5.4-1. These degradation scenarios form the basis for modifying the thickness and
hydraulic properties of each layer over time. This information will be utilized in section 6.0 to
determine infiltration though the upper GCL over time.

Rev. 0



September 22, 2003 6-5 WSRC-TR-2003-00436

Table 6.2-1. Inputs for PORFLOW Vadose Zone Modeling

Year Infiltration Lower Drainage Side Vertical Thickness of Thickness of
through Upper Layer Saturated Drainage Layer Upper Portion of Lower Portion

GCL Hydraulic Saturated the Vault Base of the Vault
(inryr) Conductivity Hydraulic Drainage Layer Base Drainage

(cm/s) Conductivity with a K of 0.1 Layer with a K
(cm/s) cm/s of 0.0001 cm/s

(feet) (feet)

0 0.29165 1.OOE-01 1.OOE-01 5 0
100 0.33135 1.00E-01 1.OOE-01 4.9996 0.0004
300 2.48161 9.98E-02 1.00E-01 4.996 0.004
550 7.01335 9.91E-02 1.00E-01 4.98 0.02
1,000 11.55066 9.64E-02 1.OOE-01 4.93 0.07
1,800 13.65308 9.01E-02 1.OOE-01 4.8 0.2
3,400 14.00566 7.62E-02 1.OOE-01 4.52 0.48
5,600 14.05202 5.68E-02 1.OOE-01 4.14 0.86
10,000 14.09426 1.81E-02 1.OOE-01 3.36 1.64
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Figure 6.2-1. Infiltration through Upper GCL
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Appendix A, Augusta Synthetic Precipitation Modified with SRS Specific Average Monthly
Precipitation Data over 100 Years (file name: Zprec.d4)

This appendix is in CD format due to its size. Available upon request.
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Appendix B, Augusta Synthetic Temperature Modified with SRS Specific Average Monthly
Temperature Data over 100 Years (file name: Ztemp.d7)

This appendix is in CD format due to its size. Available upon request.
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1.0 -EXECUTIVE SUMMARY

As part of the current Saltstone Disposal Facility (SDF) Performance Assessment (PA) revision, the
closure cap configuration was reevaluated and closure cap degradation mechanisms and their impact
upon infiltration through the closure cap was evaluated for the existing SDF concrete vaults (i.e.
vaults 1 and 4) for the base case land use scenario (i.e. institutional control to pine forest scenario)
and documented in Phifer and Nelson (2003). The closure cap configuration was modified from a
compacted kaolin barrier layer concept to a. geosynthetic clay layer (GCL) barrier layer concept. The
degradation mechanisms developed included pine forest succession, erosion, and colloidal clay
migration. These degradation mechanisms resulted in changes in the hydraulic properties of the
closure cap layers and resulting increases in infiltration through the closure cap over time.

Subsequently, Winship (2003) recommended that future SDF vaults be based upon Mechanically
Stabilized Earth (MSE) technology rather then poured in place concrete technology. Due to these
recommended SDF vault changes, the closure cap degradation mechanisms and their impact upon
infiltration through the closure cap has been reevaluated for the proposed MSE vaults for the base
case land use scenario (i.e. institutional control to pine forest scenario). This has been conducted as
part of the PA revision and as documented herein. This land use scenario assumes a 100-year
institutional control period following final SDF closure during which the closure cap is maintained.
At the end of institutional control, it is assumed that apine forest succeeds the cap's original bamboo
cover. Infiltration through the upper hydraulic barrier layer of the closure cap as determined by this
evaluation will be utilized as the infiltration input to subsequent PORFLOW vadose zone contaminant
transport modeling, which will also be performed as part of the PA revision.

The impact of pine forest succession, erosion, and colloidal clay migration as degradation
mechanisms on the hydraulic properties of the closure cap layers over time has been estimated and
the resulting infiltration through the MSE vault closure cap has been evaluated. The primary changes
caused by the degradation mechanisms that result in increased infiltration are the formation of holes
in the upper GCL by pine forest succession and the reduction in the saturated hydraulic conductivity
of the drainage layers due to colloidal clay migration into the layers. Erosion can. also result in
significant increases in infiltration if it causes the removal of soil layers, which provide water storage
for the promotion of evapotranspiration.

For the institutional control to pine forest, land use scenario, infiltration through the upper GCL was
estimated at approximately 0.36 inches/year under initial intact conditions. Such infiltration increased
from approximately 0.41 inches/year at the end of institutional control (i.e. year 100) to
approximately 12.0 inches/year at year 1000 in nearly a linear fashion. From year 1800 to year 10,000
the infiltration approaches 14.1 inches/year. At year 1800 approximately 0.3 percent of the GCL area
had holes due to root penetration resulting in an infiltration near that of typical background infiltration
(i.e. as though the GCL were not there at all). A very small area of holes essentially controlled the
hydraulic performance of the GCL. It is assumed that the infiltration remains at 14.1 inches/year until
approximately year 97,000, at which point the thickness of the upper backfill above the erosion
barrier is equal to the assumed evapotranspiration zone depth of 22 inches (Phifer and Nelson 2003).
After year 97,000 it is assumed that infiltration through the upper GCL increases linearly from 14.1
inches/year to a maximum of 18.1 inches/year in year 280,000. As the thickness of the upper backfill
layer decreases below 22 inches the evapotranspiration zone extends into the erosion barrier, which
provides inadequate water storage for the promotion of evapotranspiration. This results in the
infiltration increase over 14.1 inches/year after year 97,000.
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4.0 CLOSURE CAP DEGRADATION

The following three primary closure cap degradation mechanisms have been assumed to significantly
impact the infiltration through the closure cap over time:

* Pine forest succession

* Erosion

• Colloidal clay migration

Phifer and Nelson (2003) discussed each of these degradation mechanisms in detail.

4.1 Pine Forest Succession

According to the PA and Closure Plan the SDF closure cap will be vegetated with bamboo. Bamboo
is a shallow-rooted species that quickly establishes a dense ground cover and evapotranspirates year-
round in the SRS climate. Pine trees are the most deeply rooted naturally occurring plants at SRS.
(MMES 1992; Cook et al. 2000). The institutional control to pine forest, land use scenario evaluated
herein assumes a 100-year institutional control period following final SDF closure during which the
closure cap is maintained. It is assumed that a pine forest begins to encroach upon the bamboo at the
end of institutional control, when the closure cap is no longer maintained.

The following assumptions, which were made relative to the succession of bamboo by a pine forest
by Phifer and Nelson (2003), have also been utilized for this evaluation:

* 200 years after the end of institutional control it is assumed that the entire cap is dominated by
pine.

0 Complete turnover of the 400 mature trees per acre occurs every 100 years (in a staggered
manner).

* There are 400 mature trees per acre with 4 roots to 6 feet and 1 root to 12 feet. The roots, are 3
inches in diameter at a depth of 1 foot and 0.25 inches in diameter at either 6 or 12 feet,
whichever is applicable.

4.2 Erosion

The topsoil and upper backfill layers, which are located above the erosion barrier, are subject to
erosion. For the institutional control to pine forest land use scenario, it is assumed that the closure cap
will be vegetated with bamboo during the institutional control period, with a combination of bamboo
and pine trees for 200 years immediately following the institutional control period, and with a pine
forest thereafter. The projected erosion rate for both the topsoil and upper backfill layers has been
determined utilizing the Universal Soil Loss Equation (Horton and Wilhite 1978; Goldman et al.
1986). The Universal Soil Loss Equation (USLE) is expressed as:

A = R x K x LS x C x P (Eq. 5.2-1)

where

A = soil loss (tons/acre/year)

R = rainfall erosion index (100 ft.ton/acre per in/hr)

K = soil erodibility factor, tons/acre per unit of R

LS = slope length and steepness factor, dimensionless

C = vegetative cover factor, dimensionless
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P = erosion control practice factor, dimensionless

Table 4.2-1 presents the USLE parameter values utilized and the source of the values for both the
topsoil and backfill.

Table 4.2-1. USLE Parameter Values

USLE Parameter Value Utilized Source
R for SRS location 260 Horton and Wilhite 1978
K for topsoil 0.28 Phifer and Nelson 2003 and

Goldman et al. 1986 Figure 5.6.
K for backfill 0.20 Phifer and Nelson 2003 and

Goldman et al. 1986 Figure 5.6
LS for 450-foot 3% slope 0.45 Goldman et al. 1986 Table 5.5
(see Figure 3.1-2)
C for both bamboo and pine 0.001 Horton and Wilhite 1978
forest
P for no supporting practices 1 Not applicable

Based upon the Universal Soil Loss Equation and the Table 4.2-1 parameter values the following soil
losses were estimated:

Topsoil with a natural successional forest has an estimated soil loss of 0.0328 tons/acre/year
(A = 260x 0.28x0.45x0.OOlxl). Based upon the dry bulk density the estimated soil loss can
be converted to a loss in terms of depth of loss per year. From Jones and Phifer (2002), the dry
bulk density of topsoil was taken as 90 lbs/ft3. Topsoil with a natural successional forest has an
estimated depth of soil loss of approximately 2.OE-04 inches/year.

(Loss = 0.0328 tons / acre / year x 2000 lbs / ton x 12 inches / foot

43560 ft2 / acre x90 lbs / ft 3

" Backfill with a natural successional forest has an estimated soil loss of 0.0234 tons/acre/year
(A = 260 x 0.20 x 0.45 x 0.001 x 1). Based upon the dry bulk density the estimated soil loss can
be converted to a loss in terms of depth of loss per year. From Jones and Phifer (2002), the dry
bulk density of backfill was taken as 104 lbs/ft3. Backfill with a natural successional forest has an
estimated depth of soil loss of approximately 1.2E-04 inches/year.

0.0234 tons / acre / year x 2000 lbs / ton x 12 inches /foot
43560 ft 2 /acre x 104 lbs/ft3

4.3 Colloidal Clay Migration

It is assumed that colloidal clay migrates from overlying backfill layers and accumulates in the
drainage layers reducing the saturated hydraulic conductivity of the drainage layers over time. As
previously documented in Phifer and Nelson (2003), it will be assumed that water-flux driven
colloidal clay migration at a concentration of 63 mg/L occurs from overlying backfill layers to the
drainage layers. It will be further assumed that the colloidal clay accumulates in the drainage layer
from the bottom up filling the void space of the drainage layer with clay at a density of 1.1 g/cm 3

(Hillel 1982).
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Figure 5.2-1. Infiltration through Upper GCL

5.3 Worse Case Infiltration

The worse case infiltration through the upper GCL and the associated time of occurrence have been
determined based upon the following:

" As documented in Phifer and Nelson (2003), worse case infiltration occurs when both the topsoil
and upper backfill have eroded away, since the underlying erosion barrier does not provide as
efficient water storage for the promotion of evapotranspiration as the topsoil and upper backfill.

* Since degradation of the erosion barrier is assumed to be caused by intrusion of the overlying
backfill following root decomposition, erosion barrier degradation will be assumed to cease once
the upper backfill is eroded to three inches thick. Therefore erosion barrier properties will be
taken as those at complete erosion of the topsoil and upper backfill for determination of the worse
case infiltration through the upper GCL. (see Table 4.4-1)

* As outlined in Appendix F, it is assumed that the material properties of the middle backfill and
upper drainage layer become the same at year 2246 and remain constant thereafter. Therefore the
middle backfill and upper drainage layer material properties will be taken as those determined at
year 2246 for determination of the worse case infiltration through-the upper GCL.

" The upper GCL becomes ineffective as a barrier layer at 'year 1800 when holes comprise 0.29
percent of the layer's area (see Appendix F). Therefore for determination of the worse case
infiltration the GCL will be assigned as a barrier soil liner with the same material properties as
the overlying middle backfill and upper drainage layer at year 2246.

Rev. 0



APPROVED for Release for
Unlimited (Release to Public)

•3/19/2004

WSRC-TR-2004-00049

Revision 0

KEY WORDS:

Saltstone Disposal Facility

Performance Assessment

Closure Cap

SALTSTONE DISPOSAL FACILITY

MECHANICALLY STABILIZED EARTH VAULT

CLOSURE CAP DEGRADATION:

SENSITIVITY ANALYSIS (U)

FEBRUARY 12, 2004

PREPARED BY:

Mark A. Phifer

Westinghouse Savannah River Company LLC

ADC and Reviewing Official

M. K. Harris, Manager, Geo-Modeling

Environmental Restoration Technology Section

BSR
Westinghouse Savannah River Company LLC

Savannah River Site

Aiken, SC 29808

Prepared for the U.S. Department of Energy under Contract No. DE-AC09-96SR18500

r



February 12, 2003 1-1 WSRC-TR-2004-00049

1.0 EXECUTIVE SUMMARY

As part of the current Saltstone Disposal Facility (SDF) Performance Assessment (PA) revision,
Mechanically Stabilized Earth (MSE) vault closure cap degradation mechanisms and their impact
upon infiltration through the MSE vault closure cap were evaluated for the base case land use
scenario (i.e. institutional control to pine forest). The degradation mechanisms evaluated included
pine forest succession, erosion, and colloidal clay migration (Phifer 2003). Infiltration through the
upper hydraulic barrier layer of the closure cap as determined by this evaluation will be utilized as the
infiltration input to subsequent PORFLOW vadose zone contaminant transport modeling, which will
also be performed as part of the PA revision.

Additionally as part of the PA revision, a sensitivity analysis has been performed and documented
herein, to bound the previous base case land use scenario results. The same degradation, mechanisms
utilized for the base case, as appropriate, have been utilized in the sensitivity analysis. The bounding
sensitivity analysis includes the following two MSE vault, closure cap, land use scenarios:

* Continuous bamboo cover (this scenario bounds the lower end of infiltration), and

* Institutional control to farm to pine forest (this scenario bounds the upper end of infiltration).

The estimated infiltration through the upper GCL for the lower bounding, base case, and upper
bounding scenarios at year 1000 were 1.75, 12.04, and 19.46 inches/year, respectively. The maximum
infiltration estimated through the upper GCL within the first 10,000 years infiltration for the lower
bounding, base case, and upper bounding scenarios were 6.46 inches/year at year 3,400, 14.09
inches/year at year 10,000, and 21.42 inches/year at year 3,400, respectively. The estimated
infiltration through the upper GCL at complete degradation of the closure cap for the lower bounding,
base case, and upper bounding scenarios were 4.75 inches/year at year 280,000, 18.12 inches/year at
year 280,000, and 18.60 at approximately year 38,250.

Based upon the results of this sensitivity analysis, it was estimated that the pine forest succession,
degradation mechanism results in the greatest increase in infiltration at approximately 13.5
inches/year. It was estimated that colloidal clay migration into the drainage layer results in an
infiltration increase of approximately 6 inches/year. Finally it was estimated that erosion results in the
least infiltration increase of the degradation mechanisms at approximately 1 inch/year. Based upon
this, it is evident that elimination of the pine forest succession, degradation mechanism would do the
most to minimize increases in the infiltration over time.

In addition to infiltration over time, the saturated hydraulic conductivity of the lower drainage layer
over time is an important parameter. It is estimated that the lower drainage layer completely silts-in
(i.e. has a saturated hydraulic conductivity of 0.0001 cm/s) in year 26,000 for the lower bounding
scenario, in year 12,000 for the base case scenario, and in year 8,300 for the upper bounding scenario.
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4.0 CLOSURE CAP DEGRADATION

The following two primary closure cap degradation mechanisms have been assumed to significantly
impact the infiltration through the MSE vault closure cap over time for the continuous bamboo cover
land use scenario (i.e. lower bounding scenario):

* Erosion

" Colloidal clay migration

The pine forest succession, degradation mechanism is not applicable to the continuous bamboo cover
land use scenario.

The following three primary closure cap degradation mechanisms have been assumed to significantly
impact the infiltration through the MSE vault closure cap over time for the institutional control to
farm to pine forest land use scenario (i.e. upper bounding scenario):

* Pineforest succession

* Erosion

* Colloidal clay migration

Phifer and Nelson (2003) discussed each of these degradation mechanisms in detail.

4.1 Pine Forest Succession

Pine forest succession is only a degradation mechanism for the upper bounding scenario as outlined
above. Corn is a shallow-rooted, single harvest per year farm crop in the vicinity of SRS. For the
upper bounding scenario, it is assumed that pine trees succeed corn farming after erosion exposes the
erosion barrier. Pine trees are the most deeply rooted naturally occurring plants at SRS. (MMES
1992; Cook et al. 2000). The following assumptions, which were made relative to pine forest
succession by Phifer and Nelson (2003), have also been utilized for this evaluation as appropriate:

* 200 years after the end of farming it is assumed that the entire cap is dominated by pine.

* Complete turnover of the 400 mature trees per acre occurs every 100 years (in a staggered
manner).

* There are 400 mature trees per acre with 4 roots to 6 feet and 1 root to 12 feet. The roots are 3
inches in diameter at a depth of 1 foot and 0.25 inches in diameter at either 6 or 12 feet,
whichever is applicable.

4.2 Erosion

The topsoil and upper backfill layers, which are located above the erosion barrier, are subject to
erosion. For the lower bounding scenario erosion is assumed to occur with a bamboo vegetative cover
only. For the upper bounding scenario erosion is assumed to occur with a bamboo vegetative cover
for the first 100 years followed by erosion with corn cover until both the topsoil and upper backfill
layers are completely eroded. The projected erosion rate for both the topsoil and upper backfill layers
has been determined utilizing the Universal Soil Loss Equation for both bamboo and corn vegetative
covers. The Universal Soil Loss Equation (USLE) is expressed as:
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A= RxKxLSxCxP

where

A = soil loss (tons/acre/year)

R = rainfall erosion index (100 ft-ton/acre per in/hr)

K = soil erodibility factor, tons/acre per unit of R

LS = slope length and steepness factor, dimensionless

C = vegetative cover factor, dimensionless

P = erosion control practice factor, dimensionless

(Eq. 5.2-1)

Table 4.2-1 presents the USLE parameter values utilized and the source of the values for both the
topsoil and backfill cover with bamboo and corn.

Table 4.2-1. USLE Parameter Values
USLE Parameter Value Utilized Source

R for SRS location 260 Horton and Wilhite 1978
K for topsoil 0.28 Phifer and Nelson 2003 and

Goldman et al. 1986 Figure 5.6
K for backfill 0.20 Phifer and Nelson 2003 and

Goldman et al. 1.986 Figure 5.6

LS for 450-foot 3% slope 0.45 Goldman et al. 1986 Table 5.5
(see Figure 3.1-2)
C for bamboo' 0.001 Horton and Wilhite 1978
C for corn 0.54 Horton and Wilhite 1978
P for no supporting practices 1 Not applicable
Assumed to be the same as a natural successional forest.

Based upon the Universal Soil Loss Equation and the Table 4.2-1 parameter values the following soil
losses were estimated:

Topsoil with bamboo has an estimated soil loss of 0.0328 tons/acre/year
(A = 260 x 0.28 x 0.45 x 0.001 x 1). Based upon the dry bulk density the estimated soil loss can
be converted to a loss in terms of depth of loss per year. From Jones and Phifer (2002), the dry
bulk density of topsoil was taken as 90 lbs/ft3. Topsoil with bamboo has an estimated depth of
soil loss of approximately 2.OE-04 inches/year.

0.0328 tons/acre/year x 2000 lbs/ton x 12 inches/foot
(Loss =

43560 ft 2 /acrex90lbs/ft3

* Topsoil ' with corn has an estimated soil loss of 17.69 tons/acre/year
(A = 260 x 0.28 x 0.45 x 0.54 x 1). Based upon the dry bulk density the estimated soil loss can
be converted to a loss in terms of depth of loss per year. From Jones and Phifer (2002), the dry
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bulk density of topsoil was taken as 90 lbs/ft3. Topsoil with corn has an estimated depth of soil
loss of approximately 0.11 inches/year.

17.69 tons / acre / year x 2000 lbs /ton x 12 inches / foot
(Loss 43560 ft 2 /acre x 90 lbs/ft3

Backfill with bamboo has an estimated soil loss of 0.0234 tons/acre/year
(A = 260 x 0.20 x 0.45 x 0.001 x 1). Based upon the dry bulk density the estimated soil loss can
be converted to a loss in terms of depth of loss per year. From Jones and Phifer (2002), the dry
bulk density of backfill was taken as 104 lbs/ft3. Backfill with bamboo has an estimated depth of
soil loss of approximately 1.2E-04 inches/year.

(Loss = 0.0234 tons/acre/year x 2000 lbs/ton x 12 inches/foot

43560 ft,2 /acre x 104 lbs/ft3

Backfill with corn has an estimated soil loss of 12.64 tons/acre/year
(A = 260 x 0.20 x 0.45 x 0.54 x 1). Based upon the dry bulk density the estimated soil loss can
be converted to a loss in terms of depth of loss per year. From Jones and Phifer (2002), the dry
bulk density of backfill was taken as 104 lbs/ft3. Backfill withcorn has an estimated depth of soil
loss of approximately 0.067 inches/year.

12.64 tons / acre / year x 2000 lbs / ton x 12 inches / foot(Loss = 2.
43560 ft 2/acre x 104 lbs/ft3

4.3 Colloidal Clay Migration

It is assumed that colloidal clay migrates from overlying backfill layers and accumulates in the
drainage layers reducing the saturated hydraulic conductivity of the drainage layers over time. As
previously documented in Phifer and Nelson (2003), it will be assumed that water flux driven
colloidal clay migration at a concentration of 63 mg/L occurs from overlying backfill layers to the
drainage layers. It will be further assumed that the colloidal clay accumulates in the drainage layer
from the bottom up filling the void space of the drainage layer with clay at a density of 1.1 g/cm 3

(Hillel 1982).

4.4 Closure Cap Degradation Summary

Based upon the erosion and colloidal clay migration degradation mechanisms, degradation
assumptions for each closure cap layer has been made as outlined in Table 4.4-1 for the lower
bounding scenario (i.e. continuous bamboo cover). Based upon the pine forest succession, erosion,
and colloidal clay migration degradation mechanisms, degradation assumptions for each closure cap
layer has been made as outlined and in Table 4.4-2 for the upper bounding scenario (i.e. institutional
control to farm to pine forest). These degradation scenarios form the basis for modifying the thickness
and hydraulic properties of each layer over time. This information has been utilized in Section 5.0 to
determine infiltration though the upper GCL over time.
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Table 7.0-1. Base Case, Lower Bounding, and Upper Bounding Infiltration over Time
Lower Bounding Scenario Base Case Scenario . Upper Bounding Scenario

Year Infiltration Year Infiltration Year Infiltration
(in/yr) (in/yr) (in/yr)

0 0.36 0 0.36 0 0.36
100 0.41 100 0.41 100 0.43
300 0.55 300 3.05 154 0.42
550 0.80 550 7.90 300 0.56
1,000 1.75 1,000 12.04 550 1.22
1,800 5.05 1,800 13.76 602 1.37
3,400 6.46 3,400 14.03 802 16.12
5,600 6.44 5,600 14.08 1,000 19.46
10,000 6.40 10,000 14.09 1,800 21.32
280,000 3 4.75 96,667 2 14.10 3,400 21.42

280,000 . 18.12 5,600 21.13
10,000 20.05

___ __ __ __ ___ __ __ __ ___ __ __ __ ___ __ __ __ 38,254 3 18.60

1Infiltration through upper GCL
2 The year 96,667 is not a calculated value; it is an assumed value. It is assumed that infiltration

remains at 1.4.10 inches/year until the upper backfill erodes to the assumed evapotranspiration zone
depth of 22 inches in year 96,667. At that point it is assumed that infiltration increases linearly from
14.10 inches/year to the year 286,000 infiltration of 18.12 inches/year.
3 Infiltration at complete degradation of the closure cap
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Figure 7.0-1. Base Case, Lower Bounding, and Upper Bounding Inf'dtration over Time
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Location

NOTE: The.user should be aware of the limitations of using the default historical
precipitation data. None of the 102 locations for which data are available may be
representative of the study site because rainfall is spatially very variable. In
addition, the 5 years for which default data are available (1974-1978 in most
cases) may not be typical, but were unusually wet or dry. The user should
examine the rainfall and determine how representative it is of normal, wet and dry
years at the study site. In addition, simulations should be run for more than five
years to determine long-term performance of the landfill using, if necessary,
another precipitation input option to examine the design under the range of
possible weather conditions.

2. Synthetic Precipitation Option (Customary or Metric Units). The program will
generate from 1 to 100 years of daily precipitation data stochastically for the selected
location using a synthetic weather generator. The precipitation data will have
approximately the same statistical characteristics as the historic data at the selected
location. If desired, the user can enter normal mean monthly precipitation values for
the specific location to improve the statistical characteristics of the resulting daily
values. The user is advised to enter normal mean monthly precipitation values if the
project site is located more than a few miles from the~city selected. from Table 3 or
if the land use or topography varies between the site and city. The daily values will
vary from month to month and from year to year and will not equal the normal values
entered. The same data is produced every time the option is used for a given
location. The data required by the synthetic weather generator are:

* Location (select from a list of 139 U.S. cities in Table 3)

* Number of years of data to be generated

Normal mean monthly precipitation (Optional, default values are available.)

3. Create/Edit Precipitation Option (Customary or Metric Units). Under the Create
option, the user may enter from 1 to 100 years of daily precipitation data manually.
The years, which need not be consecutive, can be entered in any order. The user may
add or delete years of data or rearrange the order of the years of data. This same
option can be used to edit the daily values of any year of data; commonly, this is used
to add severe storm events, such as the 25-year, 24-hour precipitation event. The data
required are:

* Location

" One or more years of daily precipitation data
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TABLE 3. CITIES FOR SYNTHETIC PRECIPITATION DATA

ALABAMA
Birmingham
Mobile
Montgomery

ARIZONA
Flagstaff
Phoenix
Yuma

ARKANSAS
Fort Smith
Little Rock

CALIFORNIA
Bakersfield
Blue Canyon
Eureka
Fresno
Mt. Shasta
San Diego
San Francisco

COLORADO
Colorado Springs
Denver,
Grand Junction
Pueblo

CONNECTICUT
Windsor Locks

DELAWARE
Wilmington

DISTRICT OF COLUMBIA
Washington

FLORIDA -
Jacksonville
Miami
Tallahassee
Tampa

GEORGIA
Atlanta
Augusta
Macon
Savannah

IDAHO
Boise
Pocatello

ILLINOIS
.Chicago

INDIANA
Evansville
Fort Wayne
Indianapolis

IOWA
Des Moines
Dubuque

KANSAS
Dodge City
Topeka
Wichita

KENTUCKY
Covington
Lexington
Louisville

LOUISIANA
Baton Rouge
New Orleans
Shreveport

MAINE
Caribou
Portland

MARYLAND
Baltimore

MASSACHUSETTS
Boston
Nantucket

MICHIGAN
Detroit
Grand Rapids

MINNESOTA
Duluth
Minneapolis

MISSISSIPPI
Jackson
Meridian

MISSOURI
Columbia
Kansas City
St. Louis

MONTANA
Billings
Great Falls
Havre
Helena
Kalispell
Miles City

NEBRASKA
Grand Island
North Platte
Scottsbluff

NEVADA
Elko
Las Vegas
Reno
Winnemucca

NEW HAMPSHIRE
Concord
Mt. Washington

NEW JERSEY
Newark

NEW MEXICO
Albuquerque
Roswell

NEW YORK
Albany
Buffalo
New York
Syracuse

NORTH CAROLINA
Asheville
Charlotte
Greensboro
Raleigh

NORTH DAKOTA
Bismarck
Williston

OHIO
Cleveland
Columbus
Toledo

OKLAHOMA
Oklahoma City
Tulsa

OREGON
Burns
Meachem
Medford
Pendleton
Portland
Salem
Sexton Summit

PENNSYLVANIA
Philadelphia
Pittsburgh

RHODE ISLAND
Providence

SOUTH CAROLINA
Charleston
Columbia

SOUTH DAKOTA
Huron
Rapid City

TENNESSEE
Chattanooga
Knoxville
Memphis
Nashville

TEXAS
Abilene
Amarillo
Austin
Brownsville
Corpus Christi
Dallas
El Paso
Galveston
Houston
San Antonio
Temple
Waco

UTAH
Milford
Salt Lake City

VIRGINIA
Norfolk
Richmond

WASHINGTON
Olympia
Spokane
Stampede Pass
Walla Walla
Yakima

WEST VIRGINIA
Charleston

WISCONSIN
Green Bay
Lacrosse
Madison
Milwaukee

WYOMING
Cheyenne
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• Files containing ASCII data

* Years
J

7. HELP Version 2 Data Option (Customary Units). Version 3 of the HELP model
converts precipitation data prepared for use in Version 2 of the HELP model
(Schroeder et al., 1988b) into the HELP Version 3 format. This option requires
the following data:

• Location

• File containing HELP Version 2 data

8. Canadian Climatological Data Option (Metric Units). The HELP model converts
Canadian Climatological Data (Surface) in compressed or uncompressed diskette
formats into the HELP Version 3 format. The following data are required by this
option:

" Location

* Canadian Climatological Data file containing years of daily precipitation values

NOTE: Canadian Climatological Data for most locations are readily available
in publications of the Environment Canada, Atmospheric Environment Service,
Canadian Climate Centre, Data Management Division, 4905 Dufferin Street,
Downsview, Ontario, Canada M3H 5T4.

3.2.3 Temperature Data

1. Synthetic Temperature Option (Customary or Metric Units). The program will
generate from 1 to 100 years of temperature data stochastically for the selected
location. The synthetic generation of daily temperature values is a weak function
of precipitation and as such the user must first specify the precipitation.
Generation of temperature data is limited to the number of years of precipitation
data available. The synthetic temperature data will have approximately the same
statistical characteristics as the historic data at the selected location. If desired, the
user can enter normal mean monthly temperature values for the specific location to
improve the statistical characteristics of the resulting daily values. The user is
advised to enter normal mean monthly temperature values if the project site is
located more than 100 miles from the city selected from Table 1 or if the
difference in elevation between the site and the city is more than 500 feet. The
data required by the synthetic weather generator are:

* Location (select from a list of 183 U.S. cities in Table 1)
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Number of years of data to be generated

* Years of daily precipitation values

Normal mean monthly temperature (Optional, default values are available.)

2. Create/Edit Temperature Option (Customary or Metric Units). Under the create
option, the user may enter up to 100 years of daily temperature data manually.
The years, which need not be consecutive, can be entered in any order. The user
may add or delete years of data or rearrange the order of the years of data. This
same option can be used to edit the daily values of any year of data. The data
required are:

Location

* One or more years of daily temperature data

3. NOAA Tape Temperature Option (Customary Units). This option will convert
the NOAA Summary of Day daily temperature data written to diskette in ASCII
print as-on-tape format into the format used by Version 3 of the HELP model.
The program will accept either mean daily temperature or daily maximum and
minimum temperature values. If maximum and minimum temperatures are used,
the program averages the two to compute the daily mean temperature value. If
mean temperature values are used, the same file is specified as the maximum and
minimum temperature files. The following data are required for this option:

* Location

* NOAA ASCII print file of Summary of Day data file containing years of daily
maximum temperature values or daily mean temperature values in as-on-tape
format

NOAA ASCII print file of Summary of Day data file containing years of daily
minimum temperature values or daily mean temperature values in as-on-tape
format

NOTE: Daily temperature (mean or maximum and minimum) data and normal
mean monthly temperature values for most locations are readily available in
publications or on diskette from NOAA. Information on climatological data
sources can be obtained from the National Climatic Data Center, NOAA,
Federal Building, Asheville, NC 28801, (704) 259-0682.

4. ClimatedataTM Temperature Option (Customary Units). The program will
convert daily maximum and minimum temperature data from ASCII print files
prepared by the ClimatedataTM CD-ROM, data base program into the daily mean
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SECTION 3

DATA GENERATION AND DEFAULT VALUES

3.1 OVERVIEW

The HELP model requires general climate data for computing potential
evapotranspiration; daily climatologic data; soil characteristics; and design specifications
to perform the analysis. The required general climate data include growing season,
average annual wind speed, average quarterly relative humidities, normal mean monthly
temperatures, maximum leaf area index, evaporative zone depth and latitude. Default
values for these parameters were compiled or developed from the "Climates of the States"
(Ruffner, 1985) and "Climatic Atlas of the United States" (National Oceanic and
Atmospheric'Administration, 1974) for 183 U.S. cities. Daily climatologic (weather) data
requirements include precipitation, mean temperature and total global solar* radiation.
Daily rainfall data may be input by the user, generated stochastically, or taken from the
model's historical data base. The model contains parameters for generating synthetic pre-
cipitation for 139 U.S. cities. *The historical data base contains five years of daily
precipitation data for 102 U.S. cities. Daily temperature and solar radiation data are
generated stochastically or may be input by the user.

Necessary soil data include porosity, field capacity, wilting point, saturated hydraulic
conductivity, initial moisture storage, and Soil Conservation Service (SCS) runoff curve
number for antecedent moisture condition II. The model contains default soil
characteristics for 42 material types for use when measurements or site-specific estimates
are not available. The porosity, field capacity, wilting point and saturated hydraulic
conductivity are used to estimate the soil water evaporation coefficient and Brooks-Corey
soil moisture retention parameters. Design specifications include such items as the slope
and maximum drainage distance for lateral drainage layers; layer thicknesses; layer
description; area; leachate recirculation procedure; subsurface inflows; surface
characteristics; and geomembrane characteristics.

3.2 SYNTHETIC WEATHER GENERATION

The HELP program incorporates a routine for generating daily values of precipitation,
mean temperature, and solar radiation. This routine was developed by the USDA
Agricultural Research Service (Richardson and Wright, 1984) based on a procedure
described by Richardson (1981). The HELP user has the option of generating synthetic
daily precipitation data rather than using default or user-specified historical data.
Similarly, the HELP user has the option of generating synthetic daily mean temperature
and solar radiation data rather than using user-specified historical data. The generating
routine is designed to preserve the dependence in time, the correlation between variables
and the seasonal characteristics in actual weather data at the specified location.

9



Coefficients for weather generation are available for up to 183
cities in the United States.

Daily precipitation is generated using a Markov chain-two parameter gamma
distribution model. A first-order Markov chain model is used to generate the occurrence
of wet or dry days. In this model, the probability of rain on a given day is conditioned
on the wet or dry status of the previous day. A wet day is defined as a day with 0.01
inch of rain or more. The model requires two transition probabilities: Pi(W/W), the
probability of a wet day on day i given a wet day on day i-1; and Pi(W/D), the probability
of a wet day on day i given a dry day on day i-1.

When a wet day occurs, the two-parameter gamma distribution function, which
describes the distribution of daily rainfall amounts, is used to generate the precipitation
amount. The density function of the two-parameter gamma distribution is given by

A p) p 1 e -PIPf(,P) _ = l -i (1)

where

f(p) = density function

p = the probability

cc and f3 = distribution parameters

F = the gamma function of (x

e = the base of natural logarithms

The values of P(W/W), P(W/D), ox and P3 vary continuously during the year for most
locations. The precipitation generating routine uses monthly values of the four
parameters. The HELP program contains these monthly values for 139 locations in the
United States. These values were computed by the Agricultural Research Service from
20 years (1951-1970) of daily precipitation data for each location.

Daily values of maximum temperature, minimum temperature and solar radiation are
generated using the equation

ti(J = miQ() [X, (,C() + 11 (2)

where

tj) = daily value of maximum temperature (j=1), minimum
temperature 0=2), or solar radiation (j=3)
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mi(j) = mean value on day i

c,(j) = coefficient of variation on day i

z/J~) = stochastically generated residual element for day i

The seasonal change in the means and coefficients of variation is described by the
harmonic equation

= U c Cos[ 27 (i - T) (3)

where

ui = value of m,(j) or cfj) on day i

u = mean value of ui

C = amplitude of the harmonic

T = position of the harmonic in days

The Agricultural Research Service computed values of these parameters for the three
variables on wet and dry days from 20 years of weather data at 31 locations. The HELP
model contains values of these parameters for 184 cities. These values were taken from,
contour maps prepared by Richardson and Wright (1984).

The residual elements for Equation 2 are generated using a procedure that preserves
important serial correlations and cross-correlations. The generating equation is

Xj(1) = (A -X-i(j)) + (B " ,i0)) (4)

where

XiJ) 3 x 1 matrix for day i whose elements bAre residuals of maximum
temperature (j=1), minimum temperature (J=2), and solar
radiation (J=3)

Ei(j) = 3 x 1 matrix of independent random components for item j

A and B = 3 x 3 matrices whose elements are defined such that the new
sequences have the desired serial correlation and
cross-correlation coefficients

Richardson (1981) computed values of the relevant correlation coefficients from 20
years of weather data at 31 locations. The seasonal and spatial variation in these

11



correlation coefficients were found to be negligible. The elements of the A and B matri-
ces are therefore treated as constants.

3.3 MOISTURE RETENTION AND HYDRAULIC CONDUCTIVITY PARAMETERS

The HELP program requires values for the total porosity, field capacity, wilting point,
and saturated hydraulic conductivity of each layer that is not a liner. Saturated hydraulic
conductivity is required for all liners. Values for these parameters can be specified by
the user or selected from a list of default values provided in the HELP program. The
values are used to compute moisture storage, unsaturated vertical drainage, head on liners
and soil water evaporation.

3.3.1 Moisture Retention Parameters

Relative moisture retention or storage used in the HELP model differs from the water
contents typically used by engineers. The soil water storage or content used in the HELP
model is on a per volume basis (0), volume of water (Vw) per total (bulk--soil, water and
air) soil volume (V, = V, + Vw, + Va,), which is characteristic of practice in agronomy and
soil physics. Engineers more commonly express moisture content on a per mass basis
(w), mass of water (Mw) per mass of soil (Mi). The two can be related to each other by
knowing the dry bulk density (pd) and water density (p,;), the dry bulk specific gravity
(Fd) of the soil (ratio of dry bulk density to water. density), (0 = w • Fdb), or the wet bulk
density (PRb), wet bulk specific gravity (Fwb) of the soil (ratio of wet bulk density to water
density), (0 = [w • 1-b] / [1 + w]).

Total porosity is an effective value, defined as the volumetric water content (volume
of water per total volume) when the pores contributing to change in moisture storage are
at saturation. Total porosity can be used to describe the volume of active pore space
present in soil or waste layers. Field capacity is the volumetric water content at a soil
water suction of 0.33 bars or remaining after a prolonged period of gravity drainage
without additional water supply. Wilting point is the volumetric water content at a
suction of 15 bars or the lowest volumetric water content that can be achieved by plant
transpiration (See Section 4.11). These moisture retention parameters are used to define
moisture storage and relative unsaturated hydraulic conductivity.

The HELP program requires that the wilting point be greater than zero but less than
the field capacity. The field capacity must be greater than the wilting point and less than
the porosity. Total porosity must be greater than the field capacity but less than 1. The
general relation among moisture retention parameters and soil texture class is shown in
Figure 2.

The HELP user can specify the initial volumetric water contents of all non-liner
layers. Soil liners are assumed to remain saturated at all times. If initial water contents

12
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C Table 4-19. Evaluation of All-Pathways Doses

10,000-Year Total Fraction of
Disposal Limit Saltstone 10,000-Year Dose

Radionuclide (Ci/Vault 4)* Inventory (Ci Disposal Limit (mrem/yr)
H-3 1.30E+12 9.43E+03 7.25E-09 1.81E-07

C-14 1.1OE+08 5.20E+02 4.72E-06 1.18E-04
AI-26 2.31E+10 2.35E+01 1.02E-09 2.54E-08
Ni-59 1.58E+19 2.85E+00 1.81E-19 4.52E- 18
Se-79 1.02E+03 8.94E+01 8.77E-02 2.19E+00
Sr-90 1.42E+17 7.43E+03 5.23E-14 1.31E-12
Nb-94 6.98E+17 4.22E-03 6.05E-21 1.51E-19
Tc-99 1.07E+17 3.31E+04 3.10E-13 7.74E-12

Sn-126 2.92E+19 4.51E+02 1.54E-17 3.86E-16
1-129 4.03E+03 1.80E+01 4.46E-03 1.12E-01

Ra-226 3.84E+16 1.30E+01 3.39E-16 8.46E-15
Np-237 8.93E+18 2.12E+00 2.37E-19 5.93E-18

Totals 9.21E-02 2.30E+00
* Vault 4 inventory limits from Table 6-1 of Cook et al., (2005) based upon all-pathways dose
limit of 25 mrem/yr to the whole body

The whole body dose is a result of two principle dose contributors: Se-79 and 1-129. The
whole body dose from these two radionuclides is principally a result of the ingestion
pathway. USEPA (1988) values for ingestion dose conversion factors are utilized to
determine doses to other organs by determining the ratio of the organ dose conversion
factors to the whole body factor and multiplying by the known whole body dose. The
final results (Table 4-20) indicate that for salt waste disposal at the SDF the all-pathways
doses are 2.3 mrem/yr whole body, 4.6 mrem/yr to the thyroid and 5.3 mremryr to any
other organ. This is compared to 10 CFR 61.41 performance objectives of 25 mrem to
the whole body, 75 mrem to the thyroid and 25 mrem to any other organ and
demonstrates that the 10 CFR 61.41 performance objectives are~met by the SDF.

Table 4-20. 10 CFR 61.41 Demonstration Results

10 CFR 61.41 Limit SDF Calculated Dose
(mrem/year) (mrem/year)

Whole Body 25 2.3
Thyroid 75 4.6
Any Other Organ 25 5.3

Saltstone Performance Objective Demonstration Document
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The currently active vault (Vault #4) has the dimensions Of approximately 200 .feet wide, by 600
feet in length, by 26 feet in.height. The vault is divided into 12 cells, with each cell measuring
approximately 100 ft. x 100 ft. The vault is covered with a sloped, permanent roof that has a
minimum thickness of 4 inches, and a minimum slope of 0.24 inches/foot. The vault walls are
approximately 1.5 feet thick, with the base mat having a thickness of 2 feet. Operationally, the
cell of the vault will be filled to a height of approximately 25 feet with Saltstone, and then a layer
of uncontaminated grout, with an average thickness of 2 feet, will be poured to fill in the space
between the Saltstone and the sloped roof. Figure 1-1 is an aerial view of Vaults 1 and 4.

1.2 SDF Closure Concept

One of the key performance objectives of any closure of a waste disposal site is to limit moisture
flux through the waste minimizing contamination of surface runoff and underlying groundwater.
Because the SDF is designed as a controlled release facility, proper closure to meet the objective
of limiting moisture through the waste will be an integral part of long-term acceptability of the
disposal site. Because backfilling around the vaults and final closure of the SDF will be delayed
for several years, a detailed closure design has not been fully developed for the SDF. Thus, an
integral part of the SDF SA required that a closure concept be described and subsequently tested
in models that simulate the performance characteristics of the proposed closure concept.

1.2.1 Physical Description of the SDF Closure Concept

The closure concept developed is illustrated in Figure 1-2. After an individual vault cell is filled
with Saltstone, interim closure will be performed which consists of the placement of a 16-inch
(0.41 m) clean grout layer between the Saltstone and the overlying concrete roof. Final closure
will occur when all Saltstone vaults are filled, and will consist of the placement of a closure cap
over all of the vaults. This will be followed by a 1007year period of institutional control, as
described in Phifer and Nelson, 2003.

Final closure of the SDF will be accomplished by constructing a drainage system and
revegetating the site. The drainage system will consist of a system of rip-rap lined ditches that
intercept the gravel layer of the moisture barrier. These ditches will divert surface runoff and
water intercepted by the moisture barrier away from -the disposal site. The drainage ditches will
be constructed between rows of vaults and around the perimeter of the SDF.

The topsoil will be revegetated with bambo6. A study conducted by the USDA Soil Conservation
Service (Cook and Salvo 1992) has shown that two species of bamboo (Phyllostachys bissetii and
Phyllostachys rubromarginata) will quickly establish a dense ground cover which will prevent the
growth of pine trees, the most deeply rooted naturally occurring plant type at SRS. Bamboo is the
shallow-rooted climax species which evapotranspirates year-around in the SRS climate removing
a large amount of moisture from the soil and decreasing the infiltration into the underlying
disposal system.

1.3 EXISTING VAULT 4 WASTE INVENTORY

The current radionuclide inventory in Vault 4 is given in Table 1-1.

Rev. 0
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Topsoil

Backfill
Erosion Barrier
Backfill
Upper Drainage

Layer
Upper GCL

Figure 1-2. SDF Closure Cap Configuration
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3.0 INADVERTENT INTRUDER ANALYSIS

The inadvertent intruder analysis considers the radiological impacts to hypothetical persons who
are assumed to intrude into Vault 4 at the SDF after institutional control ceases' 100 years after
facility closure.

3.1 Methodology

The intruder analysis was performed with a software tool for automated analyses (Koffman 2004)
which calculates radionuclide-specific concentrations and inventory limits allowed in waste at the
time of disposal. These values are based on dose assessments for credible exposure scenarios for
the inadvertent intruder described in Appendix B. The tool eliminates the historical use of
complex spreadsheets that require extensive design checks. Radionuclide- and scenario-specific
parameters within the software tool have been researched and independently verified (Lee 2004).

The method of analysis separates the intruder analyses from the groundwater pathway analysis by
disregarding leaching and only considering decay for the amount of contaminant remaining at the
time of intrusion. The groundwater pathway typically uses a distribution coefficient (Kd) that is
conservative for its own pathway by enhancing the release slightly. However, that value is
typically slightly non-conservative for the intruder pathways, because too much release results in
less contaminant remaining for the intruder to encounter. This non-conservatism has been
removed with the revised method.

The method of analysis for this SA can produce a transient analysis for each type of intrusion,
rather than selecting a fixed time. The decay process continually changes the amount of.
contaminant present in the waste zone that the intruder can encounter. While the amount of parent
monotonically decreases, the amount of each progeny initially increases and ultimately decreases.
As the decay process takes place, sediments and engineered materials can erode and degrade as
well. Determining the time when the maximum impact on the intruder will occur is impossible,
unless a rigorous examination is conducted with calculus or a transient analysis is performed. The
current method has a transient analysis option that is valid across the spectrum of disposal units
and does not require extensive calculations by the analyst; rather it requires the analyst to define
geometry and process inputs, and then relies on the computer model to perform pathways
calculations at a specified time increment that is nominally 10 years.

The automated analysis accounts for the closure system developed by Phifer and Nelson (2003)
that includes a 12-inch thick erosion barrier near the top of the cap. Because the erosion barrier is
assumed to never erode and all the layers between the waste and the erosion barrier always
remain in place at their design thickness, approximately 11.5 ft of material always exists above
the waste. Soil/cover layers overlying the vault roof were adjusted to be consistent with the
current closure concept (Phifer and Nelson 2003). Appendix B provides additional information on
disposal unit specific inputs to the automated intruder analysis.

Because the thickness from the top of the erosion barrier to the waste is greater than the depth of
a typical basement (3 m or 10 ft), the agriculture scenario can never occur as it' relies on a
basement extending into the waste zone. Additionally, the concrete roof of the vault will prevent
excavation and drilling through it for more than 1,000 years. For the resident scenario, the erosion
barrier greatly increases the amount of material above the waste that serves to shield the
residential intruder.

3.2 Results

The agriculture scenario was not evaluated because implementation of an erosion barrier during
closure eliminates the potential for contact with the waste via this, scenario. The post-drilling
scenario was not evaluated because the reinforced concrete vault roof was assumed to prevent
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A.2.3.2 Infiltration Rates

The infiltration rates (in inches/year) through the lower GCL (Phifer 2004) used for this study are
summarized in Table A-6 and shown in Figure A-7.

Table A-6. Infiltration Rates Used as Upper Boundary Conditions

Time Interval Infiltration Rate (in/yr)

0 to 100 0.39

100 to 300 1.73

300 to 550 5.48

550 to 1,000 9.97

1,000 to 1,800 12.90

1,800 to 3,400 13.90

3,400 to 5,600 14.06

5,600 to 10,000 14.09

ut.

z

TIME, YEARS

Figure A-7. Infiltration Rate Through the Lower GCL
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EXAMPLE: "d" = 1.0 Feet "S" = 5%
Place straight edge at "d" value in Design Depth column and at "S" value in Slope
column. Read rock size in middle column 7.9 inches. Say 8 inches.

FOR DESIGN:
25% of the rock by volume should be in sizes of 8 inches or slightly larger. The remain-
ing 75% or less should be of well graded material, smaller than 8 inches, including
sufficient sands: and gravels to fill the voids between the larger rock.

Figure C-3. - Determination of rock size for stone center waterway.
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6.15-----

Purpose To procct slopes, sreambanks, channels, or areas subject to erosion

by wave action (Figure 
6 .15a).

Figure 6.1Sa

Riprap provides
Immediate protec-

tion Of disturbed
Slopeis

Minimum
Requirements

IN Stone: hard, angular, weather-resistnt;- specific gravity at least 2.5.

* Gradation: well-graded stone, 50% by weight larger than the specifOed

d The largeut stowns should not exceed 1.5 times the d. spcified

(Table 6. Ia).

a Filter: heavy-duty filter fabroric agg layer as sPecified in the

plan is required under all peait riprap installations.

* Slope: 21. or flauer, unlss aPProved in plan.

N Thickne .5 tdmes the maximum stone diameter, minimum, or as

specified in the plan.

6.18.1
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0 Riprap Erosion Control Stone
Table 6.15a

NC DOT Classes
of Riprap and

Erosion Control
Stone

Class 1
5 to 200 lb

30% shall weigh
a minimum of
60 lb each

No more than
10% shall weigh
less than IS Ib
each

Class 2 Class A
25 to 250 lb 2" to 6"

Class B
5"to 15"

60% shall weigh
a mninimnum of
100 Ib each

No more than
5% shall weigh
less than 50 Ib
each

10% tolerance
top and bottom
sizes

Equally
distributed,
no gradation
specified

Equally
distributed,
no gradation
specified

Source: NC Aggregates Association

Installation

Subgrade
Preparation

Remove brush, trees, stumps, and other objectionable materials.

Excavate deep enough for both filter and riprap. Compact any fill uaterial
to the density of surrounding undisturbed soil.

NOTE: Over-excavation to allow for riprap and filter increases the amount
of spoil considerably (reference Practice 6.31, Riprap-lined Channels).

Cut akeyway in stable material at base of slope to reinforce the toe. Keyway
depth should be 1.5 times the design thickness of riprap and should extend
a horizontal distance equal to the design thickness (Figure 6.15b).

Filter Install synthetic filter fabric or a sand/gravel filter on subgrade as speci fled
in plans.

6.15.2



6.15

0 Synthetic filter fabric-Place filter fabric on a smooth foundation.
Overlap edges at least 12 inches, with anchor pins spaced every 3 ft
along overlap. For large stones, a 4-inch layer of sand may be needed
to protect filtercloth.

* Saud/gravel filter-Spread weil-graded aggregate in a uniform layer
to the required thickness (6 inches minimum). If two or more layers are
specified, place the layerof smaller stones first and avoid mixing the
layers.

Stone
Placement

Place riprap immediately after installing filter.

Install riprap to full thickness in one operation. Do not dump through
chutes or use any method that causes segregation of stone sizes. Avoid
dislodging or damaging underlying filter material when placing stone.

If fabric is damaged, remove riprap and repair fabric by adding another
layer, overlapping the damaged area by 12 inches. 0Place smaller stones in voids to form a dense, uniform, well-gradedl mass.
Selective loading at the quarry and some hand placement may be necessary
to obtain an even distribution of stone sizes.

Figure 6.15b
Riprap slop.

protection.
T

Smooth /
Roundetion
under filter mnn

Keyway at .
tooOf sope

6.15.3



Riprap H3
Blend the stone surface smoothly with the surrounding area allowing no
protrusions or overf all (Figure 6.1 5c).

V-shaped Riprap Channel

Smoothly
blend contact
area. Design top width

* Finished channel
cross-section

excavation

Filter tabric
or aggregate filter

0 Figure 6.1 Sc Placement of channel riprap.

Common 0 Excavation not deep enough-.riprap blocks channel, resulting in ero-
Trouble sion along edges.

Points 3 Slope too steep--results in stone displacement. Do not use riprap as
a retaining wall.

• Foundation not properly smoothed for filter placement-results in
damage to filter.

* Filter omitted or damaged- results in piping or slumping (Figure
6&15d).

6.15.4
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0f

Figure 6.15d
Stumpingof riprap

where finter Is
omitted.

.,~

f.<~4
- .' "

0 Riprap not properly graded-results in stone movement and erosion
of foundation.

8 Foundation toe not properly reinforced-results in undercut riprap

slope or slumping.

U Fill slopes not properly compacted before placing riprap--results in

stone displacement.

Inspect periodically for displaced stones, slumping, and erosion at edges,
especially downstream or downslope. Properly designed and installed
riprap usually requires very little maintenance if repaired promptly.

Maintenance

6.15.5
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Table 4.2-1. Drainage System Configuration Comparison
Parameter Draina ge System Configuration

Figure 4.2-1 Figure 4.2-2 2 Figure 4.2-3
Maximum Slope Length over a Vault, ft 600 300 100
Percent Slope Length Reduction 50% 83%
Percolation through Upper GCL, in/yr 0.467 0.254 0.110
Percent Percolation Reduction 46% 76%
Soil Fill Volume, cu yd 1,588,300 1,197,600 987,600
Percent Fill Reduction 25% 38%
Ditch Lengths, ft 4,200 5,650 13,450
Percent Ditch Increase 134% 320%
Relative Long-term Maintenance Least Slightly Significantly
Requirements More More

Current PA (MMES 1992) and closure plan (Cook et al. 2000) 600-foot slope length drainage

system configuration.
2 300-foot slope length drainage system configuration
2 100-foot slope length drainage system configuration

(

4.3 Erosion Barrier And Upper Drainage Layer

To produce acceptable exposure results associated with the resident scenario intruder analysis, the
current PA and closure plan assume that the upper gravel drainage layer functions as both a drainage
layer and an erosion barrier to maintain the required material thickness of 3 meters (119 inches)
above the vault roof. To function as a drainage layer the grain size of the material needs to be
balanced between the need for a fairly high saturated hydraulic conductivity and the need to minimize
the infiltration of overlying fines. Such an infiltration of fines would negatively impact the saturated
hydraulic conductivity. To function as an erosion barrier the grain size of the material needs to be
large enough to prevent material transport by erosion. These two functions can not be readily
reconciled therefore an erosion control barrier separate from and overlying the drainage layer will be
utilized.

The erosion barrier has been sized based upon the maximum precipitation event for a 10,000-year
return period. The maximum precipitation event for a 10,000-year return period is 3.3 inches over a
15-minute accumulation period (Table XIX from Weber et al. 1998). Based upon this precipitation
event a one foot thick layer of 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches
has been selected for use as the erosion barrier (sizing based upon Logan 1977; Goldman et al. 1986;
NCSU 1991). See Appendix K for the calculations associated with this selection.

In order to prevent the loss of overlying material into the erosion barrier and to reduce the saturated,
hydraulic conductivity of the erosion barrier layer, the granite stone will be filled with a Controlled
Low Strength Material (CLSM) or Flowable Fill. This results in a combined material with the soil
properties listed in Table 4.3-1. See Appendix K for the calculations associated with the soil
properties for this combined material.

Rev. 0
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Table 4.3-1. Erosion Barrier Combined Material Soil Properties

Property Property Value
Saturated hydraulic conductivity 3.97E-04 cm/s
Porosity 0.06
Field Capacity 0.056
Wilting Point 0.052

4.4 Erosion Impact upon Evapotranspiration Zone

Table 4.4-1- presents the revised GCL closure cap configuration based upon the changes outlined in
Sections 4.1 through 4.3. HELP modeling of this configuration with and without the layers above the
erosion barrier (i.e. topsoil and underlying backfill layers) has been performed to evaluate the
potential impact, of complete erosion of these layers on the hydraulic performance. See the following
appendices for the detailed HELP model input data and output files associated 'with the configurations
with and without the layers above the erosion barrier, respectively:

Appendix L, Replacement GCL Closure Cap with Erosion Barrier: HELP Model Input Data and
Output File (output file name: ZGCLDout.OUT)

0 Appendix M, Replacement GCL Closure Cap with Erosion Barrier without
HELP Model Input Data and Output File (output file name: ZGCLEout.OUT)

Overlying Layers:

Table 4.4-1. Replacement GCL Closure Cap Configuration
Layer Thickness

(inches)
Topsoil 6
Upper Backfill 30
Erosion Barrier 12
Geotextile Filter Fabric -

Upper Drainage Layer 12
Upper GCL 0.2
Lower Backfill 49.28
Geotextile Filter Fabric -

Lower Drainage Layer 6
Lower GCL 0.2
Clean Grout 39.37 (1 m)

It is assumed that a geotextile filter fabric will be placed above the drainage layers to minimize the
infiltration of fines from the overlying layers into the drainage layer. However it is not necessary to
include the filter fabric in the HELP models.

Table 4.4-2 presents a comparison of the pertinent HELP model results for this configuration with
and without the layers above the erosion barrier. As seen in Table 4.4-2 elimination of the layer above
the erosion barrier result in significantly less evapotranspiration and significantly more water flux into
the upper drainage layer. This increased water flux to the upper drainage layer would require the
drainage system to handle additional water volumes and would result in increased infiltration through
the upper GCL particularly with any degradation of the GCL. The decrease in evapotranspiration is
due the intersection of the -evapotranspiration zone with the drainage layer. The evapotranspiration

Rev- 0



September 22, 2003 K-1 WSRC-TR-2003-00436

Appendix K, Erosion Barrier Sizing and Material Properties

The erosion barrier has been sized based upon the maximum precipitation event for a 10,000-year return
period: The maximum precipitation event for a 10,000-year return period is 3.3 inches over a 15-minute
accumulation period (Table XIX from Weber et al. (1998)). The figure below shows that the maximum
drainage length is 350 feet over a 200-foot wide vault.

76000

75500

t

0z
u)

u)

75000

745004-

66500 67000 67500 68000

SRS East (ft)

Determine the maximum flow (Q in ft3/s) resulting from the 3.3-inch over a 15-minute accumulation period
rainfall event:

To be conservative it has been assumed that all rainfall results in runoff and that there is no lag period
due to the 350-foot flow path (that is all the rainfall over the entire area immediately becomes discharge
out the end of the area).

(P11.2in/ft)x(350'x200')
0Dx)60 mm /hrx60slmm where P - precipitation in inches and D duration in hours

PQ 1.62 ,where P = 3.3 inches and D = 15 minutes - 0.25 hours
D

Q =1.62 3.3 ft 3 /s, over a 200-foot width
0.25

Rev. 0
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Q = 21.4 ft 3/s, over a 200-foot width

Determine the approximate depth of flow using Manning's equation (Clark et al. 1977):
1.49 2 1/

V 1 R 3 SY2 , where V = velocity, fps; n =.coefficient of roughness;
n

R = hydraulic radius, ft; and S = slope

V = Q ' where V = velocity, It's; Q = flow, ft3/s; A = area, ft2

Q = 21.4 ft3 /s, over a 200-foot width (i.e. b)

A = bd, where b = width, ft; d depth, ft

A = 200d ft 2

insert values:

V 21.4 fi
3 /2

200d ft 2

Assume the use of 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches. From

'Figure 7.29 of Goldman (1986): n = 0.033

R A/wetted perimeter = A/(b + 2d)

R 200d/(200 + 2d)

3% slope (see Section 2.0): S = 0.03

insert values:

Y2
21.4 _ 1.49 ( 200d 3 1

200d 0.033 200 + 2dJ (0.3) 2

0.0137 = d 200d )Y3

Given d 0.0137
0.1 0.0215
0.08 0.0148
0.075 0.0133
0.076 0.0136

d = 0.076

Determine if the use of a 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches is satisfactory
to perform as an erosion barrier for a 10,000-year return period, maximum precipitation event:

b/d = 200'/0.076' = 2632, therefore b/d > 50.

From Figure 7.30 of Goldman (1986): Since the b/d > 50 then the P/R is greaterthan 60.

Rev. 0
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From Figure 7.31 of Goldman (1986): With a slope (S) of 0.03,a flow (Q) of 21.4 ft3/s, and a P/R > 60,
the minimum d50 of the stone must be approximately 3 inches.

Therefore the use of a 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches is
satisfactory to perform as an erosion barrier for a 10,000-year return period, maximum precipitation
event.

The selection of the 2-inch~to 6-inch granite stone as an erosion barrier is also satisfactory versus Figure
C-3 of Logan 1997.

Based upon NCSU 1991 the 2-inch to 6-inch granite stone is a common sized erosion control stone. NCSU
1991 also indicates the minimum thickness of the erosion control stone must be 1.5 times the maximum
stone diameter. That is the thickness must be at least 9 inches for a maximum 6-inch stone. A 12-inch
thickness of 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches will be utilized as the
erosion barrier.

Determine the combined soil material properties for the 2-inch to 6-inch granite stone filled with CLSM' or
Flowable Fill:

The porosity of the 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches is taken as
0.397 based upon the porosity of poorly graded gravel from USEPA 1994a and USEPA 1994b.

Typical CLSM or Flowable Fill properties based upon a May 8, 2003 personal conversation with
Christine A. Langton:

Typical CLSM consists of sand with a porosity of 30%, with the pore space filled with 50% porosity
binder and. has a saturated hydraulic conductivity of 1.OE-03 cm/s.

Based upon this information the following are the assumed properties of the CLSM:
I Property Property Value

Saturated Hydraulic Conductivity 1.OE-03 cm/s
Porosity 0.30 x 0.50 =0.15
Field Capacity 0.14
Wilting Point' 0.13

Field capacity is assumed to be 0.01 less than the porosity, and the wilting point is assumed
to be 0.01 less than the field capacity based upon the porosity-wilting point-field capacity
relationship of the clean grout and concrete vault roof and floor, which like the CLSM uses
cement as the binder.

The matrix of an individual granite stone itself is considered impermeable and non-porous. The porosity
of a layer of granite stone is considered to be 0.397. When the granite stone porosity is filled with
CLSM, the resultant hydraulic properties, which are area or volume based, become that of the CLSM
times the granite stone porosity. The resultant hydraulic properties are shown below:

Property Property Value
Saturated Hydraulic Conductivity 1.OE-03 cm/s x 0.397 = 3.97E-04 cm/s
Porosity 0.15 x 0.397 = 0.06
Field Capacity 0.14 x 0.397 = 0.056
Wilting Point' 0.13 x 0.397 = 0.052

Rev. 0
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Product Data Sheet

OSE AR uC Bentofixe Thermal Lock EC GCL

BentofixO Thermal Lock* "EC" geosynthetic clay liner (GCL) is a lightly needlepunched reinForced composite comprised
of a uniform layer of granular sodium bentonite encapsulated between a woven anda nonwoven geotextile. It is intend-
ed for use on relatively flat slope surfaces where minimal internal shear strength is required.

Product SpeificatkWS

GEOTEXTILE PROPERTIES TEST FREQUENCY VALUE- VALUE
METHOD (ENGLISH) (SI)

Product Code BFIX1000EC

Cap Nonwoven, Mass/Unit Area ASTM P 5261 11200,000 ,( OWoil) .3.0o~yd'.Tyical 100 &/m ,Typical

Bottom. Scrim Woven, Mass/Unit Area ASTMD 5261 11200,000 ft' (1120,000 m') 3.1 oz.yd' Typical 105 g/ns Typical

BENTONITE PROPERTIES

Swell Index ASTM D 5890 1/100,Q00 lb-(50,000 kg) 24 ml/2 g mrin 24 mV2 g min

Moisture Content ASTM D 4643 1/100,000 lb (50,000 kg) 12%, max 12% max

Fluid Loss ASTM D 5891 1/100,000 lb (50,000 kg) 18 ml max 18 ml max

FINISHED GCL PROPERTIES

Bentonite, Mass/Unit Area' ASTM D 5993 1/40,000 ft' (114,000 mi) 6.75 Ib/ft2 MARV 3.66 kg/n 2: MARV

Tensile Propetiles,
Tensile Strengt&' ASTM D 6768 1/40,000 ft' (1/4,000 mi) 30 Ibin MARV 5 kN/m MARV
Grab Strength' ASTM D 4632 80 lb Typical 354 N Typical
Grab Elongation" ASTM D 4632 100% Typical 100% Typical

Peel Strength' ASTM 0 4632 1/40,000O ' (1/4,000 mi) 5 lb Typical 22 N Typical
ASTM D 6496 0.8 IbiMn Typical 140 N/i Typical

Hyrkaulic C dAd.vcty ASTM D 584 /Week 5 x 10 "inse max 5a x 10' n/sec max

Index Flux ASTM D 5887 I/Week 1xl0m'/n-'/secmax Ixl04mf/i'secimax

Internal Shear Strength' ASTM 0 6243 Pedodically 100 psf Typical 4.8 kPa Typical

ROLL DIMENSIONS

Width x Length Typical Every Roll B.5 It x 150 f* 4.7 m x 45.7 m

Area per Roll Typical Every Roll 2,325 I 216 ml

Packaged Weight Typical Every Roll 2,600 lb 1,179 kg

* 'QOve<kiel moswurmwt. Equates to 0.8A Ib lIA1.1 kg//m' when Indexed t a 12% moisture consent.
* 'Measussd at maxunum peod, in wak, t princil diretion. Elongation is provided fr re.eren•e o.

SModfid to use a 4din 1100 mm) wide grip. The maxihurm pe ofeasene si 9.6 k averogedl.
* 4 in 1106 mswsl WieSamp*e avesor gof5 specimens.

'Typical peak valsie for specimen hsydrated 6r 24 houri and shseared under a 200 psi 19.6 kPal normal siress

0reauec RC&OSO
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055 for ewt.svendin m Ise.. quaby ossnsoe I nead'e nd sjsrdra iali.set& is a weginued freeese, of iNow Fnsersedsu& Gakit
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4 Designation: D 5889 - 97 (Reapproved 2003)

Standard Practice for
Quality Control of Geosynthetic Clay Liners'

This standard is ismed uader the Ssszed &duia D SSg W.. mamber notd tw oma i,• datslaaion idicU the yea of
misal adoption a. i the cue o reviion. de ywt of ba misi. A macret in pu.ohem indl•-" dite e )VW of5 teqaproval. A
mqaerscript epsilon (t) indicates an editordal cheap tihde Lan mvision or meppoval.

1. Scope
1.1 This practice covers the manufacturing quality control

of geosynthetic clay liners (GCLs), describing types of tests.
the proper test methods, and the minimum testing frequencies.

1.2 This practice is intended to aid manufacturers, suppliers.
purchasers and users of GCLs in establishing a minimum level
of effort for manufacturing quality control.

1.3 This practice does not address manufacturing quality
assurance, product acceptance testing, or conformance testing.
These awe independent activities taken by organizations other
than the GCL manufacturer.

1.4 The values stated in SI units are to be regarded as the
standard. The inch-pound units given in parentheses are for
information only.

1.5 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2-1 ASTM Standards:
D 638 Test Method for Tensile Properties of Plastics2

D 4354 Practice for Sampling of Geosynthetics for Testing'
D 4439 Terminology for Geosynthetics3
D 4632 Test Method for Grab Breaking Load and Elonga-

tion of Geotextiles3

D 4759 Practice for Determining the Specification Con-
formance of Geosynthetics'

D5199 Test Method for Measuring Nominal Thickness of
Geotextiles and Geomembranes3

D 5261 Test Method for Measuring Mass per Unit Area of
Geotextiles3

D 5887 Test Method for Measurement of Index Flux
Through Saturated Geosynthetic Clay Liner Specimens
Using Flexible Wall Penneameter'

* ra ielce is mhe, the jrisdkdim c ASTM Commite D33 on Ge(oyn.
tdics ad Rock ,ad Is Ohe dhmot req=pbility of Subcommtee D35.04 on
Geosyndhetic Clay Unem

rMeo editig qappmved Dec. 10. 99'7. Pablised AWn 1998. Originally
publidhd as D 589 -95. Lam pierlos edition D 58N9 -9

a Amon Book qfA ,MSmR mdus. Va 06.01.
'ANOWN! #*A tfASMN & a. Vol 04. 13.

D 5890 Test Method for Swell Index of Clay Mineral
Component of (eosynthetic Clay Liners'

D 5891 Test Method for Fluid Loss of Clay Component of
Geosynthetic Clay Linen 3

D 5993 Test Method for Measuring the Mass Per Unit Area
of Geosynthetic Clay Liners3

.2.2 Government Document:
EPA/600/R-93/182 Technical Guidance Document Quality

Assurance and Quality Control for Waste Containment
Facilities'

3. Termanoloy
3.1 Definitions:
3.1.1 Geosynthetic Definitions:
3.1.1.1 geomembrane. n---an essentially impermeable geo-

synthetic composed of one or more synthetic sheets.
3.1.1.2 geotextile. n--a permeable geosynthetic comprised

solely of textiles.
3.1.2 Organizational Definitions:
3.1.2.1 installer n-the party who installs, or facilitates

installation of, any materials purchased from manufacturers or
suppliers.

3.1.2.2 manufacturer. n-the group, corporation, partner-
ship, or individual that manufactures a producL

3.1.2.3 purchaser, n-the person, company, or organization
that purchases any materials or work to be performed..

3.1.2.4 supplier, n--the party who supplies material or
services.

3.1.3 Quality Definitions:
3.1.3.1 quality assurance (QA), n-all those planned or

systematic actions necessary to provide adequate confidence
that a material, product, system, or service will satisfy given
needs.

3.1.3.2 quality control (QC), n-a planned system of activi-
ties whose purpose is to provide a level of quality that meets
the needs of users; also, the use of such a system.
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0Hf D 5889- 97 (2003)

4. Significance and Use producing such project specific specification or quality assur-
4.1 GCLs must be properly manufactured in a manner ance plan should recognize that such requirements are beyond

consistent with a minimum level of quality control as deter- the current state of the practice. If such a request is made by
mined by in-house testing of the final product. This, practice purchaser or installers, they should clearly communicate the
suggests the types of tests, the methods of the testing and the requirements to the manufacturer or supplier during the con-
minimum testing frequencies. tract decisions in order that disputes do not arise at a subse-

4.2 It should be clearly recognized that manufacturers may quent time.
perform additional tests or at greater frequency than required in 5
this practice, or both. In this case, the manufacturer's quality
control plan will then take precedence over this practice. The 5.1 The procedure for this practice is embodied in Table I.
quoted tests and test methods in Table I must appear in the QC 5. 1.1 The minimum recommended quality control tests for

TABLE 1 Minimum Types of Tests and Their Frequencies for the OC of GcLs
Test Designation Test Method Frequency ol Testing Report Value

Free swel 0DIUO One Pm bUc or raka hu mi. evy 60 terms
Fkuid Ions 05891 One ie truck or raker tPA nin. every 50 tmes

.Geosynlwioc Maiedex

m Pe unit maea 8261 20 000 e P00000 tOt) Typcal mind MARV
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4.3 It should also be recognized that.purchasers and install-
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than called for in this practice, or both. The organization(s)

the manufacture of GCLs are given in Table I. The tests are
performed on the clay, the geosynthetic component material(s)
and the finished GCL\
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Designation: D 6102 - 04

Standard Guide for
Installation of Geosynthetic Clay Liners1

This standard is issued under the fixed designation D6102: the number isediately following the designation indicates the year of
original adoption or. in the case of revision, the year of last revision. A nmbser in parenthses indicates the year of last rceppeoval. A
superscript epsilon (a) indicates an editorial change since the last revision or reapproval.

1. Scope
1.1 This guide covers directions for the installation of

geosynthetic clay liners (GCLs) under field conditions typi-
cally present in environmental lining applications.

1.2 This guide contains general installation guidelines. It is
not intended to replace project-specific installation require-
ments as found in the contract drawings or specifications. In
the event of a conflict, the requirement of the project spiecifi-
cations will supersede the requirements of this guide.

1.3 This guide does not purport to establish specific proce-
dure for all climatic, geographical, hydraulic, or topographical
conditions that may exist at a site. Appropriate installation
procedures under atypical field conditions should be modified
as necessary to maintain the integrity of the GCL and adjacent
lining system components.

1.4 Different GCLs have different materials of construction
with different physical properties. The procedures contained in
this guide, therefore, may not be universally applicable to all
GCLs under all field conditions.

1.5 T7hs standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

-2.1 ASTM Standards: 2

D 653 Terminology Relating to Soil, Rock, and Contained
Fluids

D 4439 Terminology for Geosynthetics
D 5888 Guide for Storage and Handling of Geosynthetic

Clay Liners

SThis guide is under the Jursidiction of ASTM Committee D35 on Gonhetics

and is the diret responsibility of Subcommittee D 35.04 on Geosyntietic Clay

Current edion approved June 1, 2004. Publised July 2004. Originally approved
in 1997. Las previous edition approved in 1997 as D 6102 - 97.

2 
For referenced ASTM standards, visit the ASrM websime, www.atm.org, or

conact ASTM Customer Servioe at service@astsn.org. For Ammul Book of ASTM
Standanbs volune infomation, refer to the standard's Doasument Summary pose on
the ASTM website.

3. Terminology
3.1 Definitions: For definitions of other geosynthetic terms

used in this guide, refer to Terminology D 4439. For definitions
of soils terms, refer to Terminology D 653.

3.2 Definitions of Terms Specific to This Standard:
3.3 geosynthetic clay liner (GCL), n--a manufactured hy-

draulic barrier consisting of clay bonded to a layer or layers of
geosynthetics.

4. Significance and Use

4.1 For optimum performance, GCLs must be installed in a
manner that does not impact their physical, mechanical, or
hydraulic properties.

4.2 This guide identifies the proper installation procedures
and equipment for use by GCL designers, inspectors, and
installers.

S. Procedure

5.1 The methods and equipment used for placement of the
GCL can vary, but the primary objective of the process is to
minimize the potential for GCL damage. The placement
methods and equipment should be evaluated appropriately
within this context.

5.2 Subgrade Preparation:
5.2.1 For projects where the GCL is to be placed over an

earthen subgrade, the subgrade surface must be prepared and
approved prior to installation in accordance either with project
specifications or with this guide. The surface should be firm
and unyielding, with no abrupt elevation changes, voids and
cracks, ice, or standing water.

5.2.2 The subgrade surface should be smooth and free of
vegetation, sharp-ýdged rocks, stones, sticks, construction
debris, and other foreign matter that could contact the GCL.
The subgrade surface shall be compacted in accordance with
the project specifications. At a minimum, the subgrade should
be rolled with a smooth-drum compactor of sufficient weight to
remove any wheel ruts, footprints, or other abrupt grade
changes. Furthermore, all protrusions extending more than 12
mm from the subgrade surface shall either be removed.
crushed, or pushed into the surface with a smooth-drum
compactor.

5.3 GCL Placement.
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5.3.1 All handling of the GCL at the job site should be
conducted in accordance with Guide D 5888.

5.3.2 GCL rolls are to be delivered to the working area of
the site in their original packaging. Immediately prior to
deployment, the packaging shall be carefully removed without
damaging the GCL.

Noam I -Th orientation of the GCL (that is, which side faces up) may
be important and shall be in accordance with the engineer's requirements.

5.3.3 No equipment that could damage the GCL shall be
allowed to travel directly on the GCL. Acceptable installation,
for example, may be accomplished such that the GCL is
unrolled in front of the backwards-moving deployment equip-
ment, such as a front-end loader or bulldozer. If the equipment
causes rutting of the subgrade, the subgrade must be restored to
its originally accepted condition before placement continues.

5.3.4 Care must be taken to minimize the extent to which
the GCL is repositioned across the subgrade in order to
minimize damage to the subgrade and to the bottom surface of
the -CL A temporary geosynthetic subgrade covering com-
monly known as a slip sheet or rub sheet may be used to reduce
friction damage during placement.

5.3.5 The GCL should be placed so that seams are parallel
to the direction of the slope. Other industry-accepted practices
for installing geosynthetics on slopes shall be followed where
appropriate. to help ensure that the stability and performance of
the GCL is adequate.

5.3.6 All GCL should lie flat on the underlying surface, with
no wrinkles or folds, especially at the exposed edges of the
panels.

5.3.7 Only as much CCL shall be deployed per working day
as can be covered in accordance with 5.8. The GCL shall be
covered overnight.

Nom 2-If the OCL is hydrated when no confining stum is present, it
may be necessary to remove and replace the hydrated material. The project
enginee-. COA inspector, and GCL supplier should be consulted for
specific guidance if premature hydration is suspected to have occurred.

5.3.8 The GCL should not be installed when it is frozen.
5.3.9 If GCL is placed over geosynthetic, care must be taken

as to not damage underlying material with high ground
pressure equipment directly on the geosynthetic.

5.4 Anchorage:
5.4.1 At the top of a slope, the end of the GCL roll may be

placed in an anchor trench in accordance with the project
drawings and specifications. The front edge of the trench
should be rounded so as to eliminate any sharp corners that
could cause excessive stress on the GCL

5.4.2 If a trench is used for anchoring the end of the GCL,
soil backfill should be placed in the trench to provide resistance
against pullout. The size and shape of the trench, as well as the
appropriate backfill procedures, should be in accordance with
the project drawings and specifications.

5.5 Seaming:
5.5.1 GCL seams are constructed by overlapping their

adjacent edges. Care should be taken to ensure that the overlap
zone is not contaminated with loose soil or other debris. The
overlap may require supplemental (powdered or granular)
bentonite as directed by the project specifications.
CGeomembrane-based CCIs also may be welded together

Norm 3-Alternate seaming methods may be approved.

5.5.2 Unless otherwise specified, the minimum dimension
of the longitudinal overlap should be 150 mm. End-of-roll
overlapped seams should be constructed similarly but the
minimum overlap should measure 500 mm. Care should be
taken to maintain these overlap dimensiops at the time of
covering in all climatic conditions.

5.5.3 Seams should be constructed such that they are
shingled in the direction of the grade in a manner that prevents
the potential for flow entering the overlap zone.

5.6 Sealing Around Penetrationsr and Structures:
5.6.1 Cutting the GCL should be accomplished using a

sharp utility knife. Frequent blade changes are recommended
to avoid damage to the synthetic components of the GCL
during the cutting process.

5.6.2 The CCL shall be sealed around pipe penetrations and
.structures embedded in the subgrade in accordance with the
design drawings or as recommended by the manufacturer.
Examples of these details are presented in Xi.I..

5.6.3 Contact manufacturer regarding attachments to struc-
tures.

5.7 Damage Repair-If the GCL is damaged (torn, punc-
tured, perforated, and so forth) either the entire GCL must be
replaced or the affected area must be repaired by cutting a
patch to fit above or below the damaged area. The patch shall
be obtained from a new CCL roll and shall be cut to size such
that a minimum overlap of 300 nun is achieved around all parts
of the damaged area. Dry bentonite or bentonite mastic should
be applied around the damaged area prior to placement of the
patch. It may be desired to use an adhesive or other approved
means to affix the patch in place so that it is not displaced
during cover placement.

5.8 Cover Placement:.
5.8.1 Cover soils shall be free of sharp-edged stones or other

foreign matter that could damage the GCL Cover soils should
be an approved material with respect to particle size unifor-
nity, moisture content, and chemical compatibility.

Norm 4--Recommended cover soils typically have a well-graded par-
tide size distribution ranging between fines and 25 mm. Soils with a
concentration greater than 50 % of aggregate larger than 20 mm may
require a field-scale test using the proposed subgrade surface, cover soil.
and placement and compaction equipment. Following construction of the
test pad, the CCL should be hydrated for a minimum of 48 h and subjected
to the traffic loading necessary to simulate field conditions. The CoCL then
can be exhumed and inspected for any damage to the synthetic compo-
nents of the GCL and for areas of bentonite displacement.

5.8.2 Soil cover shall be placed over the GCL using con-
struction equipment that minimizes stresses on the CCL. A
minimum of 300 mm of cover shall be maintained between the
equipment tires/tracks and the GCL at all times during the
covering process. The minimum thickness recommendation
should be increased in frequently trafficked areas or roadways
and for high ground pressure equipment. Construction of a test
pad as described in 5.8.1 is recommended for these areas.

5.8.3 Soil cover should be placed in a manner that prevents
the soil from entering the GCL overlap zones.

5.8.4 A temporary cover consisting of a waterproof tarpau-
fin or plastic sheet to protect GCL end-of-roll until construction
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the next day is acceptable, provided that the sheet is adequately
ballasted and that water cannot enter from the sides.

5.8.5 When another geosynthetic material is placed over the

GC., care must be taken to avoid using equipment and
construction practices that could damage the GCL

Nors 5--Although direct vehicular contact with the GCL is to be
avoided. lightweight. low ground pressure vehicles (such as 4-wheel
all-terrain vehicles) may be used to facilitate the installation of the
overlying geosynthetic. The project engineer should be contacted with
specific recommendations on the appropriate procedures in this situation.

Noram 6-Wben a textured geomembrane is installed over the GCL. a
temporary geosynthetic covering known as a slip sheet or rub sheet may
be used to minimize friction during placement and to allow the textured

georembrane to be mreo easily moved into its final position.

5.9 Hydraion:
5.9.1 In cases where the containment of non-aqueous liq-

uids is required, it may be necessary to hydrate the covered
GCL with water prior to use. Hydration may be accomplished
(provided that the clay component of the GCL is covered by

permeable materials) by introducing water into the contain-
ment area, either by flooding or by the use of sprinklers. The
GCL supplier should be contacted for specific procedures if

manual hydration is necessary.

6. Keywords

6.1 .eosynthetic clay liner, GCL; installation,

APPENDIX

(Nonmandatory Information)

X1. GCL Drawings

X1.1 Fig. XI.1, Fig. Xl.2,'and Fig. XI.3 depict methods
that can be employed to connect a GCL to penetrations and
structures. It is the engineer's responsibility to modify and
adapt the drawing as necessary to account for project-specific

products and conditions. Inthe event of any conflict between
these drawings and the project drawings and specifications, the
project-specific information shall supersede the information in
this appendix.

-- PRIMARY GCL UNER

GRANULAR BENTONITE OR---.
BENTONITE PASTE

.1

SECONDARY GCL COLLAR -

(300 mm. MIN. OVERLAP)

FiG. X1.1 Pipe Penetration Cross-Section
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F ONI, AY I :OLLAR

PRIMARY CCL LINER

FIG. XI.2 Pipe Penetration Isometric View
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PROTECTIVE COVER.--.,

ta
2

0
C-,

GRANULAR BENTONITE

GCL WALL SEAL-CROSS SECTION

PROTECTIVE COVER IN AREA SHOWN ABOVE SHOULD BE PLACED CAREFULLY
TO ENSURE GO. IS CONFINED DIRECTLY AGAINST WALL. BATTEN STRIPS MAY
BE USED TO FASTEN GCL

FIG. X1.3 GCL Wall Seal-Cross Section
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The currently active vault (Vault #4) has the dimensions of approximately 200 feet wide, by 600
feet in length, by 26 feet in height. The vault is divided into 12 cells, with each cell measuring
approximately 100 ft. x 100 ft. The vault is covered with a sloped, permanent roof that has a
minimum thickness of 4 inches, and a minimum slope of 0.24 inches/foot. The vault walls are/

approximately 1.5 feet thick, with the base mat having a thickness of 2 feet. Operationally, the
cell of the vault will be filled to a height of approximately 25 feet with Saltstone, and then a layer
of uncontaminated grout, with an average thickness of 2 feet, will be poured to fill in the space
between the Saltstone and the sloped roof. Figure 1-1 is an aerial view of Vaults 1 and 4.

1.2 SDF Closure Concept

One of the key performance objectives of any closure of a waste disposal site is to limit moisture
flux through the waste minimizing contamination of surface runoff and underlying groundwater.
Because the SDF is designed as a controlled release facility, proper closure to meet the objective
of limiting moisture through the waste will be an integral part of long-term acceptability of the
disposal site. Because backfilling around the vaults and final closure of the SDF will be delayed
for several years, a detailed closure design has not been fully developed for the SDF. Thus, an
integral part of the SDF SA required that a closure concept be described and subsequently tested
in models that simulate the performance characteristics of the proposed closure concept.

1.2.1 Physical Description of the SDF Closure Concept

The closure concept developed is illustrated in Figure 1-2. After an individual vault cell is filled
with Saltstone, interim closure will be performed which consists of the placement of a 16-inch
(0.41 in) clean grout layer between the Saltstone and the overlying concrete roof. Final closure
will occur when all Saltstone vaults are filled, and will consist of the placement of a closure cap
over all of the vaults. This will be followed by a 100-year period of institutional control, as
described in Phifer and Nelson, 2003.

Final closure of the SDF will be accomplished by constructing a drainage system and
revegetating the site. The drainage system will consist of a system of'rip-rap lined ditches that
intercept the gravel layer of the moisture barrier. These ditches will divert surface runoff and
water intercepted by the moisture barrier away from the disposal site. The drainage ditches will
be constructed between rows of vaults and around the perimeter of the SDF.

The topsoil will be revegetated with bamboo. A study conducted by the USDA Soil Conservation
Service (Cook and Salvo 1992) has shown that two species of bamboo (Phyllostachys bissetii and
Phyllostachys rubromarginata) will quickly establish a dense ground cover which will prevent the
growth of pine trees, the most deeply rooted naturally occurring plant type at SRS. Bamboo is the
shallow-rooted climax species which evapotranspirates year-around in the SRS climate removing
a large amount of moisture from the soil and decreasing the infiltration into the underlying
disposal system.

1.3 EXISTING VAULT 4 WASTE INVENTORY

The current radionuclide inventory in Vault 4 is given in Table 1-1.

Rev. 0
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Topsoil

Backfill
Erosion Barrier
Backfill
Upper Drainage

Layer
Upper GCL

Figure 1-2. SDF Closure Cap Configuration
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A.2.3.2 Infiltration Rates

The infiltration rates (in inches/year) through the lower GCL (Phifer 2004) used for this study are
summarized in Table A-6 and shown in Figure A-7.

Table A-6. Infiltration Rates Used as Upper Boundary Conditions

Time Interval Infiltration Rate (inlyr)

0 to 100 0.39

100 to 300 1.73

300 to 550 5.48

550 to 1,000 9.97

1,000 to 1,800 12.90

1,800 to 3,400 13.90

3,400 to 5,600 14.06

5,600 to 10,000 14.09

0
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Figure A-7. Infiltration Rate Through the Lower GCL
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1.0 EXECUTIVE SUMMARY

The Performance Assessment (PA) for the Saltstone Disposal Facility (SDF) is currently under
revision. As part of the PA revision and as documented herein, the closure cap configuration has been
reevaluated and closure cap degradation mechanisms and their impact upon infiltration through the
closure cap have been evaluated for the institutional control to pine forest, land use scenario. This
land use scenario is considered the base case land use scenario. This scenario assumes a 100-year
institutional control period following final SDF closure during which the closure cap is maintained.
At the end of institutional control, it is assumed that a pine forest succeeds the cap's original bamboo
cover. Infiltration through the upper hydraulic barrier layer of the closure cap as determined by this
evaluation will be utilized as the infiltration input to subsequent PORFLOW vadose zone contaminant
transport modeling, which will also be performed as part of the PA revision.

The reevaluation of the closure cap configuration has resulted in the following primary changes to the
closure cap configuration:

* The previous kaolin hydraulic barriers have been replaced with geosynthetic clay liners (GCL).

* The drainage system configuration has leen revised to decrease the drainage slope lengths.

* An erosion barrier separate from and above the upper drainage layer has been added.

* A backfill layer has been added between the erosion barrier and the upper drainage layer to help
promote evapotranspiration.

* The previous grout layer directly above the vault has been replaced with soil.

* The thickness of the lower drainage layer has been increased, a Vertical drainage layer has been
added along the sides of the vaults, and a drainage layer has been added at the base of the vaults
to minimize the hydraulic head on top of the vaults.

The impacts of pine forest succession, erosion, and colloidal clay migration as degradation
mechanisms on the hydraulic properties of the closure cap layers over time have been estimated and
the resulting infiltration through the closure cap has been evaluated. The primary changes caused by
the degradation mechanisms that result in increased infiltration are the formation of holes in the upper
GCL by pine forest succession and the reduction in the saturated hydraulic conductivity of the,
drainage layers due to colloidal clay migration into the layers. Erosion can also result in significant
increases in infiltration if it causes the removal of soil layers, which provide water storage for the
promotion of evapotranspiration. For this scenario, infiltration through the upper GCL was estimated
at approximately 0.29 inches/year under initial intact conditions, it increased to approximately 11.6
inches/year at year 1000 in nearly a linear fashion, and it approached an asymptote of around 14.1
inches/year at year 1800 and thereafter. At year 1800, it was estimated that holes covered
approximately 0.3 percent of the GCL due to root penetration, and that this resulted in an infiltration
near that of typical background infiltration (i.e. as though the GCL were not there at all). This
demonstrated that a very small area of holes essentially controlled the hydraulic performance of the
GCL.

Rev. 0



September 22, 2003 4-1 WSRC-TR-2003-00436

4.0 CLOSURE CAP CONFIGURATION

Sections 4.1 through 4.6 provide a progressive reevaluation of the closure cap configuration
previously presented in Section 2.0. The changes made in a previous section are carried over into the
evaluation of subsequent sections, until all changes have been discussed and made. The final revised
closure cap configuration is summarized in Section 4.7, Figure 4.7-1 and Table 4.7-1.

4.1 Hydraulic Barrier

As outlined in section 2.0, the current SDF PA (MMES 1992) and closure plan (Cook et al. 2000)
assume that controlled compacted kaolin is utilized as the closure cap hydraulic barrier layer.
However the previously planned controlled compacted kaolin layer for the E-Area Low-Level Waste
Facility closure cap was replaced with a geosynthetic clay liner (GCL) as the hydraulic barrier layer
within revision 2 of the 'Closure Plan for the E-Area Low-Level Waste Facility' (Cook et al. 2002b).
The applicability of also replacing the kaolin layers in the SDF closure cap with GCLs is investigated
herein. The acceptability of this change in the hydraulic barrier layer for E-Area was documented
within 'Unreviewed Disposal Question Evaluation: Closure Cap Design Change from Compacted
Kaolin to Geosynthetic Clay Liner' (Jones and Phifer 2003). An overview of the reasoning for the E-
Area change is presented below (Cook et al. 2002a; Cook et al. 2003; Jones and Phifer 2003).

A GCL consists of "bentonite sandwiched between two geotextiles" (USEPA 2001). Bentonite, the
hydraulically functional portion of a GCL, is the general term given to a swelling-type
montmorillonite clay which formed as the stable alteration product of volcanic ash (Worrall 1975;
Jones and Phifer 2003). Therefore bentonite is expected to remain mineralogically and chemically
stable. The following is the definition of a Geotextile GCL as defined by the Environmental
Protection Agency (USEPA 2001):

A Geotextile GCL "is a relatively thin layer of processed" bentonite ... "fixed between two sheets
of geotextile. ... A geotextile is a woven or nonwoven sheet material ... resistant to penetration."
... "Adhesives, stitchbonding, needlepunching, or a combination of the three" are used to affix
the bentonite to the geotextile. "Although stitchbonding and needlepunching create small holes in
the geotextile, these holes are sealed when the installed GCL's clay layer hydrates."

The following are some of the typical advantages of a Geotextile GCL over compacted clay layers,
which led to the replacement of the compacted kaolin with a GCL:

* A GCL has a lower hydraulic conductivity than compacted kaolin (i.e. < 5.0x10-9 cm/s for a GCL
versus < 1.0X 10.7 cm/s for a compacted kaolin layer) (Phifer 1991; USEPA 2001; GSE 2002)

" Infiltration through a GCL closure cap is generally lower than infiltration through a compacted
kaolin closure cap (Cook et al. 2002a; Jones and Phifer 2003).

" A GCL is faster and easier to install than an equivalent compacted kaolin layer (USEPA 2001).
Installation of a GCL, essentially consists of unrolling the dry GCL like a carpet, overlapping
adjacent GCL panels, and covering the GCL with at least a foot of soil. Whereas compacted
kaolin must be installed wet of optimum to tight moisture and density controls in multiple lifts
with heavy equipment. (Jones and Phifer 2003)

" The bulk of the required Quality Assurance / Quality Control (QA/QC) associated with a GCL is
factory based whereas that of compacted kaolin is entirely field based. Factory based QA/QC
generally provides a higher degree of QA/QC, and it is included in the cost of the material.
(Phifer 1991; GSE 2002; Jones and Phifer 2003)

" Installation of a GCL hydraulic barrier generally costs less than installation of an equivalent
compacted kaolin layer (USEPA 2001; Jones and Phifer 2003).
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Installation of a GCL is generally safer than installation of an equivalent compacted kaolin layer,
since less heavy equipment use is required (Jones and Phifer 2003).

* A GCL has the ability to self-heal rips or holes, whereas compacted kaolin does not. Additionally
a GCL can undergo repeated cycles of dehydration and hydrate without negative impacts to the
GCL's saturated hydraulic conductivity, whereas compacted kaolin may irreversibly shrink,
crack, and incur increases in its saturated hydraulic conductivity (Phifer 1991; Phifer et al. 1995;
Rumer and Ryan 1995; USEPA 2001).

A GCL incurs less negative impact "due to differential settlement, freezing-thawing cycles, and
wetting-drying cycles" than a compacted kaolin layer (Rumer and Mitchell 1995).

* A GCL is not as thick as a compacted kaolin layer (USEPA 2001).

* Hydraulic barriers consisting of compacted clay are 1970's and 1980's technology whereas GCLs
are 1990's technology (Jones and Phifer 2003).

The same reasoning for the E-Area change is applicable to the SDF. In order to confirm that
replacement of the SDF closure cap compacted kaolin hydraulic barrier with a GCL is appropriate,
HELP modeling has been performed. The modeling has been performed to demonstrate that a GCL
closure cap is equivalent to or better than the current kaolin closure cap in terms of percolation
through the cap and out the facility bottom. Table 4.1-1 provides a comparison of the two
configurations from top to bottom. Both configurations consist of 119 inches of material from the top
of the upper gravel drainage layer to the bottom of the clein grout on top of the concrete vault roof as
required by the PA resident scenario intruder analysis.

Table 4.1-1. Closure Cap Configuration Comparison
Current Kaolin Closure Cap Replacement GCL Closure Cap

Layer Thickness Layer Thickness
(inches) (inches)

Topsoil 6 Topsoil 6
Backfill 30 Backfill 30
Gravel Drainage 12 Drainage Layer 12
Kaolin 30 GCL 0.2
Backfill 12 Backfill 61.28
Gravel Drainage 6 Drainage Layer 6
Kaolin 19.68 GCL 0.2
Clean Grout 39.37 (1 m) Clean Grout 39.37 (1 m)
Concrete Vault Roof 4 Concrete Vault Roof• 4
Clean Grout 16 Clean Grout 16
Saltstone 288 Saltstone 288
Concrete Vault Floor 30 Concrete Vault Floor 30

Several, required HELP model input parameters are common to both configurations. Table 4.1-2
provides a listing of these generic input parameters (i.e., HELP model query) and the associated
values selected. Use of selected fixed values for these HELP model queries provides compatibility
between the different HELP model runs. The landfill area is based upon the length (600 feet) and
width (200 feet) of vault 4, which results in a surface area of 120,000 feet squared or 2.75 acres. It has
been assumed that the final covers are appropriately sloped so that 100 percent of the covers allow
runoff to occur (i.e., there are no depressions). A yes response has been provided to the HELP model
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query, which asks, "Do you want to specify initial moisture storage? (Y/N)." The amount of water or
snow on the surface of the covers was assumed to be zero as the initial model condition.

Table 4.1-2. Generic Input Parameter Values
Input Parameter (HELP Model Query) Generic Input Parameter Value

Landfill area = 2.75 acres
Percent of area where runoff is possible = 100%
Do you want to specify initial moisture storage? (Y/N) Y
Amount of water or snow on surface = 0 in.

As stated the initial moisture storage has been specified for all soil layers. While the initial moisture
storage is not a fixed value for all runs, a fixed method of selecting the initial moisture storage value
has been utilized for consistency. The initial, soil moisture storage value has been selected as follows:

* The initial moisture storage of soil layers designated as either a vertical percolation layer or a
lateral drainage layer was set at the field capacity of the soil.

* The initial moisture storage of soil layers designated as a barrier soil liner was set at the porosity
of the soil.

The Soil Conservation Service (SCS). runoff curve number (CN) is another required HELP model
input parameter that has been made consistent. The HELP model provides three options to specify the
CN. The option that produces a HELP model computed curve number, based on surface slope and
slope length, soil texture of the top layer, and vegetation, was utilized. Table 4.1-3 provides the input
values of surface slope and slope length, soil texture of the top layer, and vegetation that were utilized
to produce the HELP model computed curve number. The 3 percent slope is that specified for the top
surface of the Saltstone final cover within the Saltstone closure plan (Cook et al. 2000). The 600-foot
slope length is the length of an individual Saltstone vault (Cook et al. 2000). The soil texture selected
as an input for calculation of the CN is a loamy fine sand per the United States Department of
Agriculture (USDA) and a silty sand per Unified Soil Classification System (USCS), since it closely
represents the typical vegetative soil layers utilized at SRS. The corresponding number in the HELP
default soil texture list is 5. Based upon these input parameter values the HELP model computed a
CN of 53.40.

Table 4.1-3. Input Parameters for HELP Model Computed Curve Number

CN Input Parameter (HELP Model Query) CN Input Parameter Value
Slope = 3%
Slope length = 600 ft
Soil Texture = 5 (HELP model default soil texture)
Vegetation = 4 (i.e., a good stand of grass)
HELP Model Computed Curve Number =53.40

Table 4.1-4 provides a comparison of the HELP model results for both configurations. The HELP
model estimate for the average annual percolation through the upper kaolin hydraulic barrier layer
was approximately 0.90 inches/year, while that through the upper GCL hydraulic barrier layer was
approximately 0.47 inches/year, approximately half that through the kaolin. The HELP model
estimate for the average annual percolation through the lower kaolin hydraulic barrier layer was
approximately 0.84 inches/year, while that through the lower GCL hydraulic barrier layer was
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approximately 0.055 inches/year, approximately fifteen times less than that through the kaolin. For
both configurations the average annual percolation through the vault floor was estimated to be
0.00001 inches/year, however this percolation is controlled by the very low saturated hydraulic
conductivity of the vault roof and floor (see Table 3.0-2) rather than by the closure cap hydraulic
barrier layers. The results clearly show that replacement of the kaolin layers with GCLs produces a
closure cap that is equivalent to or better than the current kaolin closure cap in terms of percolation.
See the following appendices for the detailed HELP model input data and output files for both
configurations:

* Appendix E, Current Kaolin Closure Cap: HELP Model Input Data and Output File (output file
name: ZKAOout.OUT)

* Appendix F, Replacement GCL Closure Cap: HELP Model Input Data and Output File (output
file name: ZGCLout.OUT)

Table 4.1-4. Comparison of Closure Cap Configurations HELP Model Results

HELP Model Output Current Kaolin Replacement GCL Replacement GCL
Parameter Closure Cap Closure Cap Closure Cap w/o

Vault
Percolation through 0.90 inches/year 0.47 inches/year 0.47 inches/year
upper hydraulic
barrier layer
Percolation through 0.84 inches/year 0.055 inches/year 0.055 inches/year
lower hydraulic
barrier layer
Percolation out vault 0.00001 inches/year 0.00001 inches/year Not applicable
floor

A separate HELP model run was made for the GCL closure cap without inclusion of the vault layers
(i.e. the last four layers in Table 4.1-1). This was done to determine whether or not inclusion of the
vault layers was necessary to determine the percolation rate through the upper GCL hydraulic barrier.
Percolation through the upper GCL hydraulic barrier is to be utilized as input to the subsequent
PORFLOW vadose zone flow and contaminant transport modeling. The PORFLOW model will be
utilized to model flow and contaminant transport through the vault. The vault is assumed to degrade
over time, particularly through settlement- and earthquake-induced cracking. The HELP model can
not take into account such cracking degradation directly. The cracking would have to be converted
into an equivalent saturated hydraulic conductivity for use in the HELP model. Therefore, if inclusion
of the vault layers is not necessary, the HELP modeling could be significantly simplified by their
exclusion. As indicated by Table 4.1-4 elimination of the vault layer from the replacement GCL
closure cap configuration HELP modeling did not affect the estimated percolation through the upper
GCL, therefore these layer will be deleted from further HELP modeling associated with this
evaluation. See the following appendix for the detailed HELP model input data and output file:

* Appendix G, Replacement GCL Closure Cap without Vault Layers: HELP Model Input Data and
Output File (output file name: ZGCLAout.OUT)

4.2 Drainage System Configuration

Three conceptual SDF closure cap drainage system configurations have been evaluated versus
percolation through the upper GCL, soil fill volume, ditch length, and relative long-term maintenance
requirements. The relationship of each of these parameters to configuration preference is as follows:
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estimated depth of soil loss of approximately 1.1 E-04 inches/year
= 0.0208 tons/acre! yearx 2000 lbs/ton x12 inches/foot(Loss=

43560 ft2 /acrex 104 lbs /ft3.

The previous estimated erosion rate of 0.0007 cm/year (2.8E-04 inches/year) for the SRP Burial
Grounds (Horton and Wilhite 1978) compares well with the current estimates for the SDF closure cap
of 1.8E-04 and 1.1E-04 inches/year for topsoil and backfill, respectively. The primary difference in
input between the two estimates is associated with the site-specific slopes and slope lengths.

5.3 Colloidal Clay Migration

It is assumed that colloidal clay migrates from overlying backfill layers and accumulates in the
drainage layers reducing the saturated hydraulic conductivity of the drainage layers over time. The
clay minerals (in order of predominance) at SRS are shown in Table 5.3-1 along with the percentage
range of the clay mineral fraction and typical range in particle size for each. Colloids can be mineral
grains such as clays, which have particle sizes between 0.01 and 10 gtm (Looney and Falta 2000).
Colloidal clay can exist in groundwater in concentrations up to 63 mg/L as measured by suspended
solids (Puls and Powell 1991). Based upon this information and the previous assumption, it will be
assumed that water flux driven colloidal clay migration at a concentration of 63 mg/L occurs from
overlying backfill layers to the drainage layers. It will be further assumed that the colloidal, clay
accumulates in the drainage layer from the bottom up filling the void space of the drainage layer with
clay at a density of 1.1 g/cm3 (Hillel 1982). These assumptions are analogous to the formation of the
B soil horizon as documented in the soil science literature. Clay translocation is a very slow process
where discrete clay particles are washed out in slightly acidic conditions and deposited lower in the
soil profile (McRae 1988). Evidence has been found that the B-horizon where the translocated clay is
deposited may form at a rate of 10 inches per 5,000 years (Buol et al. 1973).

Table 5.3-1. SRS Clay Minerals

Clay Mineral Percentage Range of the Clay Typical Particle Size Range 2
Mineral Fraction' (gtm)

(O/0)

Kaolinite 62.6 to 98.8 0.1 to 4
Vermiculite 0.7 to 34.3 0.1 to 2
Illite 0 to 7.1 0.1 to 2

1 Looney et al. (1990), Table 6.31
2 Mitchell (1993)

5.4 Closure Cap Degradation Summary

Base upon the assumed closure cap degradation mechanisms, pine forest succession, erosion, and
colloidal clay migration, an assumed degradation scenario has been assumed for each layer as
outlined in Table 5.4-1. These degradation scenarios form the basis for modifying the thickness and
hydraulic properties of each layer over time. This information will be utilized in section 6.0 to
determine infiltration though the upper GCL over time.
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6.0 CLOSURE CAP INFILTRATION

6.1 Degraded Layer Properties over Time

The SDF GCL closure cap initial (0 year) intact layer thickness and hydraulic property values from
top to bottom are provided in Table 4.7-1. The degradation scenarios for each layer are provided in
Table 5.4-1. Based upon the Table 5.4-1 degradation scenarios, the Table 4.7-1 initial SDF closure
cap layer'thickness and hydraulic property values have been modified to account for degradation at
100, 300, 550, 1,000, 1,800, 3,400, 5,600 and 10,000 years after closure of the SDF. The following
discussions provide additional detail associated with determination of the degraded properties for the
erosion barrier, upper GCL, middle backfill, upper drainage layer, lower drainage layer, and vault
base drainage layer.

6.1.1 Erosion Barrier

Maintenance during the institutional control period prevents degradation of the erosion barrier.
However pine forest succession and associated root penetration results in holes through the erosion
control barrier. This does not impact its ability to function as an erosion barrier, however it allows the
overlying backfill to fill the holes after. the roots decompose. It is assumed that the hydraulic
conductivity of the infiltrating backfill increases one order of magnitude (i.e. from 1.OE-04 to 1.OE-03
cm/s) when it fills the hole since it will not be mechanically compacted at that time. The equivalent
hydraulic properties of the overall erosion barrier change as the area of holes filled with backfill
material increases with time. The equivalent hydraulic properties have been estimated over time by
area proportioning the properties between that of the intact erosion barrier and infiltrating backfill.

6.1.2 Upper GCL

Maintenance during the institutional control period prevents degradation of the upper GCL. However
pine forest succession and associated root penetration results in holes through the erosion barrier. This
allows the overlying drainage layer to fill the holes after the roots decompose. The holes in the GCL
essentially act as direct conduits from the upper drainage layer to the lower backfill layer. When
saturated conditions occur in the drainage layer after major precipitation events; cones of depression
are created around the holes in the GCL with a radius of influence much greater than the radius of the
hole. This means that a small area of GCL holes can greatly reduce the lateral flow of water in the
drainage layer and increase the vertical flow into the lower backfill. Due to the significant influence
of holes in the GCL to the quantity. of infiltration, the use of equivalent hydraulic properties is not
appropriate, since it does not consider the radius of influence associated with holes. Therefore, within
the HELP model the degraded GCL has been modeled as a geomembrane liner with leakage through
holes. The HELP model considers both water flux through intact portions of the geomembrane using
an "equivalent geomembrane hydraulic conductivity" and water flux through holes in the
geomembrane. The HELP model does not assign a porosity, field capacity, or wilting point to
geomembranes, however this is not considered essential to the GCL, since it is assumed that the GCL
will remain fully saturated and it is below the depth where evapotranspiration is assumed to occur.
The HELP model allows the input of up to 999,999 one square centimeter installation defects for a
geomembrane liner. Therefore the calculated area of holes created by root penetration has been
converted into an equivalent number of one square centimeter installation defects for input to the
HELP model. Excellent contact is assumed between the GCL and underlying backfill layer as a
HELP model input, since the GCL is put in dry and swells into the surrounding soil as it hydrates.
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6.1.3 Middle Backfill and Upper Drainage Layer

It is assumed that water flux driven colloidal-clay migration from the 1-foot-thick middle backfill to
the underlying 1-foot-thick upper drainage layer causes the middle backfill saturated hydraulic
conductivity to increase over time and that of the upper 'drainage layer to decrease over time. It has
been assumed that clay migration occurs out of the backfill into the drainage layer with the water flux
containing 63 mg/L of colloidal clay. Since both layers are of the same thickness and the middle
backfill layer has limited clay content, it has been assumed that half the clay content of the backfill
will migrate into the drainage layer. At which point the two layers essentially become the same

* material and material property changes cease. Based upon this it will be assumed that the endpoint
saturated hydraulic conductivity of the layers will become that of the log mid-point between the initial
backfill and upper drainage layer conditions. It will also be assumed that the endpoint porosity, field

* capacity, and wilting point will become the arithmetic average of the backfill and upper drainage
layer. The hydraulic properties at times prior to the endpoint have been proportioned between that of
the endpoint properties and the initial properties based upon the fraction of clay that has migrated out
of the backfill.

6.1.4 Lower Drainage Layer

It is assumed that colloidal clay migration from the approximately 5-foot-thick overlying backfill into
the 2-foot-thick lower drainage layer is driven by the water flux through the upper GCL. This water
flux driven clay migration enters into the lower drainage layer and fills the lower drainage layer from
the bottom up. This reduces the saturated hydraulic conductivity of the clay-filled portion from I.OE-
01 to 1.OE-04 cm/s (i.e. to the saturated hydraulic conductivity of the overlying backfill), while the
conductivity of the clean portion remains at 1.OE-01 cm/s. As the thickness of the lower drainage
layer filled with clay increases, the equivalent hydraulic conductivity of the entire layer decreases.
The equivalent horizontal hydraulic conductivity for this layer has been determined from the
following equation (Freeze and Cherry 1979):

Kh n Ki. di (Eq. 6.1-1)

d

where

Kh = equivalent horizontal saturated hydraulic conductivity,

K, = horizontal saturated hydraulic conductivity of ith layer,

di= thickness of ith layer,

d = total thickness

This is different from that assumed for the upper drainage layer, since the lower drainage layer has
significantly more backfill 'overlying it.

6.1.5 Vault Base Drainage Layer

It is assumed that colloidal clay migration, from the overlying backfill (approximately 30 feet) into
the 5-foot-thick vault base drainage layer, is driven by the water flux through the upper GCL. This
water-flux-driven clay migration enters into the vault base drainage layer and fills the lower drainage
layer from the bottom up. The saturated hydraulic conductivity of the clay-filled portion is reduced
from L.0E-01 to 1.OE-04 cm/s (i.e. the saturated hydraulic conductivity of the overlying backfill
layer), while the conductivity of the clean portion remains at 1.OE-01 cm/s. The thickness of the clay-
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filled portion increases with time, while the thickness of the clean portion decreases with time. This is
essentially the same process as that described above for the lower drainage layer.

The calculations associated with determination of the layer thicknesses and hydraulic property values
over time are provided in Appendix P. Table 6.1-1 provides the primary Appendix P, material
property results (thickness, saturated hydraulic conductivity, and holes in the upper GCL), for layers
which change with time and were utilized in subsequent HELP modeling. The porosity, field
capacity, and wilting points are not provided in Table 6.1-1. Values for these parameters are provided
in Appendix P.

Table 6.1-1. Material Property Summary Results for HELP Modeling from Appendix P
Year Vegetation Topsoil Layer Erosion Barrier Middle Backfill

Thickness Saturated Hydraulic Layer Saturated
(inches) Conductivity Hydraulic

(cm/s) Conductivity
(cm/s)

0 Bamboo 6 3.97E-04 1.OOE-04
100 Bamboo 5.982 3.97E-04 1.20E-04
300 Pine Forest 5.946 3.98E-04 1.60E-04
550 Pine Forest 5.901' 3.99E-04 2.30E-04
1,000 Pine Forest 5.82 4.01E-04 4.60E-04
1,800 Pine Forest 5.676 4.06E-04 1.60E-03
3,400 Pine Forest 5.388 4.15E-04 3.20E-03
5,600 Pine Forest 4.992 4.27E-04 3.20E-03
10,000 Pine Forest 4.2 4.5 1E-04 3.20E-03

Year Upper Drainage One Square Lower Drainage
Layer Saturated Centimeter Holes in Layer Saturated

Hydraulic Upper GCL Hydraulic
Conductivity (#/acre) Conductivity

(cm/s) (cm/s)

0 L.OOE-01 0 L.OOE-01
100 8.60E-02 0 L.OOE-01
300 6.30E-02 7,432 9.98E-02
550 4.30E-02 26,013 9.91E-02
1,000 2.1OE-02 59,458 9.64E-02
1,800 6.30E-03 118,916 9.01E-02
3,400 3.20E-03 237,832 7.62E-02
5,600 3.20E-03 401,341 5.68E-02
10,000 3.20E-03 728,360 l.81E-02

1 Number of HELP model installation defects
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6.2 Degraded Closure Cap Infiltration over Time

Table 6.1-1 and Appendix P data were utilized as input to the HELP model (USEPA 1994a and
USEPA 1994b) in order to determine infiltration through the upper GCL at each degraded time step.
The following appendices provide the detailed HELP model, input data and output files for each time
step:

" Appendix Q, Degraded SDF GCL Closure Cap (100 Years): HELP Model Input Data and Output
File (output file name: ZGCLDlou.OUT)

" Appendix R, Degraded SDF GCL Closure Cap (300 Years): HELP Model Input Data and Output
File (output file name: ZGCLD2ou.OUT)

* Appendix S, Degraded SDF GCL Closure Cap (550 Years): HELP Model Input Data and Output
File (output file name: ZGCLD3ou.OUT)

* Appendix T, Degraded SDF GCL Closure Cap (1,000 Years): HELP Model Input Data and
Output File (output file name: ZGCLD4ou.OUT)

* Appendix U, Degraded SDF GCL Closure Cap (1,800 Years): HELP Model Input Data and
Output File (output file name: ZGCLD5ou.OUT)

* Appendix V, Degraded SDF GCL Closure Cap (3,400 Years): HELP Model Input Data and
Output File (output file name: ZGCLD6ou.OUT).

* Appendix W, Degraded SDF GCL Closure Cap (5,600 Years): HELP Model Input Data and
Output File (output file name: ZGCLD7ou.OUT)

" Appendix X, Degraded SDF GCL Closure Cap (10,000 Years): HELP Model Input Data and
Output File (output file name: ZGCLD8ou.OUT)

The following outputs from this evaluation are necessary inputs to the subsequent PORFLOW vadose
zone modeling:

* Infiltration through the upper GCL

* Saturated hydraulic conductivity of the 2-foot-thick lower Drainage Layer

* Saturated hydraulic conductivity of the 3-foot-thick Side Vertical Drainage Layer

* Saturated hydraulic conductivity of the 5-foot-thick Vault Base Drainage Layer

Table 6.2-1 provides a summary of these parameter values. The 3-foot Side Vertical Drainage Layer
is assumed to have no degradation within the 10,000-year time frame. Rather than denoting the
degradation of the Vault Base Drainage Layer with a single saturated hydraulic conductivity value, its
degradation has been denoted as an upper thickness with a saturated hydraulic conductivity of 0.1
cm/s and a lower thickness with a saturated hydraulic conductivity of 0.0001 cm/s. Figure 6.2-1
additionally provides the infiltration through the upper GCL over time in graphical format.
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Table 6.2-1. Inputs for PORFLOW Vadose Zone Modeling
Year Infiltration Lower Drainage Side Vertical Thickness of Thickness of

through Upper Layer Saturated Drainage Layer Upper Portion of Lower Portion
GCL Hydraulic Saturated the Vault Base of the Vault

(in/yr) Conductivity Hydraulic Drainage Layer Base Drainage
(cm/s) Conductivity with a K of 0.1 Layer with a K

(cm/s) cm/s of 0.0001 cm/s
(feet) (feet)

0 0.29165 1.00E-01 1.OOE-01 5 0
100 0.33135 1.OOE-01 1.OOE-01 4.9996 0.0004
300 2.48161 9.98E-02 L.OOE-01 4.996 0.004
550 7.01335 9.91E-02 L.OOE-01 4.98 0.02
1,000 11.55066 9.64E-02 L.OOE-01 4.93 0.07
1,800 13.65308 9.01E-02 1.OOE-0l 4.8 0.2
3,400 14.00566 7.62E-02 1.OOE-01 4.52 0.48
5,600 14.05202 5.68E-02 L.OOE-01 4.14 0.86
10,000 14.09426 1.81E-02 1.OOE-01 3.36 1.64

16

12

8C

4

0

0 2000 4000 6000 8000

Year

Figure 6.2-1. Infiltration through Upper GCL
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Determine variation in K, n, FC, and WP with time in the middle backfill:

Year Fraction, F K 1 n 2 FC 3  WP 4

0 0 0.0001 0.37 0.24 0.136
100 0.0445 0.00012 0.37 0.236 0.133
300 0.1336 0.00016 0.371 0.229 0.128
550 0.2449 0.00023 0.371 0.220 0.121
1,000 0.4452 0.00046 0.372 0.204 0.109
1,800 0.8014 0.0016 0.374 0.176 0.0867
3,400 1.0 0.0032 0.375 0.16 0.0745
5,600 1.0 0.0032 0.375 0.16 0.0745
10,000 1.0 0.0032 0.375 0.16 0.0745

K 1 0 [-4 + ((-2.5 - (-4))F)] = 1 0 (-4 + 1.5F)

2 n = 0.37 + (0.375 - 0.37)F

3 FC = 0.24 - (0.24 - 0.16)F
4 WP = 0.136 - (0.136 - 0.0745)F

Determine variation in K, n, FC, and WP with time in the upper drainage layer:

Year Fraction, F K' n 2  FC' WP 4

0 0 0.1 0.38 0.08 0.013
100 0.0445 0.086 0.38 0.084 0.016
300 0.1336 0.063 0.379 0.089 0.021
550 0.2449 0.043 0.379 0.10 0.028
1,000 0.4452 0.021 0.378 0.116 0.040
1,800 0.8014 0.0063 0.376 0.144 0.062
3,400 1.0 0.0032 0.375 0.16 0.0745
5,600 1.0 0.0032 0.375 0.16 0.0745
10,000 . 1.0 0.0032 0.375 0.16 0.0745

1 K = 10[-1 + ((-2.5,- (-1))F)] = 10(-1 - 1.5F)

2 n = 0.38 - (0.38 - 0.375)F

3 FC = 0.08 - (0.16 - 0.08)F
4 WP = 0.013 - (0.0745 - 0.013)F

Lower Drainage Layer Hydraulic Properties:

It is assumed that colloidal clay migration from the overlying backfill is driven by the water flux through the
upper GCL. This water flux driven clay migration enters into the 2-foot thick lower drainage layer and fills
the lower drainage layer from the bottom up. This reduces the saturated hydraulic conductivity of the clay
filled portion from L.OE-01 to 1.OE-04 cm/s (i.e. the saturated hydraulic conductivity of the overlying backfill
layer). As the thickness of the lower drainage layer filled with clay increases the overall hydraulic
conductivity of the layer decreases. This is different from that assumed for the upper drainage layer since the
lower drainage layer has significantly more backfill overlying it. The HELP model was run for each year
with all of the previously degraded properties (see above) without degradation of the lower drainage layer in
order to determine the infiltration through the upper GCL. The results are as follows:
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Year Infiltration through upper GCL (inches/year)
0 0.29165
100 0.33135
300 2.48161
550 7.01335
1,000 11.55066
1,800 13.65308
3,400 14.00566
5,600 14.05202
10,000 14.09426

It is assumed that there is a linear increase in the infiltration over time between data points.

Determine cumulative volume of water through the lower drainage layer over time:

Year Infiltration through Time Step Volume' Cumulative Volume Cumulative Volume
upper GCL (inches) 2 over one ft2 area 3

(inches/year) (inches) (ft3)

0 0.29165 0 0 0
100 0.33135 31.15 31.15 2.6
300 2.48161 281.296 312.45 26.0
550 7.01335 1186.87 1499.32 124.9
1,000 11.55066 4176.90 5676.22 473.0
1,800 13.65308 10081.496 15757.72 1313.1
3,400 14.00566 22126.99 37884.71 3157.0
5,600 14.05202 30863.448 68748.16 5729.0
10,000 14.09426 61921.816 130669.98 10889.2
IV = [I, X (T'2 - T1 )] + [1/2 x (12 - I1 )(T2 - T1 )], where I = infiltration at time step 1 or 2; T = time at time

step.- or 2
2 Cumulative Volume = Previous cumulative volume + Volume at current time step,

3 Cumulative Volume over one ft2 area = (Cumulative Volume - 12 in/ft) x 1 ft2

Determine mass of clay to fill lower drainage layer void volume (0.38):

Assume clay bulk density is 1.1 g/cm 3

Look at a 1-ft2 area of the 2-foot-thick upper drainage layer (i.e. 2 ft3)

Void volume = 0.38 x 2 ft3 =0.76 ft3

Clay mass per ft3 = 1.1 g/cm 3 x 0.76 ft3 x 2.831685E-02 m3/ft3 X 1,000,000 cm 3/m3 = 23,672.9 g

Determine total flux of water into the lower drainage layer required to completely fill it with clay:

It will be assumed that the clay migrates out of the lower backfill into the lower drainage layer with the
water flux containing 63 mg/L of colloidal clay.

V= 23,672.9gx1000mg/g =13,269.8fi2

63mg/Lx28.31685L/ ft 2
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Determine the mass of clay that has migrated into the lower drainage layer at the end of each time step:
Year Mass of clay into lower drainage layer
0 0
100 2.6 ft3 x 63 mg/L x 28.31685 L/ft3 x g/1000 mg = 4.6 g
300 26.0 ft3 x 63 mg/L x 28.31685 L/ ft3 x g/1000 mg = 46.4 g
550 124.9 ft3 x 63 mg/L x 28.31685 L/ft3 x g/1000 mg = 222.8g
1,000 473.0 ft3 x 63 mg/L x 28.31685 L ft3 x g/1000 mg = 843.8 g
1,800 1313.1 ft3 x 63 mg/L x 28.31685 L/ ft3 x g/1000 mg = 2,342.5 g
3,400 3157.0 ft3 x 63 mg/L x 28.31685 L/ft3 x g/1000 mg = 5,632.0 g
5,600 5729.0 ft3 x 63 mg/L x 28.31685 L/ ft3 x g/1000 mg = 10,220.3 g
10,000 10889.2 ft3 x 63 mg/L x 28.31685 L/ f 3 x g/1000 mg = 19, 425.9 g

Determine the fraction of the lower drainage layer filled at the end of each time step:

Year Fraction of the lower drainage layer filled
0 0
100 4.6 g + 23,672.9 g = 0.000194
300 46.4 g + 23,672.9 g = 0.00196
550 222.8 g + 23,672.9 g = 0.00941
1,000 843.8 g + 23,672.9 g = 0.0356
1,800 2,342.5 g + 23,672.9 g = 0.0990
3,400 5,632.0 g + 23,672.9 g = 0.238
5,600 10,220.3 g + 23,672.9 g 0.432
10,000 19, 425.9 g + 23,672.9 g - 0.820

The following are the hydraulic properties of the clean and clay filled portion of the lower drainage layer:
Material Saturated Hydraulic Porosity Field Capacity Wilting Point

Conductivity
Clean L.OE-01 0.38 0.08 0.013
Clay filled 1.OE-04 0.22 (see below) 0.21 (see below) 0.20 (see below)
Determine the porosity of the clay filled portion of the lower drainage layer:

Porosity of the clay:

Assumed clay bulk density, Pb = 1.1 g/cm 2

Assumed clay particle density, pp = 2.6 g/cm2

2
Resulting clay porosity, n- 1 Pb -l 1. g/cm 2 0.58

Ps 2.6 g / cm2

Porosity of the clay filled portion = Porosity of clean portion x porosity of clay

Porosity of the clay filled portion = 0.38 x 0.58 = 0.22

Determine the field capacity and wilting point of the clay filled portion of the lower drainage layer:

Will assume that the field capacity and wilting point of the clay fill portion has the same ratio versus its
.porosity of 0.22 as the equivalent ratio for kaolin clay.

From WSRC 2002 the following kaolin properties are found: n = 0.56; FC = 0.55; WP = 0.50

FC = 0.22 x (0.55 + 0.56) = 0.21

WP = 0.22 x (0.50 + 0.56) = 0.20

I.-..
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Determine the equivalent horizontal hydraulic conductivity of the lower drainage layer over time:

The equivalent horizontal hydraulic conductivity for horizontal flow in a series of horizontal layers with
different saturated hydraulic conductivities can be determined from the following equation (Freeze and
Cherry 1979):

nKd
Kh =_ , where K1 = equivalent horizontal saturated hydraulic conductivity, KY = horizontal

i=1 d
saturated hydraulic conductivity of i

t
h layer, di = thickness of id layer, d = total

thickness

The fraction, F, equals di/d for the clay filled portion and di /d for the clean drainage layer material

equals (1 - F), making the equation:

Kh =(Kfilled X F)+ [Kclean X (I - F)]

Year Equivalent K
0 0.1
100 (0.0001 x 0.000194) + [0.1 x (1 - 0.000194)] = 0.1
300 (0.0001 x 0.00196) + [0.1 x (1- 0.00196)] = 0.0998
550 (0.0001 x 0.00941) + [0.1 x (1 - 0.00941)] = 0.0991
1,000 (0.0001 x 0.0356) + [0.1 x (1 - 0.0356)] = 0.0964
1,800 (0.0001 x 0.0990) + [0.1 x (I - 0.0990)] = 0.0901 -
3,400 (0.0001 x 0.238) + [0.1 x (1 - 0.238)] = 0.0762
5,600 (0.0001 x 0.432) + [0.1 x (1 - 0.432)] = 0.0568
10,000 (0.0001 x 0.820) + [0.1 x (1 - 0.820)] = 0.0181

Determine the equivalent n, FC, and WP for the lower drainage layer over time:

In an analogous manner to that for K, the equivalent n, FC, and WP can be determined based upon the
fraction filled as follows:

n = (n filled X F)+ [nclean X (I- F)]

FC (FC filled x F)+ FCclean X (I- F)]

WP= (WPfilled x F)+ [WPclean x (I - F)]

Year Equivalent n
0 (0.22 x 0) + [0.38 x (1 - 0)] = 0.38
100 (0.22 x 0.000194) + [0.38 x (1 - 0.000194)] = 0.38
300 (0.22 x 0.00196) + [0.38 x (1 - 0.00196)] = 0.38
550 (0.22 x 0.00941) + [0.38 x (1 - 0.00941)] = 0.378
1,000 (0.22 x 0.0356) + [0.38 x (1 - 0.0356)] = 0.374
1,800 (0.22 x 0.0990) + [0.38 x (1 - 0.0990)] = 0.364
3,400 (0.22 x 0.238) + [0.38 x (1 - 0.238)] = 0.342
5,600 (0.22 x 0.432) + [0.38 x (1 - 0.432)] = 0.311
10,000 (0.22 x 0.820) + [0.38 x (I - 0.820)] = 0.249
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Year Equivalent FC
0 (0.21 x 0) + [0.08 x (1 - 0)1 = 0.08
100 (0.21 x 0.000194) + [0.08 x (1 - 0.000194)] = 0.08
300 (0.21 x 0.00196) + [0.08 x (1 - 0.00196)] = 0.0802
550 (0.21 x 0.00941) + [0.08 x (1 - 0.00941)] = 0.0812
1,000 (0.21 x 0.0356) + [0.08 x (1 - 0.0356)] = 0.0846
1,800 (0.21 x 0.0990) + [0.08 x (1 - 0.0990)] = 0.0929
3,400 (0.21 x 0.238) + [0.08 x (1 - 0.238)] = 0.111
5,600 (0.21 x 0.432) + [0.08 x (1 - 0.432)] = 0.136
10,000 (0.21 x 0.820) + [0.08 x (1 - 0.820)] = 0.187

Year Equivalent WP
0 (0.20 x O) + [0.013 x (1- 0)] = 0.013
100 (0.20 x 0.000194) + [0.013 x (1 - 0.000194)] = 0.013
300 (0.20 x 0.00196) + [0.013 x (1 - 0.00196)] = 0.0134
550 (0.20 x 0.00941) + [0.013 x (1 - 0.00941)] = 0.0148
1.,000 (0.20.x 0.0356) + [0.013 x (1 - 0.0356)] = 0.0196
1,800 (0.20 x 0.0990) + [0.013 x (1 - 0.0990)] =.0.0315
3,400 (0.20 x 0.238) + [0.013 x (1 - 0.238)] = 0.0575
5,600 (0.20 x 0.432) + [0.013 x (1 - 0.432)] = 0.0938
10,000 (0.20 x 0.820) + [0.013 x (1 - 0.820)] = 0.166

Summary Lower Drainage Layer Hydraulic Properties with Time:

Year K n FC WP
0 0.1 0.38 0.08 0.013
100 0.1 0.38 0.08 0.013
300 0.0998 0.38 0.0802 0.0134
550 0.0991 0.378 0.0812 0.0148
1,000 0.0964 0.374 0.0846 0.0196
1,800 0.0901 0.364 0.0929 0.0315
3,400 0.0762 0.342 0.111 0.0575
5,600 0.0568 0.311 0.136 0.0938
10,000 0.0181 0.249 0.187 0.166

The HELP model was rerun for each time step with all of the degraded properties (see above) including that
of the lower drainage layer. Infiltration through the upper GCL did not change with the addition of the
degraded lower drainage layer properties. Therefore the above estimated lower drainage layer hydraulic
properties over time are verified.

Vault Base Drainage Layer Hydraulic Properties:

It is assumed that colloidal clay migration from the overlying backfill is driven by the water flux through the
upper GCL. This water-flux-driven clay migration enters into the 5-foot-thick vault base drainage layer and
fills the lower drainage layer from the bottom up. The saturated hydraulic conductivity of the clay filled
portion is reduced from 1.OE-01 to 1.OE-04 cm/s (i.e. the saturated hydraulic conductivity of the overlying
backfill layer), while the conductivity of the clean portion remains at L.0E-01 cm/s. The thickness of the clay
filled portion increases with time while the thickness of the clean portion decreases with time. This is
essentially the same process as described above for the lower drainage layer.

The infiltration through the upper GCL and the cumulative water flux into the vault base drainage layer
remains the same as that calculated for the lower drainage layer above.
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Determine mass of clay to fill the vault base drainage layer void volume (0.38):

Assume clay bulk density is 1.1 g/cm3

Look at a 1-ft2 area of the 5-foot thick the vault base drainage layer (i.e. 2 ft3)

Void volume = 0.38 x 5 ft3 = 1.9.ft 3

Clay mass per ft3 = 1.1 g/cm 3 x 1.9 ft3 x 2.831685E-02 m3/ft3 x 1,000,000 cm 3/m3 = 59,182.2 g

The mass of clay that has migrated into the vault base drainage layer remains the same as that calculated for
the lower drainage layer above.

Determine the fraction of the vault base drainage layer filled at the end of each time step:

Year Fraction, F, of the vault base drainage layer filled
0 0
100 4.6 g + 59,182.2 g = 0.000078
300 46.4 g + 59,182.2 g = 0.000784
550 222.8 g + 59,182.2 g = 0.00376
1,000 843.8 g + 59,182.2 g = 0.0142
1,800 2,342.5 g + 59,182.2 g = 0.0396
3,400 5,632.0 g + 59,182.2 g = 0.0952
5,600 10,220.3 g + 59,182.2 g 0.173
10,000 19, 425.9 g + 59,182.2 g 0.328

Determine thickness of the 0. 1 and 0.000 1 cm/s layers at the end of each time step:
Year Fraction, F, of the vault base 0.1 cm/s layer thickness (ft) ' 0.0001 cm/s layer thickness

drainage layer filled (11) 2

0 0 5 0
100 0.000078 4.9996 0.0004
300 0.000784 4.996 0.004
550 0.00376 4.98 0.02
1,000 0.0142 4.93 0.07
1,800 0.0396 4.8 0.2
3,400 0.0952 4.52 0.48
5,600 0.173 4.14 0.86
10,000 0.328 3.36 1.64

1 Thickness = 5' - (5' x F)
2 Thickness = 5' x F
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Figure 5.2-1. Infidtration through Upper GCL

5.3 Worse Case Infiltration

The worse case infiltration through the upper GCL and the associated time of occurrence have been
determined based upon the following:

" As documented in Phifer and Nelson (2003), worse case infiltration occurs when both the topsoil
and upper backfill have eroded away, since the, underlying erosion barrier does not provide as
efficient water storage for the promotion of evapotranspiration as the topsoil and upper backfill.

" Since degradation of the erosion barrier is assumed to be caused by intrusion of the overlying
backfill following root decomposition, erosion barrier degradation will be assumed to cease once
the upper backfill is eroded to three inches thick. Therefore erosion barrier properties will be
taken as those at complete erosion of the topsoil and upper backfill for determination of the worse
case infiltration through the upper GCL. (see Table 4.4-1)

* As outlined in Appendix F, it is assumed that the material properties of the middle backfill and
upper drainage layer become the same at year 2246 and remain constant thereafter. Therefore the
middle backfill and upper drainage layer material properties will be taken as those determined at
year 2246 for determination of the worse case infiltration through the upper GCL.

* The upper GCL becomes ineffective as a barrier layer at year 1800 when holes comprise 0.29
percent of the layer's area (see Appendix F). Therefore for determination of the worse case
infiltration the GCL will be assigned as a barrier soil liner with the same material properties as
the overlying middle backfill and upper drainage layer at year 2246.
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Table 3.1-1. Intact SDF MSE Vault Closure Cap Configuration and Properties (Phifer and
Nelson 2003)

Layer Thickness Saturated Total Field Wilting Point
(inches) Hydraulic Porosity Capacity (Vol/Vol)

Conductivity (Vol/Vol) (Vol/Vol)
(cm/sec)

Topsoil' 6 1.OOE-03 0.4 0.11 0.058

Upper Backfill 30 L.OOE-04 0.37 0.24 0.136

Erosion Barrier 2  12 3.97E-04 0.06 0.056 0.052

Middle Backfill 12 1.OOE-04 0.37 0.24 0.136

Geotextile Filter -

Fabric 3

Upper Drainage 12 1.OOE-01 0.38 0.08 0.013
Layer 1

Upper GCL 0.2 4 5.OOE-09 5 0.75 6 0.747 6 0.40 6

Lower Backfill ' 58.57 1.OOE-04 0.37 0.24 0.136
(minimum)

Geotextile Filter - - -

Fabric 5

Lower Drainage 24 1.OOE-01 0.38 0.08 0.013
L a y e r 4 1_6_ _ _ 6 _0 6

Lower GCL 0.2 4 5.OOE-09 1 0.75 6 0.747 6 0.40 6
WSRC 2002

2 Phifer and Nelson 2003; The erosion barrier is assumed to consist of a one foot thick layer of 2-inch
to 6-inch granite stone whose voids are filled with a Controlled Low Strength Material (CLSM) or
flowable fill.
3 It is assumed that a geotextile filter fabric will be placed above the drainage layers to minimize the
infiltration of fines from the overlying layers into the drainage layer. However it is not necessary to
include the filter fabric in the HELP models.

USEPA 2001
GSE 2002

6 USEPA 1994a and USEPA 1994b

3.2 HELP Model and Generic Input Data

The Hydrologic Evaluation of Landfill Performance (HELP) model has been utilized to conduct the
evaluation of the impact of closure cap degradation upon infiltration for each bounding sensitivity
land use scenario (see Section 2.0) for the MSE vault closure cap (see Section 3.1). The HELP model
is a quasi-two-dimensional water balance model designed to conduct landfill water balance analyses.
The model requires the input of weather, soil, and design data. It provides estimates of runoff,
evapotranspiration, lateral drainage, vertical percolation (infiltration), hydraulic head, and water
storage for the evaluation of various landfill designs. Personnel. at the U.S. Army Engineer
Waterways Experiment Station in Vicksburg, Mississippi developed the HELP model, under an
interagency agreement with the U.S. Environmental Protection Agency (USEPA). HELP model
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Table 7.0-1. Base Case, Lower Bounding, and Upper Bounding Infiltration over Time

Lower Bounding Scenario Base Case Scenario Upper Bounding Scenario
Year Infiltration Year Infiltration Year Infiltration

(in/yr) (in/yr) (in/yr

0 0.36 0 0.36 0 0.36
100 0.41 100 0.41 100 0.43
300 0.55 300 3.05 154 0.42
550 0.80 550 7.90 300 0.56
1,000 1.75 1,000 12.04 550 1.22
1,800 5.05 1,800 13.76 602 1.37
3,400 6.46 3,400 14.03 802 16.12
5,600 6.44 5,600 14.08 1,000 19.46
10,000 6.40 10,000 14.09 1,800 21.32
280,0003 4.75 96,667 2 14.10 3,400 21.42

280,0003 18.12 5,600 21.13
10,000 20.05
38,254 18.60

1Infiltration through upper GCL
2 The year 96,667 is not a calculated value; it is an assumed value. It is assumed that infiltration
remains at 14.10 inches/year until the upper backfill erodes to the assumed evapotranspiration zone
depth of 22 inches in year 96,667. At that point it is assumed that infiltration increases linearly from
14.10 inches/year to the year 280,000 infiltration of 18.12 inches/year.
3 Infiltration at complete degradation of the closure cap
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Figure 7.0-1. Base Case, Lower Bounding, and Upper Bounding Infiltration over Time
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SECTION 1

INTRODUCTION

The Hydrologic Evaluation of Landfill Performance (HELP) computer program is a
quasi-two-dimensional hydrologic model of water movement across, into, through and out
of landfills. The model accepts weather, soil and design data, and uses solution
techniques that account for the effects of surface storage, snowmelt, runoff, infiltration,
evapotranspiration, vegetative growth, soil moisture storage, lateral subsurface drainage,
leachate recirculation, unsaturated vertical drainage, and leakage through soil,
geomembrane or composite liners. Landfill systems including various combinations of
vegetation, cover soils, waste cells, lateral drain layers, low permeability barrier soils, and
synthetic geomembrane liners may be modeled. The program was developed to conduct
water balance analysis of landfills, cover systems and solid waste disposal and
containment facilities. As such, the model facilitates rapid estimation of the amounts of
runoff, evapotranspiration, drainage, leachate collection and liner leakage that may be
expected to result from the operation of a wide variety of landfill designs. The primary
purpose of the model is to assist in, the comparison of design alternatives as judged by
their water balances. The model, applicable to open, partially closed, and fully closed
sites, is a tool for both designers and permit writers.

1.1 BACKGROUND

The HELP program, Versions 1, 2 and 3, was developed by the U.S. Army Engineer
Waterways Experiment Station (WES), Vicksburg, MS, for the U.S. Environmental
Protection Agency (EPA), Risk Reduction Engineering Laboratory, Cincinnati, OH, in
response to needs in the Resource Conservation and Recovery Act (RCRA) and the
Comprehensive Environmental Response, Compensation and Liability 'Act (CERCLA,
better known as Superfund) as identified by the EPA Office of Solid Waste, Washington,
DC.

HELP Version 1 (Schroeder et al., 1984) represented a major advance beyond the
Hydrologic Simulation on Solid Waste Disposal Sites (HSSWDS) program (Perrier and
Gibson, 1980; Schroeder and Gibson, 1982), which was also developed at WES. The
HSSWDS model simulated only the cover system, did not model lateral flow through
drainage layers, and handled vertical drainage only in a rudimentary manner. The
infiltration, percolation and evapotranspiration routines were almost identical to those used
in the Chemicals, Runoff, and Erosion from Agricultural Management Systems
(CREAMS) model, which was developed by Knisel (1980) for the U.S. Department of
Agriculture (USDA). The runoff and infiltration routines relied heavily on the Hydrology
Section of the National Engineering Handbook (USDA, Soil Conservation Service, 1985).
Version 1 of the HELP model incorporated a lateral subsurface drainage model and
improved unsaturated drainage and liner leakage models into the HSSWDS model. In
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addition, the HELP model provided simulation of the entire landfill including leachate
collection and liner systems.

Version 2 (Schroeder et al., 1988) represented a great enhancement of the capabilities
of the HELP model. The WGEN synthetic weather generator developed by the USDA
Agricultural Research Service (ARS) (Richardson and Wright, 1984) was added to the
model to yield daily values of precipitation, temperature and solar radiation. This
replaced the use of normal mean monthly temperature and solar radiation values and
improved the modeling of snow and evapotranspiration. Also, a vegetative growth model
from the Simulator for Water Resources in Rural Basins (SWRRB) model developed by
the ARS (Arnold et al., 1989) was merged into the HELP model to calculate daily leaf
area indices. Modeling of unsaturated hydraulic conductivity and flow and lateral
drainage computations were improved. Accuracy was increased with the use of double
precision. Default soil data were improved, and the model permitted use of more layers
and initialization of soil moisture content. Input and editing were simplified. Output was
clarified, and standard deviations were reported.

In Version 3, the HELP model has been greatly enhanced beyond Version 2. The
number of layers that can be modeled has been increased. The default soil/material
texture list has been expanded to contain additional waste materials, geomembranes,
geosynthetic drainage nets and compacted soils. The model also permits the use of a
user-built library of soil textures. Computation of leachate recirculation between soil
layers and groundwater drainage into the landfill have been added. Moreover, HELP
Version 3 accounts for leakage through geomembranes due to manufacturing defects
(pinholes) and installation defects (punctures, tears and seaming flaws) and by vapor
diffusion through the liner. The estimation of runoff from the surface of the landfill has
been improved to account for large landfill surface slopes and slope lengths. The
snowmelt model has been replaced with an energy-based model; the Priestly-Taylor
potential evapotranspiration model has been replaced with a Penman method,
incorporating wind and humidity effects as well as long wave radiation losses (heat loss
at night). A frozen soil model has been added to improve infiltration and runoff
predictions in cold regions. The unsaturated vertical drainage model has also been
improved to aid in storage computations. Input and editing have been further simplified
with interactive, full-screen, menu-driven input techniques.

In addition, the HELP Version 3 model provides a variety of methods for specifying
precipitation, temperature and solar radiation data. Now, data from the most commonly
available government and commercial sources can be imported easily. Moreover, data
used in HELP Version 2 can still be used with minimum user effort. Specifying weather
data manually and editing previously entered weather data can be easily done by using
built-in spreadsheet facilities.

The use of data files in Version .3 is much simpler and more convenient than HELP
Version 2 because data are saved permanently in user defined file names at a user-
specified location. Similarly, the user has more flexibility to define units for every type
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of data needed to run the HELP model. Finally, Version 3 of the HELP model provides
on-line help at every step of the data preparation process.

Although applicable to most landfill applications, the HELP model was developed
specifically to perform hazardous and municipal waste disposal landfill evaluations as
required by RCRA. Hazardous waste disposal landfills generally should have a liner to
prevent migration of waste from the landfill, a final cover to minimize the production of
leachate following closure, careful controls of runon and runoff, and limits on the buildup
of leachate head over the liner to no more than 1 ft. The HELP model is useful for
predicting the amounts of runoff, drainage, and leachate expected for reasonable designs
as well as the buildup of leachate above the liner. However, the model should not be
expected to produce credible results from input unrepresentative of landfills.

1.2 OVERVIEW

The principal purpose of this User's Guide is to provide the basic information needed
to use the computer program. Thus, while some attention must be given to definitions,
descriptions of variables and interpretation of results, only a minimal amount of such
information is provided. Detailed documentation providing in-depth coverage of the
theory and assumptions on which the model is based and the internal logic of the program
is also available (Schroeder et al., 1994). Potential HELP users are strongly encouraged
to study the documentation and this User's Guide before attempting to use the program
to evaluate a landfill design. Additional documentation concerning the sensitivity of
program inputs, application of the model and verification of model predictions are under
development.

1.3 SYSTEM AND OPERATING DOCUMENTATION

1.3.1 Computer Equipment

The model entitled "The Hydrologic Evaluation of Landfill Performance" (HELP) was
written to run on IBM-compatible personal computers (PC) under the DOS environment.

1.3.2 Required Hardware

The following IBM-compatible CPU (8088, 80286, 80386 or 80486) hardware is
required:

1. Monitor, preferably color EGA or better

2. Floppy disk drive (5.25-inch double-sided, double- or high-density; or 3.5-inch
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double-sided, double- or high-density)

3. Hard disk drive or a second floppy disk drive

4. 400k bytes or more of available RAM memory

5. 8087, 80287, 80387 or 80486 math co-processor

6. Printer, if a hard copy is desired

1.3.3 Software Requirements

The user must use Microsoft or compatible Disk Operating Systems (MS-DOS)
Version 2.10 or a higher version. The user interface executable module was compiled and
linked with Microsoft Basic Professional Development System 7.1. Other executable
components were compiled with the Ryan-McFarland FORTRAN Version 2.42. The
Microsoft Basic Professional Development System and Ryan-McFarland FORTRAN
compiler are not needed to run the HELP Model.

4



KK nT 1  T; (1)

j=1 K, 1  K

where
Ke = effective saturated hydraulic conductivity of combined liner
Te = effective thickness of combined liner
Tj = thickness of liner soil i
K1 = saturated hydraulic conductivity of liner soil i
n = number of liner soils in the combined liner

For computational purposes, the soil profile is partitioned into subprofiles.
Subprofiles are defined in relation to the location of the liners. The first (top) subprofile
shown on Figure 1 extends from the landfill surface to the bottom of the highest liner
system (bottom of the composite liner, Layer 4) upper barrier soil layer. The second
subprofile extends from the top of the layer (Layer 5) below the bottom of the first liner
system to the base of the second liner system (Layer 8). The third (bottom) subprofile
extends from the top of the layer below the second liner system (the leakage detection
drainage layer, Layer 9) to the base of the lowest liner (Layer 11). The program allows
up to five liner systems and, therefore, five subprofiles plus an additional subprofile of
vertical percolation layers below the bottom liner system. The program models the flow
of water through one subprofile at a time from top to bottom, with the percolation or
leakage from one subprofile serving as the inflow to the underlying subprofile.

3.5 SOIL CHARACTERISTICS

The user can assign soil characteristics to a layer using the default option, the user
defined soil option, or the manual option. Table 4 shows the defaultcharacteristics for
42 soil/material types. The soil texture types are classified according to two standard
systems, the U.S. Department of Agriculture textural classification system and the
Unified Soil Classification System. The default characteristics of types 1 through 15 are
typical of surficial and disturbed agricultural soils, which may be less consolidated and
more aerated than soils typically placed in landfills (Breazeale and McGeorge, 1949;
England, 1970; Lutton et al., 1979; Rawls et al., 1982). Clays and silts in landfills would
generally be compacted except within the vegetative layer, which might be tilled to
promote vegetative growth. Untilled vegetative layers may be more compacted than the
loams listed in Table 4. Soil texture types 22 through 29 are compacted soils. Type 18
is representative of typical municipal solid waste that has been compacted; type 19 is the
same waste but it accounts for 65 percent of the waste being in dead zones not

contributing to drainage and storage. Soil types 16 and 17 denote very well compacted
clay soils that might be used for barrier soil liners. The user assigns default soil
characteristics to a layer by specifying the appropriate number for the material type. The
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TABLE 4. DEFAULT SOIL, WASTE, AND GEOSYNTHETIC CHARACTERISTICS

Saturated
Classification Total Field Wilting Hydraulic

Porosity Capacity Point Conductivity

HELP USDA USCS vol/vol vol/vol vol/vol cm/sec

1 CoS SP 0.417 0.045 0.018 1.0xl0"2

2 S SW 0.437 0.062 0.024 5.8x 10-3.

3 FS SW 0.457 0.083 0.033 3.1 x 10-3

4 LS SM 0.437 0.105 0.047 1.7x 10-3

5 LFS SM 0.457 0.131 0.058 1.0x10-3

6 SL SM 0.453 0.190 0.085 7.2x104

7 FSL SM 0.473 0.222 .0.104 5.2x 104

8 L ML 0.463 0.232 0.116 3.7x 10-

9 SiL ML 0.501 0.284 0.135 1.9x 10'

10 SCL SC 0.398 0.244 0.136 1.2x10'

11 CL CL 0.464 0.310 0.187 6.4x 10

12 SiCL CL 0.471 0.342 0.210 4.2x10s'

13 SC SC 0.430 0.321 0.221 3.3x10-5

14 SiC CH 0.479 0.371 0.251 2.5x10"5

15 C CH 0.475 0.378 0.265 1.7x10-5

16 Barrier Soil 0.427 0.418 0.367 1.0xl0"7

17 Bentonite Mat (0.6 cm) 0.750 0.747 0.400 3.0x10 9

18 Municipal Waste
(900 lb/yd 3 or 312 kg/m3) 0.671 0.292 0.077 1.0x 10-3

19 Municipal Waste
(channeling and dead zones) 0.168 0.073 0.019 1.Ox 10-3

20 Drainage Net (0.5 cm) 0.850 0.010 0.005 1.0x10'1

21 Gravel 0.397 0.032 0.013 3.0x 10-'

22 L ML 0.419 0.307 0.180 1.9x 10"1

23 SiL* ML 0.461 0.360 0.203 9.0x10-

24 SCL* SC 0.365 0.305 0.202 2.7x 10-6

25 CL" CL 0.437 0.373 0.266 3.6x 10-6

26 SiCL" CL 0.445 0.393 0.277 1.9x10-6

27 SC* SC 0.400 0.366 0.288 7.8x 10 7

28 SiC* CH 0.452 0.411 0.311 1.2x10-6

29 C' CH 0.451 0.419 0.332 6.8x 10-7

30 Coal-Burning Electric Plant
Fly Ash' 0.541 0.187 0.047 5.0x10'

31 Coal-Burning Electric Plant
Bottom Ash* 0.578 0.076 0.025 4. x10 3

32 Municipal Incinerator
Fly Ash* 0.450 0.116 0.049 1.0xl0 2

33 Fine Copper Slag' 0.375 0.055 0.020 4.1x 10.2

34 Drainage Net (0.6 cm) 0.850 0.010 0.005 3.3x10'

*. Moderately Compacted (Continued)
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TABLE 4 (continued). DEFAULT SOIL, WASTE, AND GEOSYNTHETIC
CHARACTERISTICS

Saturated
Classification Total Field Wilting Hydraulic

Porosity Capacity Point Conductivity

HELP Geomembrane Material vol/vol vol/vol vol/vol cm/sec

35 High Density Polyethylene
(HDPE) 2.Ox 10-13

36 Low Density Polyethylene
(LDPE) 4.Ox 10-13

37 Polyvinyl Chloride (PVC) 2.0x 10"

38 Butyl Rubber 1.0x10"'2

39 Chlorinated Polyethylene
(CPE) 4.0x 10-12

40 Hypalon or Chlorosulfonated
Polyethylene (CSPE) 3.0x10' 2

41 Ethylene-Propylene Diene
MoNiomer (EPDM) 2.0x 10-12

42 Neoprene 3.0x 1012

(concluded)

user-defined soil option accepts non-default soil characteristics for layers assigned soil
type numbers greater than 42. This is especially convenient for specifying characteristics
of waste layers. User-specified soil characteristics can be assigned any soil type number
greater than 42.

When a default soil type is used to describe the top soil layer, the program adjusts
the saturated hydraulic conductivities of the soils in the top half of the evaporative zone
for the effects of root channels. The saturated hydraulic conductivity value is multiplied
by an empirical factor that is computed as a function of the user-specified maximum leaf
area index. Example values of this factor are 1.0 for a maximum LAI of 0 (bare ground),
1.8 for a maximum LAI of 1 (poor stand of grass), 3.0 for a maximum LAI of 2 (fair
stand of grass), 4.2 for a maximum LAI of 3.3 (good stand of grass) and 5.0 for a
maximum LAI of 5 (excellent stand of grass).

The manual option requires values for porosity, field capacity, wilting point, and
saturated hydraulic conductivity. These and related soil properties are defined below.

Soil Water Storage (Volumetric Content): the ratio of the volume of water in a soil
to-the total volume occupied by the soil, water and voids.

Total Porosity: the soil water storage/volumetric content at saturation (fraction of
total volume).
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Field Capacity: the soil water storage/volumetric content after a prolonged period
of gravity drainage from saturation corresponding to the soil water storage when a soil
exerts a soil suction of 1/3 bar.

Wilting Point: the lowest soil water storage/volumetric content that can be achieved
by plant transpiration or air-drying, that is the moisture content where a plant will
be. permanently wilted corresponding to the soil water storage when a soil exerts
a soil suction of 15 bars.

Saturated Hydraulic Conductivity: the rate at which water drains through a saturated
soil under a unit pressure gradient.

Porosity, field capacity and wilting point are all dimensionless numbers between 0
and 1. Porosity must be greater than field capacity, which in turn must be greater than
the wilting point. The wilting point must be greater than zero. The values for porosity,
field capacity and wilting point are not used for liners,, except for initializing the soil
water storage of liners to the porosity value.

The soil moisture retention properties of a layer should be adjusted downward if some
volume of the layer does not participate in the drainage and storage of infiltrated water.
This condition commonly exists in shallow layers of municipal solid waste because
municipal solid waste is very heterogeneous and poorly compacted. The plastics in the
waste also channels the drainage, limits the spreading of infiltration, and restricts the
wetting of the waste and, therefore, the storage. Default soil texture number 19 provides
adjusted retention values for a municipal solid waste with significant channeling; it
assumes that only 25 percent of the volume is actively involved in drainage and storage
of infiltration. As the values were computed by multiplying the values for municipal
solid waste (default texture number 18) by 0.25; the initial soil water content would also
be multiply by 0.25.

The HELP user has the option of specifying the initial volumetric water storage
(content) of all layers except liners. Liners are assumed to remain saturated at all times.
If the user chooses not to specify initial watercontents, the program estimates values near
steady-state and then runs one year of initialization to refine the estimates before starting
the simulation. The soil water contents at the end Of this year of initialization are taken
as the initial values for the simulation period. The program then runs the complete
simulation, starting again from the beginning of the first year of data. The results for the
initialization period are not reported. To improve initialization to steady-state moisture
storage, the user should replace thick vertical percolation and lateral drainage layers, that,
are below the evaporative zone and above the saturated zone above liners, with thin
layers. Then, run the simulation for a number of years until steady-state is approximated.
The final dimensionless water storage values after nearing steady-state should then be
specified as the initial water contents in your actual simulation using the true dimensions
of the layers.
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The initial moisture content of municipal solid waste is a function of the composition
of the waste; reported values for fresh wastes range from about 0.08 to 0.20 vol/vol. The
average value is about 0.12 vol/vol for compacted municipal solid waste. If using default
waste texture 19, where 75% of the volume is inactive, the initial moisture content should
be that of only the active portion, 25% of the values reported above.

The soil water storage or content used in the HELP model is on a per volume basis
(0), volume of water (Vw) per total (bulk--soil, water and air) soil volume (V1 = V, + V"
+ Vj), which is characteristic of practice in agronomy and soil physics. Engineers more
commonly express moisture content on a per mass basis (w), mass of water (Mw) per mass
of soil (Mi). The two can be related to each other by knowing the dry bulk density (Pdb),

dry bulk specific gravity (Fdb) of the soil (ratio of dry bulk density to water density (pw)),
wet bulk density (Pwb), wet bulk specific gravity (Fwb) of the soil (ratio of wet bulk
density to water density.

W =wP (2)
Pw

0 - w Pwb _ W rb (3)
S+w PW 1 +w

3.6 GEOMEMBRANE CHARACTERISTICS

The user can assign geomembrane liner characteristics (vapor diffusivity/saturated
hydraulic conductivity) to a layer using the default option, the user-defined soil option,
or the manual option. Saturated hydraulic conductivity for geomembranes is defined in
terms of its equivalence to the vapor diffusivity. The porosity, field capacity, wilting
point and intial moisture content are not needed for geomembranes. Table 4 shows the
default characteristics for 12 geomembrane liners. The user assigns default soil
characteristics to a layer simply by specifying the appropriate geomembrane liner texture
number. The user-defined option accepts user specified geomembrane liner characteristics
for layers assigned textures greater than 42. Manual geomembrane liner characteristics
can be assigned any texture greater thtan 42.

Regardless of the method of specifying the geomembrane "soil" characteristics, the
program also requires values for geomembrane liner thickness, pinhole density,
installation defect density, geomembrane placement quality, and the transmissivity of
geotextiles separating geomembranes and drainage limiting soils. These parameters are
defined below.

33



- f f

United States
Environmental Protection
Agency

Office of Research and
Development
Washington DC 20460

EPA/600/R-94/168b
September 1994

0EPA The Hydrologic
Evaluation of
Landfill Performance
(HELP) Model

Engineering
Documentation for'
Version 3



EPA/600/R.94/168b
September 1994

THE HYDROLOGIC EVALUATION OF LANDFILL
PERFORMANCE (HELP) MODEL

ENGINEERING DOCUMENTATION FOR VERSION 3

by

Paul R. Schroeder, Tamsen S. Dozier, Paul A. Zappi,
Bruce M. McEnroe, John W. Sjostrom and R. Lee Peyton

Environmental Laboratory
U.S. Army Corps of Engineers
Waterways Experiment Station

Vicksburg, MS 39180-6199

Interagency Agreement No. DW21931425

Project Officer

Robert E. Landreth
Waste Minimization, Destruction and Disposal Research Division

Risk Reduction Engineering Laboratory
Cincinnati, Ohio 45268

RISK REDUCTION ENGINEERING LABORATORY
OFFICE OF RESEARCH AND DEVELOPMENT
U.S. ENVIRONMENTAL PROTECTION AGENCY

CINCINNATI, OHIO 45268

v Printed on Recycled Paper



SECTION 1

PROGRAM IDENTIFICATION

PROGRAM TITLE: Hydrologic Evaluation of Landfill Performance (HELP) Model

WRITERS: Paul R. Schroeder,- Tamsen S. Dozier, John W. Sjostrom and Bruce M. McEnroe

ORGANIZATION: U.S. Army Corps of Engineers, Waterways Experiment Station (WES)

DATE: September 1994

UPDATE: None Version No.: 3.00

SOURCE LANGUAGE: The simulation code is written in ANSI FORTRAN 77 using Ryan-
McFarland Fortran Version 2.44 with assembly language and Spindrift Library extensions
for Ryan-McFarland Fortran to perform system calls, and screen operations. The user
interface is written in BASIC using Microsoft Basic Professional Development System
Version 7.1. Several of the user interface support routines are written in ANSI
FORTRAN 77 using Ryan-McFarland Fortran Version 2.44, including the synthetic
weather generator and the ASCII data import utilities.

HARDWARE: The model was written to run on IBM-compatible personal computers under the
DOS environment. The program requires an IBM-compatible 8088, 80286, 80386 or
80486-based CPU (preferably 80386 or 80486) with an 8087, 80287, 80387 or 80486
math co-processor. The computer system must have a monitor (preferably color EGA or
better), a 3.5- or 5.25-inch floppy disk drive (preferably 3.5-inch double-sided, high-
density), a hard disk drive with 6 MB of available storage, and 400k bytes or more of
available low level RAM. A printer is needed if a hard copy is desired.

AVAILABILITY: The source code and executable code for IBM-compatible personal
computers are available from the National Technical Information Service (NTIS). Limited
distribution immediately following the initial distribution will be available from the
USEPA Risk Reduction Engineering Laboratory, the USEPA Center for Environmental
Research Information and the USAE Waterways Experiment Station.
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ABSTRACT: The Hydrologic Evaluation of Landfill Performance (HELP) computer program
is a quasi-two-dimensional hydrologic model of water movement across, into, through and
out of landfills. The model accepts weather, soil and design data and uses solution
techniques that account for surface storage, snowmelt, runoff, infiltration, vegetative
growth, evapotranspiration, soil moisture storage, lateral subsurface drainage, leachate
recirculation, unsaturated vertical drainage, and leakage through soil, geomembrane or
composite liners. Landfill systems including combinations of vegetation, cover soils,
waste cells, lateral drain layers, barrier soils, and synthetic geomembrane liners may be
modeled. The program was developed to conduct water balance analyses of landfills,
cover systems, and solid waste disposal facilities. As such, the model facilitates rapid
estimation of the amounts of runoff, evapotranspiration, drainage, leachate collection, and
liner leakage that may be expected to result from the operation of a wide variety of
landfill designs. The primary purpose of the model is to assist in the comparison of
design alternatives as judged by their water balances. The model, applicable to open,
partially closed, and fully closed sites, is a tool for both designers and permit writers.

The HELP model uses many process descriptions that were previously developed,
reported in the literature, and used in other hydrologic models. The optional synthetic
weather generator is the WGEN model of the U.S. Department of Agriculture (USDA)
Agricultural Research Service (ARS) (Richardson and Wright, 1984). Runoff modeling
is based on the USDA Soil Conservation Service (SCS) curve.number method presented
in Section 4 of the National Engineering Handbook (USDA, SCS, 1985). Potential
evapotranspiration is modeled by a modified Penman method (Penman, 1963).
Evaporation from soil is modeled in the manner developed by Ritchie (1972) and used,
in various ARS models including the Simulator for Water Resources in Rural Basins
(SWRRB) (Arnold et al., 1989) and the Chemicals, Runoff, and Erosion from Agricultural
Management System (CREAMS) (Knisel, 1980). Plant transpiration is computed by the
Ritchie's (1972) method used in SWRRB and CREAMS. The vegetative growth model
was extracted from the SWRRB model. Evaporation of interception, snow and surface
water is based on an energy balance. Interception is modeled by the method proposed
by Horton (1919). Snowmelt modeling is based on the SNOW-17 routine of the National
Weather Service River Forecast System (NWSRFS) Snow Accumulation and Ablation
Model (Anderson, 1973). The frozen soil submodel is based on a routine used in the
CREAMS model (Knisel et al., 1985). Vertical drainage is modeled by Darcy's (1856)
law using the Campbell (1974) equation for unsaturated hydraulic conductivity based on
the Brooks-Corey (1.964) relationship. Saturated lateral drainage is modeled by an
analytical approximation to the steady-state solution of the Boussinesq equation
employing the Dupuit-Forchheimer (Forchheimer, 1930) assumptions. Leakage through
geomembranes is modeled by a series of equations based on the compilations by Giroud
et al. (1989, 1992). The processes are linked together in a sequential order starting at the
surface with a surface water balance; then evapotranspiration from the soil profile; and
finally drainage and water routing, starting at the surface with infiltration and then
proceeding downward through the landfill profile to the bottom. The solution procedure
is applied repetitively for each day as it simulates the water routing throughout the
simulation period.
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SOURCE LANGUAGE: The simulation code is written in ANSI FORTRAN 77 using Ryan-
McFarland Fortran Version 2.44 with assembly language and Spindrift Library extensions
for Ryan-McFarland Fortran to perform system calls, and screen operations. The user
interface is written in BASIC using Microsoft Basic Professional Development System
Version 7.1. Several of the user interface support routines are written in ANSI
FORTRAN 77 using Ryan-McFarland Fortran Version 2.44, including the synthetic
weather generator and the ASCII data import utilities.

HARDWARE: The model was written to run on IBM-compatible personal computers under the
DOS environment. The program requires an IBM-compatible 8088, 80286, 80386 or
80486-based CPU (preferably 80386 or 80486) with an 8087, 80287, 80387 or 80486
math co-processor. The computer system must have a monitor (preferably color EGA or
better), a 3.5- or 5.25-inch floppy disk drive (preferably 3.5-inch double-sided, high-
density), a hard disk drive with 6 MB of available storage, and 400k bytes or more of
available low level RAM. A printer is needed if a hard copy is desired.

AVAILABILITY: The source code and executable code for IBM-compatible personal
computers are available from the National Technical Information Service (NTIS). Limited
distribution immediately following the initial distribution will be available from the
USEPA Risk Reduction Engineering Laboratory, the USEPA Center for Environmental
Research Information and the USAE Waterways Experiment Station.
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ABSTRACT: The Hydrologic Evaluation of Landfill Performance (HELP) computer program
is a quasi-two-dimensional hydrologic model of water movement across, into, through and
out of landfills. The model accepts weather, soil and design data and uses solution
techniques that account for surface storage, snowmelt, runoff, infiltration, vegetative
growth, evapotranspiration, soil moisture storage, lateral subsurface drainage, leachate
recirculation, unsaturated vertical drainage, and leakage through soil, geomembrane or
composite liners. Landfill systems including combinations of vegetation, cover soils,
waste cells, lateral drain layers, barrier soils, and synthetic geomembrane liners may be
modeled. The program was developed to conduct water balance analyses of landfills,
cover systems, and solid waste disposal facilities. As such, the model facilitates rapid
estimation of the amounts of runoff, evapotranspiration, drainage, leachate collection, and
liner leakage that may be expected to result from the operation of a wide variety of
landfill designs. The primary purpose of the model is to assist in the comparison of
design alternatives as judged by their water balances. The model, applicable to open,
partially closed, and fully closed sites, is a tool for both designers and permit writers.

The HELP model uses many process descriptions that were previously developed,
reported in the literature, and used in other hydrologic models. The optional synthetic
weather generator is the WGEN model of the U.S. Department of Agriculture (USDA)
Agricultural Research Service (ARS) (Richardson and Wright, 1984). Runoff modeling
is based on the USDA Soil Conservation Service (SCS) curve number method presented
in Section 4 of the National Engineering Handbook (USDA, SCS, 1985). Potential
evapotranspiration is modeled by a modified Penman method (Penman, 1963).
Evaporation from soil is modeled in the manner developed by Ritchie (1972) and used
in various ARS models including the Simulator for Water Resources in Rural Basins
(SWRRB) (Arnold et al., 1989) and the Chemicals, Runoff, and Erosion from Agricultural
Management System (CREAMS) (Knisel, 1980). Plant transpiration is computed by the
Ritchie's (1972) method used in SWRRB and CREAMS. The vegetative growth model
was extracted from the SWRRB model. Evaporation of interception, snow and surface
water is based on an energy balance. Interception is modeled by the method proposed
by Horton (1919). Snowmelt modeling is based on the SNOW- 17 routine of the National
Weather Service River Forecast System (NWSRFS) Snow Accumulation and Ablation
Model (Anderson, 1973). The frozen soil submodel is based on a routine used in the
CREAMS model (Knisel et al., 1985). Vertical drainage is modeled by Darcy's (1856)
law using the Campbell (1974) equatiofn for unsaturated hydraulic conductivity based on
the Brooks-Corey (1964) relationship. Saturated lateral drainage is modeled by an
analytical approximation to the steady-state solution of the Boussinesq equation
employing the Dupuit-Forchheimer (Forchheimer, 1930) assumptions. Leakage through
geomembranes is modeled by a series of equations based on the compilations by Giroud
et al. (1989, 1992). The processes are linked together in a sequential order starting at the
surface with a surface water balance; then evapotranspiration from the soil profile; and
finally drainage and water routing, starting at the surface with infiltration and then
proceeding downward through the landfill profile to the bottom. The solution procedure
is applied repetitively for each day as it simulates the water routing throughout the
simulation period.
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SECTION 2

NARRATIVE DESCRIPTION

The HELP program, Versions 1, 2 and 3, was developed by the U.S. Army Engineer
Waterways Experiment Station (WES), Vicksburg, MS, for the U.S. Environmental
Protection Agency (EPA), Risk Reduction Engineering Laboratory, Cincinnati, OH, in
response to needs in the Resource Conservation and Recovery Act (RCRA) and the
Comprehensive Environmental Response, Compensation and Liability Act (CERCLA,
better known as Superfund) as identified by the EPA Office of Solid Waste, Washington,
DC. The primary purpose of the model is to assist in the comparison of landfill design
alternatives as judged by their water balances.

The Hydrologic Evaluation of Landfill Performance (HELP) model was developed
to help hazardous waste landfill designers and regulators evaluate the hydrologic
performance of proposed landfill designs. The model accepts weather, soil and design
data and uses solution techniques that account for the effects of surface storage,
snowmelt, runoff, infiltration, evapotranspiration, vegetative growth, soil moisture storage,
lateral subsurface drainage, leachate recirculation, unsaturated' vertical drainage, and
leakage through soil, geomembrane or composite liners. Landfill systems including
various combinations of vegetation, cover soils, waste cells, lateral drain layers, low
permeability barrier soils, and synthetic geomembrane liners may be modeled.- Results
are expressed as daily, monthly, annual and long-term average water budgets.

The HELP model is a quasi-two-dimensional, deterministic, water-routing model for
determining water balances. The model was adapted from the HSSWDS (Hydrologic
Simulation Model for Estimating Percolation at Solid Waste Disposal Sites) model of the
U.S. Environmental Protection Agency (Perrier and Gibson, 1980; Schroeder and Gibson,
1982), and various models of the U.S. Agricultural Research Service (ARS), including the
CREAMS (Chemical Runoff and Erosion from Agricultural Management Systems) model
(Knisel, 1980), the SWRRB (Simulator for Water Resources in Rural Basins) model
(Arnold et al., 1989), the SNOW-17 routine of the National Weather Service River
Forecast System (NWSRFS) Snow Accumulation and Ablation Model (Anderson, 1973),
and the WGEN synthetic weather generator (Richardson and Wright, 1984).

HELP Version 1 (Schroeder et al., 1984a and i984b) represented a major advance
beyond the HSSWDS program (Perrier and Gibson, 1980; Schroeder and Gibson, 1982),
which was also developed at WES. The HSSWDS model simulated only the cover
system, did not model lateral flow through drainage layers, and handled vertical drainage
only in a rudimentary manner. The infiltration, percolation and evapotranspiration
routines were almost identical to those used in the Chemicals, Runoff, and Erosion from
Agricultural Management Systems (CREAMS) model, which was 'developed by Knisel
(1980) for the U.S. Department of Agriculture (USDA). The runoff and infiltration
routines relied heavily on the Hydrology Section of the National Engineering Handbook
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(USDA, Soil Conservation Service, 1985). Version 1 of the HELP model incorporated
a lateral subsurface drainage model and improved unsaturated drainage and liner leakage
models into the HSSWDS model. In addition, the HELP model provided simulation of
the entire landfill including leachate collection and liner systems.

Version 1 of the HELP program was tested extensively using both field and
laboratory data. HELP Version 1 simulation results were compared to field data for
20 landfill cells from seven sites (Schroeder and Peyton, 1987a). The lateral drainage
component of HELP Version 1 was tested against experimental results from two large--
scale physical models of landfill liner/drain systems (Schroeder and Peyton, 1987b). The
results of these tests provided motivation for some of the improvements incorporated into
HELP Version 2.

Version 2 (Schroeder et al., 1988a and 1988b) presented a great enhancement of the
capabilities of the HELP model. The WGEN synthetic weather generator developed by
the USDA Agricultural Research Service (ARS) (Richardson and Wright, 1984) was
added to the model to yield daily values of precipitation, temperature and solar radiation.
This replaced the use of normal mean monthly temperature and solar radiation values and
improved the modeling of snow and evapotranspiration. Also, a vegetative growth model
from the Simulator for Water Resources in Rural Basins (SWRRB) model developed by
the ARS (Arnold et al., 1989) was merged into the HELP model to calculate daily leaf
area indices. Modeling of unsaturated hydraulic conductivity and flow and lateral
drainage computations were improved. Default soil data were improved, and the model
permitted use of more layers and initialization of soil moisture content.

In Version 3, the HELP model has been greatly enhanced beyond Version 2. The
number of layers that can be modeled has been increased. The default soil/material
texture list has been expanded to contain additional waste materials, geomembranes,
geosynthetic drainage nets and compacted soils. The model also permits the use of a
user-built library of soil textures. Computations of leachate recirculation and groundwater
drainage into the landfill have been added. Moreover, HELP Version 3 accounts for
leakage through geomembranes due to manufacturing defects (pinholes) and installation
defects (punctures, tears and seaming flaws) and by vapor diffusion through the liner
based on the equations compiled by Giroud et al. (1989, 1992). The estimation of runoff
from the surface of the landfill has been improved to account for large landfill surface
slopes and slope lengths. The snowmelt model has been replaced with an energy-based
model; the Priestly-Taylor potential evapotranspiration model has been replaced with a
Penman method, incorporating wind and humidity effects as well as long wave radiation
losses (heat loss at night). A frozen soil model has been added to improve infiltration and
runoff predictions in cold regions. The unsaturated vertical drainage model has also been
improved to aid in storage computations. Input and editing have been further simplified
with interactive, full-screen, menu-driven input techniques.

The HELP model requires daily climatologic data, soil characteristics, and design
specifications to perform the analysis. Daily rainfall data may be input by the user,

4



generated stochastically, or taken from the model's historical data base. The model
contains parameters for generating synthetic precipitation for 139 U.S. cities. The
historical data base contains five years of daily precipitation data for 102 U.S. cities.
Daily temperature and solar radiation data are generated stochastically or may be input
by the user. Necessary soil data include porosity, field capacity, wilting point, saturated
hydraulic conductivity, and Soil Conservation Service (SCS) runoff curve number for
antecedent moisture condition II.L The model contains default soil characteristics for 42
material types for use when measurements or site-specific estimates are not available.
Design specifications include such things as the slope and maximum drainage distance
for lateral drainage layers, layer thicknesses, leachate recirculation procedure, surface
cover characteristics and information on any geomembranes.

Figure 1 is adefinition sketch for a somewhat typical closed hazardous waste landfill
profile. The top portion of the profile (layers I through 4) is the cap or cover.' The
bottom portion of the landfill is a double liner system (layers 6 through 11), in this case
composed of a geomembrane liner and a composite liner. Immediately above the bottom
composite liner is a leakage detection drainage layer to collect leakage from the primary
liner, in this case, a geomembrane. Above the primary liner are a geosynthetic drainage
net and a sand layer that serve as drainage layers for leachate collection. The drain layers
composed of sand are typically at least 1-ft thick and have suitably spaced perforated or
open joint drain pipe embedded below the surface of the liner. The leachate collection
drainage layer serves to collect any leachate that may percolate through the waste layers.
In this case where the liner is solely a geomembrane, a drainage net may be used to
rapidly drain leachate from the liner, avoiding a significant buildup of head and limiting
leakage. The liners are sloped to prevent ponding by encouraging leachate to flow toward
the drains. The net effects are that very little leachate should leak through the primary
liner and virtually no migration of leachate through the bottom composite liner to the
natural formations below. Taken as a whole, the drainage layers, geomembrane liners,
and barrier soil liners may be referred to as the leachate collection and removal system
(drain/liner system) and more specifically a double liner system.

Figure 1 shows eleven layers--four in the cover or cap, one as the waste layers, three
in the primary leachate collection and removal system (drain/liner system) and three in
the secondary leachate collection and removal system (leakage detection). These eleven
layers comprise three subprofiles or modeling units. A subprofile consists of all layers
between (and including) the landfill surface and the bottom of the top liner system,
between the bottom of one liner system and the bottom of the next lower liner system,
or between the bottom of the lowest liner system and the bottom of the lowest soil layer
modeled. In the sketch, the top subprofile contains the cover layers, the middle subprofile
contains the waste, drain and liner system for leachate collection, and. the bottomsubprofile contains the drain and liner system for leakage detection. Six subprofiles in
a single landfill profile may be simulated by the model.
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The layers in the landfill are typed by the hydraulic function that they perform. Four
types are of layers are available: vertical percolation layers, lateral drainage layers,
barrier soil liners and geomembrane liners. These layer types are illustrated in Figure 1 L
The topsoil and waste layers are generally vertical percolation layers. Sand layers above
liners are typically lateral drainage layers; compacted clay layers are typically barrier soil
liners. Geomembranes are typed as geomembrane liners. Composite liners are modeled
as two layers. Geotextiles are not considered as layers unless they perform a unique
hydraulic function.

Flow in a vertical percolation layer (e.g., layers 1 and 5 in Figure 1) is either
downward due to gravity drainage or extracted by evapotranspiration. Unsaturated
vertical drainage is assumed to occur by gravity drainage whenever the soil moisture is
greater than the field capacity (greater than the wilting point for soils in the evaporative
zone) or when the soil suction of the layer' below the vertical percolation layer is greater
than the soil suction in the vertical percolation layer. The rate of gravity drainage
(percolation) in a vertical percolation layer is assumed to be a function of the soil
moisture storage and largely independent of conditions in adjacent layers. The rate can
be restricted when the layer below is saturated and drains slower than the vertical
percolation layer. Layers, whose primary hydraulic function is to provide storage of
moisture and detention of drainage, should normally be designated as vertical percolation
layers. Waste layers and layers designed to support vegetation should be designated as
vertical percolation layers, unless the layers provide lateral drainage to collection systems.

Lateral drainage layers (e.g., layers 2, 6, 7 and 9 in Figure 1) are layers that promote
lateral drainage to collection systems at or below the surface of liner systems. Vertical
drainage in a lateral drainage layer is modeled in the same manner as for a vertical
percolation layer, but saturated lateral drainage is allowed. The saturated hydraulic
conductivity of a lateral drainage layer generally should be greater than 1 x 10' cm/sec
for significant lateral drainage to occur. A lateral drainage layer may be underlain by
only a liner or another lateral drainage layer. The slope of the bottom of. the layer may
vary from 0 to 40 percent.

Barrier soil liners (e.g., layers 4 and 11 in Figure 1) are intended to restrict vertical
flow. These layers should have hydraulic conductivities substantially lower than those
of the other types of layers, typically below 1 x 10-6 cm/sec. The program allows only
downward flow in barrier soil liners. Thus, any water moving into a liner will eventually
percolate through it. The leakage (percolation) rate depends upon the depth of
water-saturated soil (head) above the base of the layer, the thickness of the liner and the
saturated hydraulic conductivity of the barrier soil. Leakage occurs whenever the.
moisture content of the layer above the liner is greater than the field capacity of the layer.
The program assumes that barrier soil liner is permanently saturated and that its properties
do not change with time.

Geomembrane liners (e.g., layers 3, 8 and 10 in Figure 1) are layers of nearly
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impermeable material that restricts significant leakage to small areas around defects.
Leakage (percolation) is computed to be the result from three sources: vapor diffusion,
manufacturing flaws (pinholes) and installation defects (punctures,'cracks, tears and-bad
seams). Leakage by vapor diffusion is computed to occur across the entire area of the
liner as a function of the head on the surface of the liner, the thickness of the
geomembrane and its vapor diffusivity. Leakage through pinholes and installation defects
is computed in two steps. First, the area of soil or material contributing to leakage is
computed as a function of head on the liner, size of hole and the saturated hydraulic
conductivity of the soils or materials adjacent to the geomembrane liner. Second, the rate
of leakage in the wetted area is computed as a function of the head, thickness of soil and
membrane and the saturated hydraulic conductivity of the soils or materials adjacent to
the geomembrane liner.
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correlation coefficients were found to be negligible. The elements of the A and B matri-
ces are therefore treated as constants.

3.3 MOISTURE RETENTION AND HYDRAULIC CONDUCTIVITY PARAMETERS

The HELP program requires values for the total porosity, field capacity, wilting point,
and saturated hydraulic conductivity of each layer that is not a liner. Saturated hydraulic
conductivity is required for all liners. Values for these parameters can be specified by
the user or selected from a list of default values provided in the HELP program. The
values are used to compute moisture storage, unsaturated vertical drainage, head on liners
and soil water evaporation.

3.3.1 Moisture Retention Parameters

Relative moisture retention or storage used in the HELP model differs from the water
contents typically used by engineers. The soil water storage or content used in the HELP
model is on a per volume basis (0), volume of water (Vw,) per total (bulk--soil, water and
air) soil volume (V, = V, + V±, V+), which is characteristic of practice in agronomy and
soil physics. Engineers more commonly express moisture content on a per mass basis
(w), mass of water (Mw) per mass of soil (MA). The two can be related to each other by
knowing the dry bulk density (Pdb) and water density (pw), the dry bulk specific gravity
(Fdb) of the soil (ratio of dry bulk density to water density), (0 = w • Fdb), or the wet bulk
density (Pwb), wet bulk specific gravity (Fwb) of the soil (ratio of wet bulk density to water
density), (0 = [w " Fwb] / [1 + w]).

Total porosity is an effective value, defined as the volumetric water content (volume
of water per total volume) when the pores contributing to change in moisture storage are
at saturation. Total porosity can be used to describe the volume of active pore space
present in soil or waste layers. Field capacity is the volumetric water content at a soil
water suction of 0.33 bars or remaining after a prolonged period of gravity drainage
without additional water supply. Wilting point is the volumetric water content at a
suction of 15 bars or the lowest volumetric water content that can be achieved by plant
transpiration (See Section 4.11). These moisture retention parameters are used to define
moisture storage and relative unsaturated hydraulic conductivity. r

The HELP program requires that the wilting point be greater than zero but less than
the field capacity. The field capacity must be greater than the wilting point and less than
the porosity. Total porosity must be greater than the field capacity but less than 1. The
general relation among moisture retention paramefers and soil texture class is shown in
Figure 2.

The HELP user can specify the initial volumetric water contents of all non-liner
layers. Soil liners are assumed to remain saturated at all times. If initial water contents
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Figure 2. Relation Among Moisture Retention Parameters and Soil Texture Class

are not specified, the program assumes values near the steady-state values (allowing no
long-term change in moisture storage) and runs a year of simulation to initialize the
moisture contents closer to steady state.. The soil water contents at the end of this year
are substituted as the initial values for the simulation period. The program then runs the
complete simulation, starting again from the beginning of the first year of data. The
results of the volumetric water content initialization period are not reported in the output.

3,3.2 Unsaturated Hydraulic Conductivity

Darcy's constant of proportionality governing flow through porous media is known
quantitatively as hydraulic conductivity or coefficient of permeability and qualitatively as
permeability. Hydraulic conductivity is a function of media properties, such as particle
size, void ratio, composition, fabric, degree of saturation, and the kinematic viscosity of
the fluid moving through the media. The HELP program uses the saturated and
unsaturated hydraulic conductivities of soil and waste layers to compute vertical drainage,
lateral drainage and soil liner percolation. The vapor diffusivity for geomembranes is
specified as a saturated hydraulic conductivity to compute leakage through geomembranes
by vapor diffusion.

13



TABLE 1. DEFAULT LOW DENSITY SOIL CHARACTERISTICS

Soil Texture Class Total Field Wilting Saturated

Porosity Capacity Point Hydraulict
HELP USDA USCS vol/vol vol/vol vol/vol Conductivity

cm/sec

1 CoS SP 0.417 0.045 0.018 1.0x10 2

2 S SW 0.437 0.062 0.024 5.8x10-3

3 FS SW 0.457 0.083 0.033 3.1x10-3

4 LS SM 0.437 0.105 0.047 1.7x10-3

5 LFS SM 0.457 0.131 0.058 1.0xl0 3

6 SL SM 0.453 0.190 0.085 7.2x10 4

7 FSL SM 0.473 0.222 0.104 5.2x10-4

8 L ML 0.463 0.232 0.116 3.7x10 4

9 SiL ML 0.501 0.284 0.135 1.9x10-4

10 SCL SC 0.398 0.244 0.136 1.2x10-4

11 CL CL 0.464 0.310 0.187 6.4x10-5

12 SiCL CL 0.471 0.342 0.210 4.2x10-5

13 SC SC 0.430 0.321 0.221 3.3x10-5

14 SiC CH 0.479 0.371 0.251 2.5x10 5

15 C CH 0.475 0.378 0.251 2.5x10-5

21 G GP 0.397 0.032 0.013 3.0x10'-

a = constant representing the effects of various
fluid constants and gravity, 21 cm 3/sec

0) = total porosity, vol/vol

0 r = residual volumetric water content, vol/vol

Wb = bubbling pressure, cm

= pore-size distribution index, dimensionless

A more detailed explanation of Equation 11 can be found in Appendix A of the HELP
program Version 3 User's Guide and the cited references.
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TABLE 2. MODERATE AND HIGH DENSITY DEFAULT SOILS

Saturated

Soil Texture Class Total Field Wilting Hydraulic
- ~Porosity Capacity Point Hyrui

HELP USDA USCS Poros Capacit Point ConductivityVol/Vol Vol/Vol Vol/Vol cm/sec

22 L ML 0.419 0.307 0.180 1.9x10 5

(Moderate)

23 SiL ML 0.461 0.360 0.203 9.0x10 6

(Moderate)

24 SCL SC 0.365 .0.305 0.202 2.7x10-6

(Moderate)

25 CL CL 0.437 0.373 0.266 3.6x10-6

(Moderate)

26 SiCL CL 0.445 0.393 0.277 1.9x10-6

(Moderate)

27 SC SC 0.400 0.366 0.288 7.8x10'
(Moderate)

28 SiC CH 0.452 0.411 0.311 1.2x10-6

(Moderate)

29 C CH 0.451 0.419 0.332 6.8x10-7

(Moderate)

16 Liner Soil 0.427 0.418 0.367 1.0x10-7

(High)

17 Bentonite 0.750 0.747 0.400 3.0x10 9

(High)

3.5.2 Default Waste Characteristics

Table 4 provides a summary of default moisture retention values for various waste
layers. Municipal waste properties provided in Tchobanoglous et al. (1.977) and Equations
6 and 7 were used to determine the total porosity, field capacity, and wilting point of a
well compacted municipal waste. The field capacity and wilting point were calculated
using Tchobanoglous et al.'s high and low water content values, respectively. Oweis et
al. (1990) provided information on the in-situ saturated hydraulic conductivity of
municipal waste. Zeiss and Major (1993) described the moisture flow through
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2.0 SALTSTONE HELP MODEL ANALYSIS

2.1 Executive Summary

Hydrologic Evaluation of Landfill Performance modeling (hereafter referred to as HELP
modeling) has been performed to demonstrate the equivalency of the SDF to a C3L with respect
to percolation leakage out the facility bottom. This modeling consisted of both a relative
performance evaluation and a sensitivity analysis. Within the relative performance evaluation,
selected SDF and C3L scenarios and associated material properties judged to be most reasonable
were evaluated utilizing the HELP model. Within the sensitivity analysis, additional SDF and
C3L scenarios with selected material and material property modifications were evaluated utilizing
the HELP model in order to provide additional assurance associated with the results of the
relative performance evaluation. To summarize results, both the relative performance evaluation
and sensitivity analysis clearly demonstrated that the performance of the SDF is equivalent to or
better than a C3L. Additionally, it was shown that the saltstone waste form itself is very effective
in minimizing percolation leakage out of the disposal facility. Therefore, it is concluded .that the
SDF containing saltstone waste is equivalent to or better than a C3L in minimizing percolation.

2.2 Introduction

As part of the Saltstone Design Equivalency Demonstration, SCDHEC requested that
performance of the SDF relative to that of a C3L be evaluated. SCDHEC further requested that
this relative performance evaluation be based upon a comparison of the percolation out the
bottom of each facility type as estimated by the HELP Model. Fig. 2-1 provides a generalized
comparison of a Class 3 Landfill and final cover to that of the Saltstone Disposal Facility and
final cover.

The C3L design is prescribed by the South Carolina Code of Regulations Chapter 61-107.16
Solid Waste Management: Industrial Solid Waste Landfills (SC 2000). The primary objectives of
the C3L prescriptive design are as follows:

* to minimize water percolation into the waste layer, and

" to collect and treat any leachate formed in the waste layer.

The design of the SDF is a risk based design as required by USDOE Order 435.1, Radioactive
Waste Management (USDOE 1999a) and the companion USDOE Manual 435.1-1, Radioactive
Waste Management Manual (USDOE 1999b). The primary SDF design objectives for risk
management are as follows:

* to minimize water percolation into the Saltstone waste form, and

" to minimize leachate production and provide a controlled leachate release, through the
production of a low permeability waste form that of itself limits percolation into the waste
and leachate release from the waste.

While both the C3L prescriptive design and the SDF risk based design try to minimize water
percolation into the waste, they differ significantly in their leachate management philosophy. The
C3L relies on the collection and treatment of leachate; whereas, the SDF relies on the
minimization of leachate production and its controlled release. The C3L design requires long-
term active management of leachate; whereas, SDF does not require such long-term active
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4.6 Lower Drainage Layer

Previous undocumented PORFLOW modeling has indicated that water could build up on top of the
vault, due to the low permeability of the vault roof and the inadequate thickness of the overlying
drainage layer particularly as the drainage layer silts-in over time (see Section 5.3). Such a build up
increases the hydraulic head, which is the driving force for flow of water through the vault. To
minimize build up of water on top of the vault the following changes to the closure cap configuration
were made:

* The lower drainage layer thickness was increased from 6 inches to 2 feet,

" A 3-foot wide vertical drainage layer was added along the sides of the vaults, and

* A 5-foot-thick by 10-foot-long drainage layer was added at the base of the vaults.

All three of these layers are interconnected in order to route water off the vault top along the vault
sides to the soil layer below the vaults.

4.7 Closure Cap Configuration Summary and Intact Infiltration

The following are the changes that have been made to the closure cap configuration from that
described within the current PA, Closure Plan, and PA Intruder Special Analysis (MMES 1992; Cook
et al. 2000; Cook et al. 2002a) as outlined in Section 2.0:

* The kaolin hydraulic barriers have been replaced with GCLs (see Section 4.1).

* The drainage system configuration has been revised from that depicted in Figure 4.2-1 to that of
Figure 4.2-2. This decreases the slope lengths from a maximum of 600 feet to 300 feet over the
vaults. The Figure 4.2-2 configuration has a crest down the centerline of each row of vaults and
drainage is directed to the perimeter of the entire disposal area and between the two rows of
vaults. (see Section 4.2)

" An erosion barrier separate from and above the upper drainage layer has been added. The erosion
barrier is one-foot thick and consists of 2-inch to 6-inch granite stone with a d5 0 (i.e. median size)
of 4 inches. (see Section 4.3)

" A twelve-inch-thick backfill layer has been added between the erosion barrier and the upper

'drainage layer.

" The 3-meter-thick grout layer has been replaced with 3 meters of soil materials.

* The lower drainage layer thickness has been increased from 6 inches to 2 feet, a 3-foot wide
vertical drainage layer has been added along the sides of the vaults, and a 5-foot-thick by 10-foot-
long drainage layer has been added at the base of the vaults.

Figure 4.7-1 and Table 4.7-1 present the resulting SDF GCL closure cap configuration. Table 4.7-1
also includes the associated HELP Model soil input data. Additional HELP model input change from
the previous modeling include:

* The landfill area modeled has been modified to conform to the Figure 4.2-2 drainage layer
configuration as shown in Figure 4.7-1. The area modeled has been changed 350-foot by 250-
foot, which results in a surface area of 87,500 feet squared or 2.009 acres.

The surface slope length has been changed to 350 feet as shown in Figure 4.7-1. This change
results in a HELP model computed curve number of 55.20.

* The slope length of the upper drainage layer has been changed to 350 feet.

* The slope length of the lower drainage layer has been changed to 250 feet.
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The initial moisture storage has been specified as done in Section 4.1.

HELP modeling of the Table 4.7-1 intact SDF GCL closure cap configuration has been performed as
outlined above. Based upon this modeling the infiltration through the upper GCL has been estimated
to be 0.29 inches per year for intact conditions. The following appendix provides the detailed HELP
model, input data and output file for the intact condition:

* Appendix 0, Intact SDF GCL Closure Cap (0 Years): HELP Model Input Data and Output File
(output file name: ZGCLIout.OUT)
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Figure 4.7-1. SDF GCL Closure Cap Configuration
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Table 4.7-1. Intact SDF GCL Closure Cap Configuration and HELP Model Required Soil
Property Data

Layer Thickness Saturated Total Field Wilting Point
(inches) Hydraulic Porosity Capacity (Vol/Vol)

Conductivity (Vol/Vol) (Vol/Vol)
(cm/sec)

Topsoil 6 1.OOE-03 0.4 0.11 0.058
Upper Backfill 30 1.OOE-04 0.37 0.24 0.136
Erosion Barrier 12 3.97E-04 0.06 0.056 0.052
Middle Backfill 12 6 1.OOE-04 0.37 0.24 0.136

Geotextile Filter - - -

Fabric 5

Upper Drainage 12 1.OOE-01 0.38 0.08 0.013
Layer 1
Upper GCL 0.2 5.OOE-093 0.75 4 0.747 4 0.40 4

Lower Backfill l 58.65 6 1.OOE-04 0.37 0.24 0.136
Geotextile Filter - - - -

Fabric 5
Lower Drainage 24 6 1.OOE-01 0.38 0.08 0.013
L ayer 1 09 2_3

Lower GCL 0.2 5.OOE-09 2 0.75 3 0.747.3 0.403

WSRC 2002

2 See Section 4.3

3 GSE 2002

4 USEPA 1994a and USEPA 1994b

5 It is assumed that a geotextile filter fabric will be placed above the drainage layers to minimize the
infiltration of fines from the overlying layers into the drainage layer. However it is not necessary to
include the filter fabric in the HELP models.
6 The 39.37 inches (1 m) of clean grout immediately above the vault roof was replaced with 12 inches

of.Middle Backfill, 9.37 inches of Lower Backfill, and 18 inches of lower drainage layer.
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Deep roots have a diameter of 3 inches in the top foot of soil and taper with depth to 0.25 inches at
depth. These roots will be maintained over the life of the tree and exhibit little turnover prior to death.
They will enlarge with yearly growth, similar to branches, although anatomically different and at a
slower rate. Smaller trees, which are suppressed and die, will not establish deep roots in excess of 4 to
5 feet, and primarily only 1 or 2 such roots. Hard layers and water-saturated layers will slow root
penetration. A continuous water surface will stop elongation. Hard layers will eventually be
penetrated.

Decomposition of roots near the ground surface should occur fairly quickly due to better
microclimate for microbial populations than at depth. Decomposition of roots at depth will be fairly
slow, depending on the soil environment and aeration. It is assumed that it will take 25 years for the
decomposition of intermediate depth roots and 30 years at depth due to the soil environment. Some
shrinkage of the deep toots may occur at depth and provide a channel for water or sediment
movement along the surface. Very rapid yearly turnover of fine roots and feeder roots occurs in the
soil, although these are primarily in the top 18 inches of soil and will not go vertically with any
intensity or longevity.

Based upon this discussion the following assumptions are made relative to the succession of bamboo
by a pine forest for this evaluation:

0 200 years after the end of institutional control it is assumed that the entire cap is dominated by
pine.

* Complete turnover of the 400 mature trees per acre occurs every 100 years (in a staggered
manner).

* There are 400 mature trees per acre with 4 roots to 6 feet and 1 root to 12 feet. The roots are 3
inches in diameter at a depth of 1 foot and 0.25 inches in diameter at either 6 or 12 feet,
whichever is applicable.

5.2 Erosion

The topsoil and upper backfill layers, which are located above the erosion barrier, are subject to
erosion. For the institutional control to pine forest land use scenario, it is assumed that the closure cap
will be vegetated with bamboo during the institutional control period, with a combination of bamboo
and pine trees for 200 years immediately following the institutional control period, and with a pine
forest thereafter. The projected erosion rate for both the topsoil and upper backfill layers has been
determined utilizing the Universal Soil Loss Equation (Horton and Wilhite 1978; Goldman et al.
1986). The Universal Soil Loss Equation is expressed as:

A = R xKxLS x CxP (Eq. 5.2-1)

where

A = soil loss (tons/acre/year)

R = rainfall erosion index (100 ft-toniacre per in/hr)

K = soil erodibility factor, tons/acre per unit of R

LS = slope length and steepness factor, dimensionless

C = vegetative cover factor, dimensionless

P = erosion control practice factor, dimensionless

The erosion rate for the SRP Burial Grounds (i.e. current SRS E-Area) was previously estimated and
documented by Horton and Wilhite (1978) as provided in Table 5.2-1.
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Table 5.2-1. Previous SRP Burial Grounds Estimated Erosion Rate (Horton and Wilhite 1978)

Parameter Value Utilized Comment
R 260
K 0.28 Dothan subsoil
LS 0.67 1000 foot long 2% slope
C 0.001 Natural successional forest
P 1 No supporting practices
A (soil loss) 0.05 tons/acre/year
A (soil loss) 0.0007 cm/year Assuming dry bulk density of

1.6 g/cm 3

The following are estimated parameter values based upon Horton and Wilhite 1978 and Goldman et
al. 1986:

* From Figure 5.2 of Goldman et al. (1986), R is slightly greater than 250 but significantly less than
300 100 ft-ton/acre per in/hr. Therefore will utilize the Horton and Wilhite 1978 R value of 260
100 ft-ton/acre per in/hr

* From Figure 5.6 of Goldman et al. (1986):

If topsoil is assumed to consist of 70% sand, 25% silt, and 5% clay, K equals 0.28 tons/acre
per unit of R.

If backfill is assumed to consist of 70% sand, 20% silt, and 10% clay, K equals 0.20 tons/acre
per unit of R.

" With a slope length of 350 feet (see Figure 4.2-2) and a slope of 3% the LS value equals 0.40 as
determined from Table 5.5 of Goldman et al. (1986).

* Will assume that both bamboo and a pine forest, have C values of a natural successional forest,
therefore the C value equals 0.001 as utilized by Horton and Wilhite (1978).

* No supporting practices are associated with. the closure cap therefore P equals 1.

Based upon the Universal Soil Loss Equation and the parameter values listed above the following are
the estimated soil losses:

Topsoil with a natural successional forest has an estimated soil loss of 0.0291 tons/acre/year
(A=- 260 x 0.28 x 0.40 x 0.001 x 1 ). Based upon the dry bulk density the estimated soil loss can
be. converted toa loss in terms of depth of loss per year. From Jones and Phifer (2002), the dry
bulk density of topsoil was taken as 90 lbs/ft3 . Topsoil with a natural successional forest has an
estimated depth of soil loss of approximately 1.8E-04 inches/year

0.0291 tons / acre / year x 2000 lbs / ton x 12 inches / foot.
43560 ft2 /acrex9O lbs/f!t3

Backfill with a natural successional forest has an estimated soil loss of 0.0208 tons/acre/year
( A = 260 x 0.20 x 0.40 x 0.001 x I). Based upon the dry bulk density the estimated soil loss can
be converted to a loss in terms of depth of loss per year. From Jones and Phifer (2002), the dry
bulk density of backfill was taken as 104 lbs/ft3. Backfill with a natural successional forest has an
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estimated depth of soil loss of approximately 1.1 E-04 inches/year

(Loss = 0.0208 tons / acre / year x 2000 lbs / ton x 12 inches / foot.)-
43560 ft2 / acre x 104 lbs /ft 3

The previous estimated erosion rate of 0.0007 cm/year (2.8E-04 inches/year) for the SRP Burial
Grounds (Horton and Wilhite 1978) compares well with the current estimates for the SDF closure cap
of 1.8E-04 and 1.1 E-04 inches/year for topsoil and backfill, respectively. The primary difference in
input between the two estimates is associated with the site-specific slopes and slope lengths.

5.3 Colloidal Clay Migration

It is assumed that colloidal clay migrates from overlying backfill layers and accumulates in the
drainage layers reducing the saturated hydraulic conductivity of the drainage layers over time. The
clay minerals (in order of predominance) at SRS are shown in Table 5.3-1 along with the percentage
range of the clay mineral fraction and typical range in particle size for each. Colloids can be mineral
grains such as clays, which have particle sizes between 0.01 and 10 ýtm (Looney and Falta 2000).
Colloidal clay can exist in groundwater in concentrations up to 63 mg/L as measured by suspended
solids (Puls and Powell 1991). Based upon this information and the previous assumption, it will be
assumed that water flux driven colloidal clay migration at a concentration of 63 mg/L occurs from
overlying backfill layers to the drainage layers. It will be further assumed that the colloidal clay
accumulates in the drainage layer from the bottom up filling the void space of the drainage layer with
clay at a density of 1.1 g/cm 3 (Hillel 1982). These assumptions- are analogous to the formation of the
B soil horizon as documented in the soil science literature. Clay translocation is a very slow process
where discrete clay particles are washed out in slightly acidic conditions and deposited lower in the
soil profile (McRae 1988). Evidence has been found that the B-horizon where the translocated clay is
deposited may form at a rate of 10 inches per 5,000 years (Buol et al. 1973).

Table 5.3-1. SRS Clay Minerals

Clay Mineral Percentage Range of the Clay Typical Particle Size Range 2

Mineral Fraction (gm)
(%)

Kaolinite 62.6 to 98.8 0.1 to 4
Vermiculite 0.7 to 34.3 0.1 to 2
Illite 0 to 7.1 0.1 to 2

Looney et al. (1990), Table 6.31

2 Mitchell (1993)

5.4 Closure Cap Degradation Summary

Base upon the assumed closure cap degradation mechanisms, pine forest succession, erosion, and
colloidal clay migration, an assumed, degradation scenario has been assumed for each layer as
outlined in Table 5.4-1. These degradation scenarios form the basis for modifying the thickness and
hydraulic properties of each layer over time. This information will be utilized in section 6.0 to
determine infiltration though the upper GCL over time..
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Table 5.4-1. SDF GCL Closure Cap Layer Degradation Scenarios

Layer Degradation Scenario
Vegetation Bamboo is maintained during the 100-year institutional control period, pine trees begin

to encroach upon the bamboo at the end of institutional control, and a pine forest
covers the cap 200 years after the end of institutional control.

Topsoil Topsoil erosion occurs at 1.8E-04 inches per year.
Upper Backfill Backfill erosion occurs at 1.1 E-04 inches per years, after the topsoil layer has been

depleted.
Erosion Control Maintenance during institutional control period prevents degradation of the erosion
Barrier control barrier. However pine forest succession and associated root penetration results

in holes through the erosion control barrier. This does not impact its ability to function
as an erosion barrier, however it allows the overlying backfill to fill the holes left after
the roots decompose.

Middle Backfill Colloidal clay migration from the 1-foot-thick middle backfill to the underlying 1-foot-
thick upper drainage layer causes the saturated hydraulic conductivity to increase over
time.

Geotextile Filter For purposes of colloidal clay migration into the underlying drainage layer the
Fabric geotextile filter fabric is assumed to be ineffective over the time period under

consideration.
Upper Drainage Colloidal clay migration from the overlying 1-foot-thick backfill into the 1-foot-thick
Layer upper drainage layer causes the saturated hydraulic conductivity to decrease over time.
Upper GCL Maintenance during institutional control period prevents degradation of the upper

GCL. However pine forest succession and associated root penetration results in holes
through the GCL. This allows the overlying drainage layer to fill the holes after the
roots decompose.

Lower Backfill None. While it is assumed that colloidal clay migration from this layer to the
underlying lower drainage layer occurs, it is also assumed that the thickness of the
lower backfill layer (almost 5-foot) relative to the lower drainage layer (2-foot)
prevents the quantity of clay loss necessary to change the hydraulic properties of the
lower backfill.

Geotextile Filter For purposes of colloidal clay migration into the underlying drainage layer the
Fabric geotextile filter fabric is assumed to be ineffective over the time period under

consideration.
Lower Drainage Colloidal clay migration from the overlying -5-foot-thick lower backfill into the 1-
Layer foot-thick lower drainage layer reduces its saturated hydraulic conductivity over time.
Lower GCL None. Pine tree roots do not penetration to a sufficient enough depth to impact

this layer. Additionally the underlying concrete vault roof along with the GCL
produces a hard layer and continuous water saturation within and above these
layers so that root elongation is stopped.

Side Vertical None, until the vault base drainage layer has been filled with colloidal clay.
Drainage Layer 1
Vault Base . Colloidal clay migrates from the overlying -30-foot-thick backfill into the 5-foot-thick
Drainage Layer ' drainage layer reduces its saturated hydraulic conductivity over time.

These layers are not included in the HELP model for determination ofthe infiltration through the upper GCL.

However.their degradation properties will be included in the subsequent PORFLOW vadose zone modeling.
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Appendix K, Erosion Barrier Sizing and Material Properties

The erosion barrier has been sized based upon the maximum precipitation event for a 10,000-year return
period. The maximum precipitation event for a 10,000-year return period is 3.3 inches over a 15-minute
accumulation period (Table XIX from Weber et al. (1998)). The figure below shows that the maximum
drainage length is 350 feet over a 200-footwide vault.

76000

75500

t
0z

75000

74500 +-

66500 67000 67500 68000

SRS East (ft)

Determine the maximum flow (Q in ft3/s) resulting from the 3.3-inch over a 15-minute accumulation period
rainfall event:

To be conservative it has been assumed that all rainfall results in runoff and that there is no lag period
due to the 350-foot flow path (that is all the rainfall over the entire area immediately becomes discharge
out the end of the area).

(P/12 in/ft) x(350'x 200')
D1 6m/ h (360 s0 , where P - precipitation in inches and D = duration in hoursDx60 min/lhrx6Oslmfin

Q 1.62- ,where P =3.3 inches and D =15 minutes =0.25 hoursD

Q =1.62 33 ft 3 /s over a 200-foot width
0.25
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Q = 21.4 ft 3 /s, over a 200-foot width

Determine the approximate depth of flow using Manning's equation (Clark et al. 1977):

V- 1.49 R23 SY2, whereV = velocity, fps; n = coefficient of roughness;
n

R = hydraulic radius, ft; and S = slope

V = A' where V = velocity, ft/s; Q = flow, ft3/s; A area, f

Q 21.4 ft3 /s, over a 200-foot width (i.e. b)

A = bd, where b = width, ft; d = depth, ft

A =200d ft2

insert values:

V 21..4 ft 3 /s 200d ft 2

Assume the use of 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches. From
Figure 7.29 of Goldman (1986): n = 0.033

R = A/wetted perimeter = A/(b + 2d)

R = 200d/(200 + 2d)

3% slope (see Section 2.0): S = 0.03

insert'values:

2
21.4 1.49 ( 200d Y3 1

200d 0.033 200+2d (0.03)

0.0137 =d. 
2 0 0 d Y3

Given d 0.0137
0.1 0.0215
0.08 0.0148
0.075 0.0133
0.076 0.0136

d=0.076

Determine if the use of a 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches is satisfactory
to perform as an erosion barrier for a. 10,000-year return period, maximum precipitation event:

b/d = 200'/0.076' = 2632, therefore bid > 50.

From Figure 7.30 of Goldman (1986): Since the bid > 50 then the P/R is greater than 60.
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From Figure 7.31 of Goldman (1986): With a slope (S) of 0.03, a flow (Q) of 21.4 ft3/s, and a P/R > 60,
the minimum d50 of the stone must be approximately 3 inches.

Therefore the use of a 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches is
satisfactory to perform as an erosion barrier for a 10,000-year return period, maximum precipitation
event.

The selection of the 2-inch to 6-inch granite stone as an erosion barrier is also satisfactory versus Figure
C-3 of Logan 1997.

Based upon NCSU 1991 the 2-inch to 6-inch granite stone is a common sized erosion control stone. NCSU
1991 also indicates the minimum thickness of the erosion control stone must be 1.5 times the maximum
stone diameter. That is the thickness must be at least 9 inches for a maximum 6-inch stone. A 12-inch
thickness of 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches will be utilized as the
erosion barrier.

Determine the combined soil material properties for the 2-inch to 6-inch granite stone filled with CLSM or
Flowable Fill:

The porosity of the 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches is taken as
0.397 based upon the porosity of poorly graded gravel from USEPA 1994a and USEPA 1994b.

Typical CLSM or Flowable Fill properties based upon a May 8, 2003 personal conversation with
Christine A. Langton:

Typical CLSM consists of sand with a porosity of 30%, with the pore space filled with 50% porosity
binder and has a saturated hydraulic conductivity of 1.OE-03 cm/s.

Based upon this information the following are the assumed properties of the CLSM:
Property Property Value*
Saturated Hydraulic Conductivity 1.OE-03 cm/s
Porosity 0.30 x 0.50 = 0.15
Field Capacity 0.14
Wilting Point 1 0.13
Field capacity is assumed to be 0.01 less than the porosity, and the wilting point is assumed

-" to be 0.01 less than the field capacity based upon the porosity-wilting point-field capacity
relationship of the clean grout and. concrete vault roof and floor, which like the CLSM uses
cement as the binder.

The matrix of an individual granite stone itself is considered impermeable and non-porous. The porosity
of a layer of granite stone is considered to be 0.397. When the granite stone porosity is filled with
CLSM, the resultiint hydraulic properties, which are area or volume based, become that of the CLSM
times the granite stone porosity. The resultant hydraulic properties are shown below:

Property Property Value
Saturated Hydraulic Conductivity 1.OE-03 cm/s x 0.397 = 3.97E-04 cm/s
Porosity 0.15 x 0.397 = 0.06
Field Capacity 0.14 x 0.397 = 0.056
Wilting Point' 0.13 x 0.397 = 0.052
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The currently active vault (Vault #4) has the dimensions of approximately 200 feet wide, -by 600
feet in length, by 26 feet in height. The vault is divided into 12 cells, with each cell measuring
approximately 100 ft. x 100 ft. The vault is covered with a sloped, permanent roof that has a
minimum thickness of 4 inches, and a minimum slope of 0.24 inches/foot. The vault walls are
approximately 1.5 feet thick, with the base mat having a thickness of 2 feet. Operationally, the
cell of the vault will be filled to a height of approximately 25 feet with Saltstone, and then a layer
of uncontaminated grout, with an average thickness of 2 feet, will be poured to fill in the space
between the Saltstone and the sloped roof. Figure 1-1 is an aerial view of Vaults 1 and 4.

1.2 SDF Closure Concept

One of the key performance objectives of any closure of a waste disposal site is to limit moisture
flux through the waste minimizing contamination of surface runoff and underlying groundwater.
Because the SDF is designed as a controlled release facility, proper closure to meet the objective
of limiting moisture through the Waste will be an integral part of long-term acceptability of the
disposal site. Because backfilling around the vaults and final closure of the SDF will be delayed
for several years, a detailed closure design has not been fully developed for the SDF. Thus, an
integral part of the SDF SA required that a closure concept be described and subsequently tested
in models that simulate the performance characteristics of the proposed closure concept.

1.2.1 Physical Description of the SDF Closure Concept

The closure concept developed is illustrated in Figure 1-2. After an individual vault cell is filled
with Saltstone, interim closure will be performed which consists of the placement of a 16-inch
(0.41 m) clean grout layer between the Saltstone and the overlying concrete roof. Final closure
will occur when all Saltstone vaults are filled, and will consist of the placement of a closure cap
over all of the vaults. This will be followed by a 100-year period of institutional control, as
described in Phifer and Nelson, 2003.

Final closure of the SDF will be accomplished by constructing a drainage system and
revegetating the site. The drainage system will consist of a system of rip-rap lined ditches that
intercept the gravel layer of the moisture barrier. These ditches will divert surface runoff and
water intercepted by the moisture barrier away from the disposal site. The drainage ditches will
be constructed between rows of vaults and around the perimeter of the SDF.

The topsoil will be revegetated with bamboo, A study conducted by the USDA Soil Conservation
Service (Cook and Salvo 1992) has shown that two species of bamboo (Phyllostachys bissetii and
Phyllostachys rubromarginata) will quickly establish a dense ground cover which will prevent the
growth of pine trees, the most deeply rooted naturally occurring plant type at SRS. Bamboo is the
shallow-rooted climax species which evapotranspirates year-around in the SRS climate removing
a large amount of moisture from the soil and decreasing the infiltration into the underlying
disposal system.

1.3 EXISTING VAULT 4 WASTE INVENTORY

The current radionuclide inventory in Vault 4 is given in Table 1-1.
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Topsoil
Backfill
Erosion Barrier
Backfill
Upper Drainage

Layer
Upper GCL

Figure 1-2. SDF Closure Cap Configuration
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cost, and need for permanence. Calculate velocity and depth of flow as described
in Chap. 4. Common lining materials include:

* Earth

" Rock

• Grass

" Grass and rock combination

" Fabric

* Pavement

7.7a Unlined Channels

Table 7.1 lists the maximum permissible velocities in unlined channels according
to soil type. Generally, sandy, noncohesive soils tend to be very erodible, mix-
tures of sand, clay, and colloids are moderately erodible, and large-grained
gravel, clay, and silt mixtures are erosion-resistant.

Channels with slopes less than 3 percent may remain unlined; but unless the
channel is a small swale, a lining is advisable if the channel is expected to serve
throughout an entire season. Figure 7.28 shows an unlined diversion that became
a deep channel in the course of an average rainy season.

.~-

N

7.7b Rock Linings
Fig. 7.28

Gravel or rock is the simplest kind of lining. Rock linings can be made to with-
stand most velocities if the proper size of rock is selected. Basically, the sequence
of construction is to place a filter layer on the soil and then place a layer of riprap
on top of the filter layer. The filter layer is important to prevent soil movement
out through the riprap, which would result in the settling and eventual failure of
the lining. The filter may be a special filter cloth or properly graded layers of
sand and gravel.

Sample Design Procedure to Determine Stone Size for
Riprap-Lined Channels (14)

The design procedure for riprap-lined channels is adapted from the National'
Cooperative Highway Research Program Report No. 108, entitled Tentative
Design Procedure for Riprap-Lined Channels (14). It is based on the tractive
force method and covers the design of riprap in two basic channel shapes: trap-
ezoidal and triangular.

Note: This procedure is for uniform flow in channels and is not to be used for
design of riprap energy dissipators. See Sec. 7.8 for design guidelines for outlet
protection and energy dissipators.

The procedure is based on the assumption that the channel is already
designed and the remaining problem is to determine the riprap size that would

be stable in the chann,
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Fig. 7.28 Eroding swale/dike; lining is needed.

ps can be made to with-
Basically, the sequence
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and eventual failure of
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be stable in the channel. The designer first determines the channel dimensions
by the use of Manning's equation. The n value for use in Manning's equation is
determined by first estimating a riprap size and then determining the corre-
sponding n value for the riprapped channel from Fig. 7.29.
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1. Calculate the bottom width-to-depth (bid) ratio and enter Fig. 7.30 to find
the ratio PIR of the wetted perimeter to the hydraulic radius.

d is not to be used for
2 guidelines for outlet

2. Enter Fig. 7.31 with the channel bottom slope Sb, Q, and PIR to find the
median riprap diameter dso for straight channels. (By definition, 50 percent
by weight of a rock mixture is greater than or less than the dao size.)

3. Enter Fig. 7.29 to find the actual n value corresponding to the d60 from step
2. If the estimated and actual n values are not in reasonable agreement,
another trial must be made. Recalculate the channel size by assuming a larger
or smaller riprap, as appropriate, assign a new n value from Fig. 7.29, and
return to step 1.

be channel is already
riprap size that would
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Fig. 7.29 Manning's n value for riprap-lined channels. (14)

4. For channels with bends, calculate the ratio BJRo, where B, is the channel
surface width and R. is the radius of the bend. Enter Fig. 7.32 and find the
bend factor Fs Multiply the do for straight channels by the bend factor to
determine the riprap size to be used in bends. If the d6o for the bend is leos
than 1.1 times the d4o for the straight channel, then the size for the straight
channel may be used in the bend. Otherwise, the larger stone size calculated
for the bend should be used. The riprap should extend across the full channel
section and extend upstream and downstream from the ends of the bend a
distance equal to 5 times the bottom width.

5. Enter Fig. 7.33 to determine the maximum stable side slope of the riprap
surface. Fig. 7.31 Median ripr

90 I '
8 0 . .... . .
70 1 P wetted perimeter--

60z hydraulic radius

50-

230 _ - - -, "

-2P0 R Z3 • , - ,

C

2.0

1.5-

Fs=

1.0
0.0

2 3 4 5 6 7 8910
b/d

Fig. 7.30 Relation of PJR.to BID. in trapezoidal channels. (14)
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Fig. 7.33 Maximum riprap side slope for given riprap size. (14)

TRIANGULAR CHANNILS

1. Enter Fig. 7.34 with Sb, Q, and Z and find the median riprap diameter dso for
straight channels.

2. Enter Fig. 7.29 to find the actual n value. If the estimated and actual'n values
are not in reasonable agreement, another trial must be made.

3. For channels with bends, see step 4 under "Trapezoidal Channels."

Since temporary drainage channels on construction sites are generally small
ditches with flows of less than 1 fW/sec (0.028 m3/sec), Fig. 7.35 was developed
as a handy riprap sizing chart for them. Figure 7.35 was derived from Fig. 7.34.

When writing plan specifications, specify stones 1.5 times the d6o as the max-
imum stone size in the mixture. The thickness of the riprap layer should be 1.5
times the maximum stone size, but not less than 6 in (15 cm). Freeboard should
be added to the channel depth and should not be less than 0.2 times the depth
of flow or 0.3 ft (9 cm), whichever is greater.

EXAMPLE 7.3 Rlprap Channel Lining Design Calculation (14)

Given: Trapezoidal channel with
Q - 75 ft3/sec (1.2 m3/sec)
Sb - 0.01 ft/ft (m/m)
z - 2.5:1
Mean bend radius R. - 25 ft (7.6 m)

Fig. 7.34 Median ri

E

C.

:E

C

V

.9

Fig. 7.35 R
of I ft'/sec (0
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sated and actual n values
be made.

,idal Channels."

Fig. 7.34 Median riprap diameter for straight triangular channels. (14)

sites are generally small
Fig. 7.35 was developed

a derived from Fig. 7.34.
times the dso as the max-
iprap layer should be 1.5
'5 cm). Freeboard should
than 0.2 times the depth

ation (14)
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Fig. 7.35 Riprap sizing guide for lining triangular channels with flows
of I ft'/sec (0.028 m'/sec) or less; assumes 2:1 side slopes.
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n = 0.033 estimated and used to design the channel to find that b - 6 ft (1.8 m) and
. d = 1.8 ft (0.55 m)I

The type of rock available is crushed stone.

Find: Riprap size for straight and bend sections of channeL

Solution.: Straight channel reach.
bid - 6 ft/1.8 ft - 3.3 (1.8 m/0.55 m - 3.3)
From Fig. 7.30, P/R - 13.0
From Fig. 7.31. dw - 3.4 in (8.6 cm)
From Fig. 7.29, n (actual) - 0.032, which is reasonably close to the estimated n of

0.033
Maximum riprap size - 1.5(3.4 in) = 5.1 in [1.5(8.6 cm) - 12.9 cm]
Riprap thickness- 1.5(6.1 in) - 7.7 in [1.5(12.9 cm) - 19.4 cmr

Use S ain (13 cm) as riprap size and 8 in (20 cmn) as riprap layer thickness.
Channel bend

B. - b + 2 zd

- 6 ft + 2(2.5)(1.8 ft) [1.8 m + 2(2.5)(0.55 m)J

- l5ft (4.6 m)

B1R. - 15 ft/25 ft - 0.6 (4.6 m/7.6 m - 0.6)

From Fig. 7.32, F9 - 1.33. Since Fs is greater than 1.1, the bend factor must be used.
The riprap size in bend d5o - (3.4 in)(1.33) = 4.52 in 1(8.6 cm)(1.33) - 11.4 cm]
Maximum riprap size in bend - 1.5(4.62 in) - 6.78 in (.5(11.4 cm) - 17.1 cm)

18.9 cm)
Riprap thickness - 10.2 in (25.9 cm)
Use 7.8 in (18 cm) for riprap size and 10 in (25 cm) for riprap layer thickness.
The heavier riprap for the bend should extend upstream and downstream from the

ends of the bend a distance of 5 times the bottom width, or 5 X 6 ft - 30 ft (9.1 in).
Figure 7.33 shows that the riprap for both dee - 3.4 in (8.6 cm) and d~o - 4.52 in (11.4
cm) will be stable on a 3:1 side slope.

Freeboard = 0.2(1.8 ft) - 0.36 ft [0.2(0.66 m) - 0.11 m]; therefore, minimum free-
board is 0.36 ft (0.11 in). Use 0.4 ft (0.12 in).

Channel depth should be 1.8•ft + 0.4 ft - 2.2 ft (0.5 in + 0.12 m - 0.67 m)
Note: The cross-sectional area for this channel is 19 ft' (1.8 m2) at a full flow of 100

it3/sec (2.8 m2/sec). This produces a calculated water velocity of 5.2 ft/sec (1.6 m/sec).
By Table 7.1, this velocity is permissible for unlined, aged channels of certain soil types.
Why do we need the riprap? Because experimental data as reported in Fig. 7.36 shows
that unlined channels have a maximum permissible depth of flow, which is exceeded in
this example.

Temporary Rock Lining

The use of riprap larger than drain rock as a temporary erosion control measure
is seldom seen because of the high cost of transporting rock. Riprap is more often
used as outlet protection for the permanent storm drain system.

To save on cost, riprap can be used to line only critical sections of a waterway
such as bends. Caution should be exercised to ensure that erosion will not occur
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Fig. 7.36 Maximum permissible depth of flow for unlined (bare soil) channels. (17)

at the boundary between lined and unlined sections of channel. Proper instal-
lation, with rock laid flush with the unlined channel bottom, is required.

As a lining for temporary swales, dikes, and waterbars on roadways, gravel
without a filter layer can be used. The following guidelines should apply. Where
the channel slope is 1 to 5 percent and the maximum flow velocity from the 10-
year-frequency storm exceeds the maximum permissible velocity for the soil type
(see Table 7.1), line the flow area with coarse aggregate [2- to 3-in (5- to 8-cm)
stone] pressed into the soil in a layer at least 6 in (15 cm) thick. Extend the lining
up the sides of the dike or swale to a height of at least 8 in (20 cm) measured
vertically. The lining should cover the entire flow area. If the drainageway is to
serve more than 30 days, a filter layer should be used.

7.7e Vegetative Linings

Temporary and permanent waterways can be lined with grass; Sec. 7.5c contains
channel design guidelines. Descriptions of various grass tyjes and specifications
for installing grass linings are provided in Chap. 6. Grassed waterways are best
suited to level or gently sloping terrain. Because grassed waterways have lower
velocities than paved channels, they generate lower peak flows. Thus, they can
serve as an important part of a storm water management system. Grassed water-
ways may be designed to resemble natural creeks and thus enhance the appear-
ance of a development. In addition, fewer outlet erosion- problems are likely to
occur from grassed waterways. In developments where land is available to meet
their additional space requirements, grassed waterways should be seriously con-
sidered as an alternative to permanent paved channels or underground pipes.
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Design Depth "d"
in Feet

Max. Size. - ".D"7 5

7.5% of the Rock
in. Inches

slope "so
of Drain

in %

3.0

2.5-

2.0--_

d -

1.5

1.0 -

0.9 -

0.8 -

0.7-

0.6-

0.5

0.4--

100.0

50.0--
40.0

30.0
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d .

S. 5.0.%

D7 5 3 7.9in.
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-- 4,C

- 3.C

-- 2KC;
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- 1.0

- 0.5

- 0.4

- 0.3

2.0-

0.5-
0.4-

0.3-

0.2 -

0.3 -

0.2 -

EXAMPLE: "d" = 1.0 Feet "S" = 5%
Place straight edge at ".d" value in Design Depth column and at "S" value in Slope
column. Read rock size in middle column 7.9 inches. Say 8 inches.

FOR DESIGN:
25% of the rock by volume should be in sizes of 8 inches or slightly larger. The remain-
ing 75% or less should be of well graded material, smaller than 8 inches, including
sufficient sands and gravels to fill the voids between the larger rock.

Figure C-3. - Determination of rock size for stone center waterway.
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ý RIPRAP

Purpose To protect slopes. streambanks, channels, or areas subject to erosion

by wave action (Figure 6.15a).

Figure 6.1Sa

Riprap provides
,immedlate protec-

tlion of disturbed
slopes.

Minimum
Requirements

• Stone: hard, angular. weatber-resistant; specific gravity at least 2.5.

* Gradation: well-graded stone, 50% by weight larger than the specified

d.The largest stones should not exceed 1.5 times thO do specified

(Table 6.1Sa).
• Filter: heavy-duty filter fabric of aggregat layer As specified in the

plan is required under all permanel t riprap installations.

" Slope: 2:1 or flatter, unless approved in plan.

• Thickness: 1.5 times th maximum stme diameter, minimum, or as

specified in the plan.

&.15.1



Riprap

Riprap Erosion Control Stone
Table 6.15a

NC DOT Classes
of Riprap and

Erosion Control
Stone

Class 1
5 to 200 lb

30% shall weigh
a minimum of
60 lb each

No more than
10% shall weigh
less than 15 Ib
bach

Class 2 Class A
25 to 250 lb 2' to 6'

Class B
5' to 15'

60% shall weigh
a minimum of
100 lb each

No more than
5% shall weigh
less than 50 lb
each

10% tolerance
top and bottom
sizes

Equally
distributed,
no gradation
specified

Equally
distributed.
no gradation
specified

Source: NC Aggregates Association

Installation

Subgrade
Preparation

Remove brush, trees, stumps, and other objectionable materials. -

Excavate deep enough for both filter and riprap. Compact any fill material
to the density of surrounding undisturbed soil,

NOTE: Over-eicavation to allow for riprap and filter increases the amount
of spoil considerably (reference Practice 6.31. Riprap-tined Channels).

Cut a keyway in stable material at base of slope to reinforce the toe. Keyway
depth should be 1.5 times the design thickness of riprap and should extend
a horizontal distance equal to the design thickness (Figure 6.15b).

Filter Install synthetic filter fabric or a sand/gravel filter on subgrade asspecified
in plans.

0
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6.15

* Synthetk filter fabrk-Plce filter fabric on a smooth foundation.
Overlap edges at least 12 inches, with anchor pins spaced every 3 ft
along overlap. For large stones, a 4-inch layer of sand may be needed
to protect filtercloth.

* Sand/gravel filter-Spread well-graded aggregate in a uniform layer
to the required thickness (6 inches m mimun). Iftwo or more layer are
specified, place the layer of smaller stones first and avoid mixing the
layers.

Stone Place riprap immediately after installing filter.
Placement Ins r t f thickness in one oparation. Do not dump through

chutes or use any method that causes segregation of stone sizes. Avoid
dislodging or damaging underlying filter material when placing stone.

If fabric is damaged, remove riprap and repair fabric by adding another
layer, overlapping the damaged area by 12 inches.

Place smaller stones in voids to form a dense, uniform, weU-graded mass.
Selective loading at the quarry and some hand placement may be necessary
to obtain an even distribution of stone sizes.

Figure 6.18b
Rlprap slope

protection. --

'I

Smooth /

under flfter

T
min

KeAw ay. -

too of slope
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Riprap

Blend the stone surface smoothly with the surrounding area allowing no
protrusions or overfall (Figurc 6.15c).

V-shaped Riprap Channel

Smoothly

* Finished channel
cross-section

Subgrade
excavation

Filter fabric
or aggregate filter

Figure 6.15c Placement of channel rtprap.

Common
Trouble

Points

* Excavation not deep enough-- -riprap blocLs channel, resulting in ero-
sion along edges.

* Slope too stecp,--rcsults in stone displacement. Do not use riprap as
i retaining wall.

" Foundation not properly smoothed for filter placementý-results in
damage to filter;

* Filter omitted or danaged--results in piping or slumping (Figure
6.15d).

0
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6.15

0,

Figure 6.15d
Slumping of rtprap

where filter is
omitted.

'! ý

0
i Riprap not properly graded-results in stone movement and erosion

of foundation.

I Foundation toe not properly reinfor, ed--esults in undercut riprap
slope or slumping.

* Fill slopes not properly compacted before placing riprap-cesults in
stone displacemenL

Maintenance Inspect periodically for displaced stones, slumping, and erosion at edges,
especially downstream or downslope. Properly designed and installed
riprap usually requires very little maintenance if repaired promptly.

6.15.5
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RESPONSE TO RAI COMMENT 26
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ACRI 2002 Excerpt enclosed following response Chapter 1, section 1.1
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2.1, Figure 2.2, Section A.2.1
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(WSRC-TR-2003-00436) 5.0 and 6.0, Section 7.0 and Appendix K
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applicable are enclosed following the response.
4. Other

APPROVED for Release for
Unlimited (Release to Public)

7/14/2005



!LOWI
a software tool for muftiphase fluid flow, heat
and mass transport In fractured porous media

USER'S MANUAL

VERSION 5.0
Rev:5

@ANALYTIC & COMPUTATIONAL RESEARCH, INC. 1985-2002

ALL RIGHTS RESERVED

1931 Shadella Road, Bel Air, CA 90077, USA * 01-310471-3023 9 FAX: 01-310-471.0797 *---- ----
Cinklnnatl, 04 513-7948"6 . Sophia Antipoles, France e 3342 ?5 00 o * o New Detl. India



Ih
Ii

NOTIFICATION OF COPYRIGHT

The PORFLOWTM software package, including this
documentation, is a proprietary product of Analytic &

Computational Research, Inc. (ACRI) and is protected
by the U.S. and International copyright laws. One copy
of this software may be made for backup or archival
purposes unless multiple copies are permitted under a
specific contractual agreement with ACRi. Copyright
laws prohibit making additional copies of this software
for any other reason. Duplication of the written

materials accompanying this software is prohibited
without the expressed written consent of ACRI.
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PORFLOWO OVERVIEW & INTRODUCTION
POF rW OVRVE &ITR-CTO

CHAPTER 1
OVERVIEW AND INTRODUCTION

PORFLOW TM is a software tool for solution of multi-phase fluid flow,
heat transfer, and mass transport problems in variably saturated
porous or fractured media. It is a highly flexible, modular, and user-
oriented software package. Due to the modular nature of PORFLOWTM
the user may readily customize the software for specific needs.

The software employs the FREEFORM TM command language and

acrSHELLTM GUI pre-processor to provide a flexible, simple to use,
and format-free user-interface. It interfaces with the acrVIZUALIZERTM

and acrPLOTTM post-processors to display the computed results as a
variety of graphical images. The software is written in a mix of
FORTRAN, C, C++, JAVA and HTML languages and is essentially
independent of any specific platform.

This document describes Version 4.00, which can be operated on a

broad range of micro, mini, main frame and super computers. An
outline of the theory, a complete description of the input and output
options, and examples of its use are given In the following chapters.

The theory on which the software is based is described in more detail
by publications listed in the REFERENCES section and APPENDIX A

of this manual. This chapter describes the various capabilities and
applications of PORFLOW TM .

©ACRI -21- PORFLOW User's GuIde
©DACRI - 21 - PORFLOW User's Guide



PORFLOW© OVERVIEW & INTRODUCTION

1.1 OVERVIEW OF CAPABILITIES

The PORFLOWTu software package is a comprehensive mathematical model for simulation of multi-phase
fluid flow, heat transfer, and mass transport processes In variably saturated porous and fractured media. A
sophisticated pre-processor allows the user to communicate with the software through the conversational,
FREEFORMTm command language developed by Analytic and Computational Research, Inc. (ACRI) of Los
Angeles, California. This language Is described in detail In Appendix B. The pre-processor Is designed to
allow control of data Input and output through sknple, format-free, English-like commands. Only a few input
commands need to be frequently used and. In the absence of specification by the user, built-in default
values are assumed; this enables a newcomer to use PORFLOW"* easily without extensive training.

PORFLOW" can be used to simulate transient or steady state problems in Cartesian or cylindrical
geometry. The geologic medium may be anisolropic and heterogenous, and may contain distinct embedded
elements such as, discrete fractures or boreholes within a porous matrix. It provides a unified theoretical
treatment of concepts relevant to fluid flow and transport. The physical processes incorporated In the
software are shown in Figure 1.1.1. As can be seen from this figure. various levels of interaction and
coupling occur between the different components of the flow system. In the PORFLOWym software
package, these components may be employed In either a coupled or uncoupled mode. Some of the
Important features are:

> Cartesian or cylindrical, structured or unstructured geometry
> Transient or steady state simulation
> Option to add new variables and arbitrary number of transport equations
> Option to solve any or all of the governing equations
> Dynamic coupling between flow, heat and mass transport
> Powerful built-in library functions for Input of physics. of the problem
> Arbitrary user-defined functions for problem specification
> Horizontal or vertical cross-sections
> Saturated, Variably saturated, free surface mult-phase flow
> Dynamically active liquid-solid and liquid-vapor phase change
> Inhomogeneouso anisotropic and time-dependent properties
> Inherently mass-conservative numerical method
> Inclusion of buoyancy effects due to density variations
> Alternate algorithms for changes in the media properties
> Time-dependent options for physical input
> Format-free, conversational input with built-in default values
> Flexible operational and output control
> Choice of 'basis functions' for integration of equations
> Alternate methods for solution of the matrix of equations

©ACRI. -22- PORFLOW User's Guide
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The currently active vault (Vault #4) has the dimensions of approximately 200 feet wide, by 600
feet in length, by 26 feet in height. The vault is divided into 12 cells, with each cell measuring
approximately 100 ft. x 100 ft. The vault is covered with a sloped, permanent roof that has a
minimum thickness of 4 inches, and a minimum slope of 0.24 inches/foot. The vault walls are
approximately 1.5 feet thick, with the base mat having a thickness of 2 feet. Operationally, the
cell of the vault will be filled to a height of approximately 25 feet with Saltstone, and then a layer
of uncontaminated grout, with an average thickness of 2 feet, will be poured to fill in the space
between the Saltstone and the sloped roof. Figure 1-1 is an aerial view of Vaults 1 and 4.

1.2 SDF Closure Concept

One of the key performance objectives of any closure of a waste disposal site is to limit moisture
flux through the waste minimizing contamination of surface runoff and underlying groundwater.
Because the SDF is designed as a controlled release facility, proper closure to meet the objective
of limiting moisture through the waste will be an integral part of long-term acceptability of the
disposal site. Because backfilling around the vaults and final closure of the SDF will be delayed
for several years, a detailed closure design has not been fully developed for the SDF. Thus,, an
integral part of the SDF SA required that a closure. concept be described and subsequently tested
in mnodels that simulate the performance characteristics of the proposed closure concept.

1.2.1 Physical Description of the SDF Closure Concept

The closure concept developed is illustrated in Figure 1-2. After an individual vault cell is filled
with Saltstone, interim closure will be performed which consists of the placement of a 16-inch
(0.41 m) clean grout layer between the Saltstone and the overlying concrete roof. Final closure
will occur when all Saltstone vaults are filled, and will consist of the placement of a closure cap
over all of the vaults. This will be followed by a 100-year period of institutional control, as
described in Phifer and Nelson, 2003.

Final closure of the SDF will be accomplished by constructing a drainage system and
revegetating the site. The drainage system will consist of a system of rip-rap lined ditches that
intercept the gravel layer of the moisture barrier. These ditches will divert surface runoff and
water intercepted by the moisture barrier away from the disposal site. The drainage ditches will
be constructed between rows of vaults and around the perimeter of the SDF.

The topsoil will be revegetated with bamboo. A study conducted by the USDA Soil Conservation
Service (Cook and Salvo 1992) has shown that two species of bamboo (Phyllostachys bissetii and
Phyllostachys rubromarginata) will quickly establish a dense ground cover which will prevent the
growth of pine trees, the most deeply rooted naturally occurring plant type at SRS. Bamboo is the
shallow-rooted climax species which evapotranspirates year-around in the SRS climate removing
a large amount of moisture from the soil and decreasing the infiltration into the underlying
disposal system.

1.3 EXISTING VAULT 4 WASTE INVENTORY

The current radionuclide inventory in Vault 4 is given in Table 1-1.
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Figure 1-2. SDF Closure Cap Configuration
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2.0 GROUNDWATER ANALYSIS

2.1 Methodology

The groundwater pathway analysis for each radionuclide involves two steps. First a vadose zone
flow and transport simulation is done to estimate flux to the water table for a disposed
radionuclide parent and any subsequent progeny. Then saturated zone flow and transport
modeling is used to estimate the groundwater concentration(s) at a hypothetical well placed 100
meters down-gradient from the disposal unit.

The vadose zone flow model was developed to reflect the current Z-Area closure concept (Phifer
and Nelson 2003), which calls for a geosynthetic cover system instead of a kaolin cap as assumed
in the 1992 PA. After completion of the institutional control period, infiltration is predicted to
gradually increase over time as the closure system degrades due to phenomena such as intrusion
of deep-rooted plants (e.g., trees) and silting of drainage layers (Phifer 2004). While it is assumed
that tree root penetration will contribute to closure system degradation, tree roots should not
penetrate into the Saltstone, itself, and uptake radionuclides for the following reasons:

* Several layers of the multi-layered cover system above the vault roof are frequently at or near
saturation. Since tree roots are opportunistic and seek sources of water, the roots will
concentrate in these layers above the vault roof, which contain significant water.

" While roots might penetrate to the vault roof, the concrete roof presents a hardened surface
over which roots are more likely to extend along rather than penetrate.

" The pore fluid within Saltstone is essentially a salt solution (brackish water) which the trees
could not utilize.

" It is unlikely that roots would be able to extract water from Saltstone due to the matrix

potential within Saltstone.

The purpose of the deeper roots of pine trees is to seek sources of water. The multi-layered cover
system will produce local zones of saturated water in the drainage layers overlying the barrier
layers. The pine tree roots will tend to follow these layers rather than attempt to penetrate to
deeper levels since it is much easier for the roots to extract water from saturated soil than
unsaturated soil. Therefore, pine tree roots are not expected to penetrate the vault roof.

A potential PA concern is the effects of cracks developing in the Saltstone monolith over time. A
structural analysis (Peregoy 2003) predicts that cracks will develop and their aperture will
increase with increasing time. However, the analysis shows that the cracks will open either at the
top or at the bottom and will be pinched closed at the opposite end. Therefore, no through-wall
cracks will develop. A separate modeling study (Yu and Cook 2004) concluded that cracks of this
nature have very little effect on contaminant transport rate. Based on this finding cracks are not
considered in this SA.

The conceptual model describes the materials, layout, and dimensions of the SDF. Figure 2-1
depicts the conceptual model used for the Vault No. 4. The Saltstone monolith is approximately
200x600x25 ft. Only half of a vault in the short dimension is modeled, taking advantage of
symmetry. The top of the modeling domain is the bottom of the upper GCL layer. Infiltration
through this layer as a function of time is calculated by the HELP code (USEPA 1994a, 1994b).
The constant infiltration rate is used as a flow boundary condition at the top of the modeling
domain. The bottom of the modeling domain is the water table. Capillary pressure at the water
table is set to zero to simulate 100% water saturation. The vertical boundary through the center of
the vault is modeled as a no-flow boundary due to symmetry. The right boundary is also assumed
to be a no-flow boundary because it is sufficiently far away from the vault and the predominant
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Figure 2-1. Conceptual Model for the Saltstone Vault No. 4
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Figure 2-2. Modeling Grid
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contaminant transport mechanism is downward convection. Figure 2-2 shows the gridding used in
the model.

The vadose zone flow simulation was performed as a sequence of steady-state runs
approximating average conditions during a number of time intervals over 10,000 years based on
the HELP code results. Time zero is when closure operations are complete. Material properties
were varied for each time interval to represent degradation of the closure system, the Saltstone
waste form, and the vault. These properties are given in Appendix A.

A total of 45 radionuclides were selected for analysis based on a screening study for the SRS Low
Level Waste Facility (Cook and Wilhite 2004). Nitrate was also run in the analysis because it
occurs in high concentrations and has a relatively low groundwater limit.

The new plutonium chemistry implemented for the trench disposal units in the E-Area Low-Level
Waste Facility (Cook 2002, Kaplan 2004) has been included in the present special analysis. The
Pu (III/IV) oxidation state is far more abundant than Pu (V/VI), but the latter is significantly more
mobile in sediments: a soil-solute distribution coefficient of Kd = 370 mL/g is assumed for Pu
(III/IV) versus Kd = 15 mL/g for Pu (V/VI). Although present in trace amounts, the relatively
high mobility of Pu (V/VI) could potentially lead to a significant contribution to the dose at the
100-meter welL The two pairs of oxidation states are tracked separately in the vadose zone
transport simulations to accommodate the difference in mobility.

In addition to the geochemistry modifications described above, some distribution coefficients
were updated to reflect current knowledge. Appendix A provides a complete listing of Kd values
used in the groundwater analysis and other key input data such as, radionuclides analyzed, half-
lives, atomic mass, concentration limits, solubility limits, and assumed decay chains.

The FACT code model of the General Separations Area (GSA) was recently superseded by an
equivalent model using the PORFLOW code, in order to consolidate PA subsurface flow and
transport modeling to a single software product (Flach 2004). The flow field computed by
GSA/PORFLOW is used in the present study. GSA/PORFLOW is a regional scale model with a
mesh resolution in the horizontal plane of 200 ft, compared to a width of about 200 ft for Vault 4.

Figure 2-3 illustrates locations of the existing Vaults, 1 and 4, and the aquifer model mesh, Figure
2-3 also shows the extent of the aquifer flow and transport model (blue border) and the mesh
resolution in the horizontal plane (light gray dashes). Particle tracking results starting from the
four corners of the combined facility indicate the groundwater flow direction. Time markers (red
dots) are shown every 10 years of travel. Figure 2-3 indicates a possibility of plume overlap,
which is the subject of a sensitivity study presented in Section 7.

2.2 Results

The magnitude and time of maximum concentration, the Maximum Contaminant Level (MCL)
(USEPA 2004) and the Vault 4 inventory limit for the key radionuclides for two time periods of
interest, 1000 years and 10,000 years, are given in Tables 2-1 and 2-2, respectively. These limits
for the groundwater pathway are compared with limits derived for the other pathways and with
the projected Vault 4 inventory in Section 7. For the projected Vault 4 inventory, none of the
radionuclides produces a significantly large fraction of the groundwater limit.

Plots of fractional flux and concentration for each radionuclide modeled with PORFLOW are
presented in Appendix A.
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A.2 SALTSTONE VAULT NUMBER 4 UNSATURATED ZONE GROUNDWATER
MODELING

A.2.1 Conceptual Model and Modeling Grid

The conceptual model describes the materials, layout, and dimensions of the SDF. Figure A-1
depicts the conceptual model used for the Vault No. 4. The Saltstone monolith is approximately
200x600x25 ft3. Only half of a vault in the short dimension is modeled, taking advantage of
symmetry. The top of the modeling domain is the bottom of the upper geosynthetic clay liner
(GCL) layer. Infiltration through this layer as a function of time is calculated by the HELP code
(USEPA 1994a, 1994b). The constant infiltration rate is used as a flow boundary condition at the
top of the modeling domain. The bottom of the modeling domain is the water table. Capillary
pressure at the water table is set to zero to simulate 100% water saturation. The vertical boundary
through the center of the vault at the left side of the figure is modeled as a no-flow boundary due
to symmetry. The right boundary is also assumed to be a no-flow boundary because it is
sufficiently far away from the vault and the predominant contaminant transport mechanism is
downward convection.
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Figure A-1. Conceptual Model for the Saltstone Vault No. 4

The dimensions of the vault and lower portion of the closure are summarized in Table A-2. The
"concrete" zone above the Saltstone pour level (at 66.75 ft) includes the top portion of the center
and exterior walls and the concrete roof. The drainage layer is a gravel/sand mixture. It is used to
reduce water perching above the vault. Test modeling results indicate that perching water can
increase water flow rate through the vault, which results in a higher contaminant leaching rate.
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The drainage layer is divided into three sections: top, vertical and bottom. The initial hydraulic
conductivities in these sections are the same. However, these conductivities degrade at different
rates (Phifer 2004) as will be described later. Because the backfill is largely soil excavated during
vault construction, it is assumed that the backfill soil has the same properties as the native soil.
There is a GCL above the vault roof. Since the conductivity of the Saltstone and the vault is less
than or equal to the conductivity of the GCL (10-9 cm/sec), this GCL is ignored in the simulation.

Table A-2. Dimensions of Saltstone Vault No. 4

Component Dimensions of Vertical Distances
From (ft) To (ft) Thickness

(ft)

Native Soil 0.00 40.00 40.00

Bottom Concrete Slab 40.00 42.00 2.00
Saltstone 42.00 66.75 24.75

Concrete at Center1  66.75 70.50 3.75

Drainage Layer 2  70.50 72.50 2.00

Drainage Layer at the Vault Base 40.00 45.00 5.00

Backfill above Drainage Layer3 72.50 77.50 5.00

Dimensions of Horizontal Distances

Center Slab4  0.00 0.75 0.75

Saltstone 0.75 99.25 98.50

Side Slab 99.25 100.75 1.50

Drainage Layer 100.75 103.75 3.00

Drainage Layer at the Vault Base 100.75 110.75 10.00
1 Concrete includes tip of vault wall, concrete pour and concrete roof.
2 Slope = 2.0%

3 Slope = 3.0% at the upper boundary
4 Actual center slab thickness = 1.50 ft.

The potential impact of cracks on the performance of Vault 4 is discussed in Section A.4. Over
10,000 years, the suction head is great enough that flow through cracks, whether through-wall or
not, can be neglected.

The modeling grid used for PORFLOW simulation is shown in Figure A-2. Trapezoidal grid
blocks are used for the concrete roof and the backfill to mimic the facility geometry.

Rev. 0



May 26, 2005 A-8 WSRC-TR-2005-00074

80

70

60

50

40

30

20

10

0
0 f0 2'0 30 40 5'0 60 7 8'0 9,0 160 Ito I10 i0

HORIZONTAL DISTANCE, FT

Figure A-2. Modeling Grid
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4.6 Lower Drainage Layer

Previous undocumented PORFLOW modeling has indicated that water could build up on top of the
vault, due to the low permeability of the vault roof and the inadequate thickness of the overlying
drainage layer particularly as the drainage layer silts-in over time (see Section 5.3). Such a build up
increases the hydraulic head, which is the driving force for flow of water through the vault. To
minimize build up of water on top of the vault the following changes to the closure cap configuration
were made:

* The lower drainage layer thickness was increased from 6 inches to 2 feet,

* A 3-foot wide vertical drainage layer was added along the sides of the vaults, and

* A 5-foot-thick by 10-foot-long drainage layer was added at the base of the vaults.

All three of these layers are interconnected in order to route water off the vault top along the vault
sides to the soil layer below the vaults.

4.7 Closure Cap Configuration Summary and Intact Infiltration

The following are the changes that have been made to the closure cap configuration from that
described within the current PA, Closure Plan, and PA Intruder Special Analysis (MMES 1992; Cook
et al. 2000; Cook et al. 2002a) as outlined in Section 2.0:

* The kaolin hydraulic barriers have been replaced with GCLs (see Section 4.1).

* The drainage system configuration has been revised from that depicted in Figure 4.2-1 to that of
Figure 4.2-2. This decreases the slope lengths from a maximum of 600 feet to 300 feet over the
vaults. The Figure 4.2-2 configuration has a crest down the centerline of each row of vaults and
drainage is directed to the perimeter of the entire disposal area and between the two rows of
vaults. (see Section 4.2)

* An erosion barrier separate from and above the upper drainage layer has been added. The erosion
barrier is one-foot thick and consists of 2-inch to 6-inch grahite stone with a d50 (i.e. median size)
of 4 inches. (see Section 4.3)

* A twelve-inch-thick backfill layer has been added between the erosion barrier and the upper
drainage layer.

* The 3-meter-thick grout layer has been replaced with 3 meters of soil materials.

" The lower drainage layer thickness has been increased from 6 inches to 2 feet, a 3-foot wide
vertical drainage layer has been added along the sides of the vaults, and a 5-foot-thick by 10-foot-
long drainage layer has been added at the base of the vaults.

Figure 4.7-1 and Table 4.7-1 present the resulting SDF GCL closure cap configuration. Table 4.7-1
also includes the associated HELP Model soil input data. Additional HELP model input change from
the previous modeling include:

* The landfill area modeled' has been modified to conform to 'the Figure 4.2-2 drainage layer
configuration as shown in Figure 4.7-1. The hrea modeled has been changed 350-foot by 250-
foot, which results in a surface area of 87,500 feet squared or 2.009 acres.

" The surface slope length has been changed to 350 feet as shown in Figure 4.7-1. This change
results in a HELP model computed curve number of 55.20.

* The slope length of the upper drainage layer has been changed to 350 feet.

* The slope length of the lower drainage layer has been changed to 250 feet.

Rev. 0



September 22, 2003 4-13 WSRC-TR-2003-00436

The initial moisture storage has been specified as done in Section 4.1.

HELP modeling of the Table 4.7-1 intact SDF GCL closure cap configuration has been performed as
outlined above. Based upon this modeling the infiltration through the upper GCL has been estimated
to be 0.29 inches per year for intact conditions. The following appendix provides the detailed HELP
model, input data and output file for the intact condition:

* Appendix 0, Intact SDF GCL Closure Cap (0 Years): HELP Model Input Data and Output File
(output file name: ZGCLIout.OUT)
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Figure 4.7-1. SDF GCL Closure Cap Configuration
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Table 4.7-1. Intact SDF GCL Closure Cap Configuration and HELP Model Required Soil
Property Data

Layer Thickness Saturated Total Field Wilting Point
(inches) Hydraulic Porosity Capacity (VolVol)

Conductivity (Vol/Vol) (VolVol)
(cm/sec)

Topsoil 1 6 1.OOE-03 0.4 0.11 0.058
Upper Backfill 30 1.OOE-04 0.37 0.24 0.136
Erosion Barrier 12 3.97E-04 0.06 0.056 0.052
Middle Backfill 12 6 1.OOE-04 0.37 0.24 0.136

Geotextile Filter - - - -

Fabric 5
Upper Drainage 12 1.OOE-01 0.38 0.08 0.013
Layer
Upper GCL 0.2 5.00E-09 3 0.75 4 0.747 4 0.404

Lower Backfill ' 58.656 1.OOE-04 037 0.24 0.136
Geotextile Filter - -

Fabric 5

Lower Drainage 24 6 i.OOE-01 0.38 0.08 0.013
Layer 1
Lower GCL 0.2 5.00E-09 2 0.75 3 0.747 3 0.40 3

'WSRC 2002
2 See Section 4.3

' GSE 2002
4 USEPA 1994a and USEPA 1994b
5 It is assumed that a geotextile filter fabric will be placed above the drainage layers to minimize the
infiltration of fines from the overlying layers into the drainage layer. However it is not necessary to
include the filter fabric in the HELP models.
6 The 39.37. inches (1 m) of clean grout immediately above the vault roof was replaced with 12 inches

of Middle Backfill, 9.37 inches of Lower Backfill, and 18 inches of lower drainage layer.
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5.0 CLOSURE CAP DEGRADATION

The following three primary closure cap degradation mechanism have been assumed to significantly
impact the infiltration through the closure cap over time:

* Pine forest succession

* Erosion

" Colloidal clay migration

Each of these degradation mechanisms is discussed in detail below.

5.1 Pine Forest Succession

According to the PA and Closure Plan the SDF closure cap will be vegetated with bamboo. Bamboo
is a shallow-rooted species that quickly establishes a dense ground cover and evapotranspirates year-
round in the SRS climate. Pine trees are the most deeply rooted naturally occurring plants at SRS.
(MMES 1992; Cook et al. 2000). The institutional control to pine forest, land use scenario evaluated
herein assumes a 100-year institutional control period following final SDF closure during which the
closure cap is maintained. It is assumed that a pine forest begins to encroach upon the bamboo at the
end of institutional control, when the approximately 43-acre closure cap (approximate area (-1300
foot by -1450 foot) over vaults 1 through 12 in Figure 2.0-1) is no longer maintained.

The following discussion of the assumed successional transition from bamboo to pine trees is derived
from the following references: Bohm (1979), Bums and Hondala (1990), Ludovici et al. (2002),
Taylor (1974), Ulrich et al. (1981), Walkinshaw (1999), and Wilcox (1968).

After institutional control, it is assumed that it will take approximately 100 years for loblolly pine to
be established around the closure cap perimeter and for some breakup of the bamboo to begin to
occur. Within 10 years of pine tree establishment around the perimeter, the pines begin shading the
bamboo located along the perimeter, which allows the establishment of pine tree seedlings 50 feet in
from the perimeter of the closure cap. The process of pine tree growth and bamboo shading followed
by further seedling encroachment in 50-foot increments toward the cap center continues to occur on a
10-year cycle until the entire closure cap is established with pine trees. 200 years after the end of
institutional control it is assumed that the entire cap is covered with pine trees, with the oldest trees
near the perimeter and the youngest in the center (i.e. an uneven age distribution).

Because of the age structure difference from edge to center, the second generation, and subsequent
ones, will also probably be variable across the cap. Decline of loblolly will begin around 100 years of
age. After the second establishment, the new seedlings will be established as "gaps" occur in the
overstory, either through the decline or death of a dominant tree, or through abiotic occurrences (wind
throw, lightning strikes, fire, insect outbreak, tomado, etc.). This will tend towards making the entire
acreage an uneven age, constantly re-establishing forest. In this region, fire may be quite important in
the long-term ecology of the cap. Fire will reduce the smaller understory individuals and seedlings,
but will have minimal impact on the dominant individuals. It may affect the age structure over long
periods of time and make the 43-acre cap closer in age distribution than the original establishment
period would indicate.

It is anticipated that tree density will remain fairly constant. For a natural regeneration stand, the tree
density is assumed to be approximately 550 dominant and co-dominant trees per acre with
approximately 400 mature (i.e. 70 to 125 years old) trees per acre. Smaller trees will be suppressed
and die.

It is assumed that mature pine will have 5 deep roots, mainly near the center of the tree spread (i.e.,
concentrated near main trunk). Of these 5 deep roots, four go to a depth of 6 feet and one to 12 feet.
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Deep roots have a diameter of 3 inches in the top foot of soil and taper with depth to 0.25 inches at
depth. These roots will be maintained over the life of the tree and exhibit little turnover prior to death.
They will enlarge with yearly growth, similar to branches, although anatomically different and at a
slower rate. Smaller trees, which are suppressed and die, will not establish deep roots in excess of 4 to
5 feet, and primarily only 1 or 2 such roots. Hard layers and water-saturated layers will slow root
penetration. A continuous water surface will stop elongation. Hard layers will eventually be
penetrated.

Decomposition of roots near the ground surface should occur fairly quickly due to better
microclimate for microbial populations than at depth. Decomposition of roots at depth will be fairly
slow, depending on the soil environment and aeration. It is assumed that it will take 25 years for the
decomposition of intermediate depth roots and 30 years at depth due to the soil environment. Some
shrinkage of the deep roots may occur at depth and provide a channel for water or sediment
movement along the surface. Very rapid yearly turnover of fine roots and feeder roots occurs in the
soil, although these are primarily in the top 18 inches of soil and will not go vertically with any
intensity or longevity.

Based upon this discussion the following assumptions are made relative to the succession of bamboo
by a pine forest for this evaluation:

* 200 years after the end of institutional control it is assumed that the entire cap is dominated by
. pine.

0 Complete turnover of the 400 mature trees per acre occurs every 100 years (in a staggered
manner).

* There are 400 mature trees per acre with 4 roots to 6 feet and 1 root to 12 feet. The roots are 3
inches in diameter at a depth of 1 foot and 0.25 inches in diameter at either 6 or 12 feet,
whichever is applicable.

5.2 Erosion

The topsoil and upper backfill layers, which are located above the erosion barrier, are subject to
erosion. For the institutional control to pine forest land use scenario, it is assumed that the closure cap
will, be vegetated with bamboo during the institutional control period, with a combination of bamboo
and pine trees for 200 years immediately following the institutional control period, and with a pine
forest thereafter. The projected erosion rate for both the topsoil and upper backfill layers has been
determined utilizing the Universal Soil Loss Equation (Horton and Wilhite 1978; Goldman et al.
1986). The Universal Soil Loss Equation is expressed as:

A = RxKxLSxCxP (Eq. 5.2-1)

where

A = soil loss (tons/acre/year)

R = rainfall erosion index (100 ft.ton/acre per in/hi) o

K = soil erodibility factor, tons/acre per unit of R

LS = slope length and steepness factor, dimensionless

C = vegetative cover factor, dimensionless

P = erosion control practice factor, dimensionless

The erosion rate for the SRP Burial Grounds (i.e. current SRS E-Area) was previously estimated and
documented by Horton and Wilhite (1978) as provided in Table 5.2-1.
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Table 5.2-1. Previous SRP Burial Grounds Estimated Erosion Rate (Horton and Wilhite 1978)'
Parameter Value Utilized Comment

R 260
K 0.28 Dothan subsoil
LS 0.67 1000 foot long 2% slope
C 0.001 Natural successional forest
P I No supporting practices
A (soil loss) 0.05 tons/acre/year
A (soil loss) 0.0007 cm/year Assuming dry bulk density of

1.6 g/cm 3

The following are estimated parameter values based upon Horton and Wilhite 1978 and Goldman et

al. 1986:

" From Figure 5.2 of Goldman et al. (1986), R is slightly greater than 250 but significantly less than
300 100 ft-ton/acre per in/hr. Therefore will utilize the Horton and Wilhite 1978 R value of 260
100 ft.ton/acre per in/hr

" From Figure 5.6 of Goldman et al. (1986):

- If topsoil is assumed to consist of 70% sand, 25% silt, and 5% clay, K equals 0.28 tons/acre
per unit of R.

- If backfill is assumed to consist of 70% sand, 20% silt, and 10% clay, K equals 0.20 tons/acre
per unit of R.

" With a slope length of 350 feet (see Figure 4.2-2) and a slope of 3% the LS value equals 0.40 as
determined from Table 5.5 of Goldman et al. (1986).

* Will assume that both bamboo and a pine forest, have C values of a natural successional forest,
therefore the C value equals 0.001 as utilized by Horton and Wilhite (1978).

* No supporting practices are associated with the closure cap therefore P equals 1.

Based upon the Universal Soil Loss Equation and the parameter values listed above the following are
the estimated soil losses:

Topsoil with a natural successional forest has an estimated soil loss of 0.0291 tons/acre/year
(A = 260 x 0.28 x 0.40 x 0.001 x 1I). Based upon the dry bulk density the estimated soil loss can
be converted to a loss in terms of depth of loss per year. From Jones and Phifer (2002), the dry
bulk density of topsoil was taken as 90 lbs/ft3 . Topsoil with a natural successional forest has an
estimated depth of soil loss of approximately 1.8E-04 inches/year

0.0291 tons / acre / year x 2000 lbs / ton x 12 inches / foot
43560 ft 2 /acre x 90 lbs/ft3

Backfill with a natural successional forest has an estimated soil loss of 0.0208 tons/acre/year
(A = 260 x 0.20 x 0.40 x 0.001 x 1). Based upon the dry bulk density the estimated soil loss can
be converted to a loss in terms of depth of loss per year. From Jones and Phifer (2002), the dry
bulk density of backfill was taken as 104 lbs/ft3. Backfill with a natural successional forest has an
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estimated depth of soil loss of approximately 1.1 E-04 inches/year
(Loss = 0.0208 tons / acre / year x 2000 lbs / ton x 12 inches / foot

43560 ft2 / acre x 104 lbs /ft 3

The previous estimated erosion rate of 0.0007 cm/year (2.8E-04 inches/year) for the SRP Burial
Grounds (Horton and Wilhite 1978) compares well with the current estimates for the SDF closure cap
of 1.8E-04 and 1. lE-04 inches/year for topsoil and backfill, respectively. The primary difference in.
input between the two estimates is associated with the site-specific slopes and slope lengths.

5.3 Colloidal Clay Migration

It is assumed that colloidal clay migrates from overlying backfill layers and accumulates in the
drainage layers reducing the saturated hydraulic conductivity of the drainage layers over time. The
clay minerals (in order of predominance) at SRS are shown in Table 5.3-1 along with the percentage
range of the clay mineral fraction and typical range in particle size for each. Colloids can be mineral
grains such as clays, which have particle sizes between 0.01 and 10 Jim (Looney and Falta 2000).
Colloidal clay can exist in groundwater in concentrations up to 63 mg/L as measured by suspended
solids (Puls and Powell 1991). Based upon this information and the previous assumption, it will be
assumed that water flux driven colloidal clay* migration at a concentration of 63 mg/L occurs from
overlying backfill layers to the drainage layers. It will be further assumed that the colloidal clay
accumulates in the drainage layer from the bottom up filling the void space of the drainage layer with
clay at a density of 1.1 g/cm 3 (Hillel 1982). These assumptions are analogous to the formation of the,
B soil horizon as documented in the soil science literature. Clay translocation is a very slow process
where discrete clay particles are washed out in slightly acidic conditions and deposited lower in the
soil profile (McRae 1988). Evidence has been found that the B-horizon where the translocated clay is
deposited may form at a rate of 10 inches per 5,000 years (Buol et al. 1973).

Table 5.3-1. SRS Clay Minerals

Clay Mineral Percentage Range of the Clay Typical Particle Size Range 2

Mineral Fraction V (gi)
(%)

Kaolinite 62.6 to 98.8 0.1 to 4
Vermiculite 0.7 to 34.3 0.1 to 2
Illite 0 to 7.1 0.1 to 2
1 Looney et al, (1990), Table 6.31

2 Mitchell (1993)

5.4 Closure Cap Degradation Summary

Base upon the assumed closure cap degradation mechanisms, pine forest succession, erosion, and
colloidal clay migration, an assumed degradation scenario has been assumed for each layer as
outlined in Table 5.4-1. These degradation scenarios form the basis for modifying the thickness and
hydraulic properties of each layer over time. This information will be utilized in section 6.0 to
determine infiltration though the upper GCL over time.
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Table 5.4-1. SDF GCL Closure Cap Layer Degradation Scenarios

Layer Degradation Scenario
Vegetation Bamboo is maintained during the 100-year institutional control period, pine trees begin

to encroach upon the bamboo at the end of institutional control, and a pine forest
covers the cap 200 years after the end of institutional control.

Topsoil Topsoil erosion occurs at 1.8E-04 inches per year.
Upper Backfill Backfill erosion occurs at 1.1E-04 inches per years, after the topsoil layer has been

depleted.
Erosion Control Maintenance during institutional control period prevents degradation of the erosion
Barrier control barrier. However pine forest succession and associated root penetration results

in holes through the erosion control barrier. This does not impact its ability to function
as an erosion barrier, however it allows the overlying backfill to fill the holes left after
the roots decompose.

Middle Backfill Colloidal clay migration from the 1-foot-thick middle backfill to the underlying 1-foot-
thick upper drainage layer causes the saturated hydraulic conductivity to increase over
time.

Geotextile Filter For purposes of colloidal clay migration into the underlying drainage layer the
Fabric geotextile filter fabric is assumed to be ineffective over the time period under

consideration. '
Upper Drainage Colloidal clay migration from the overlying 1-foot-thick backfill into the 1-foot-thick
Layer upper drainage layer causes the saturated hydraulic conductivity to decrease over time.
Upper GCL Maintenance during institutional control period prevents degradation of the upper

GCL. However pine forest succession and associated root penetration results in holes
through the GCL. This allows the overlying drainage layer to fill the holes after the
roots decompose.

Lower Backfill None. While it is assumed that colloidal clay migration from this layer to the
underlying lower drainage layer occurs, it is also assumed that the thickness of the
lower backfill layer (almost 5-foot) relative to the lower drainage layer (2-foot)
prevents the quantity of clay loss necessary to change the hydraulic properties of the
lower backfill.

Geotextile Filter For purposes of colloidal clay migration into the underlying drainage layer the
Fabric geotextile filter fabric is assumed to be ineffective over the time period under

consideration.
Lower Drainage Colloidal clay migration from the overlying -5-foot-thick lower backfill into the 1-
Layer foot-thick lower drainage layer reduces its saturated hydraulic conductivity over time.
Lower GCL None. Pine tree roots do not penetration to a sufficient enough depth to impact

this layer. Additionally the underlying concrete vault roof along with the GCL
produces a hard layer and continuous water saturation within and above these
layers so that root elongation is stopped.

Side Vertical None, until the vault base drainage layer has been filled with colloidal clay.
Drainage Layer l
Vault Base Colloidal clay migrates from the overlying -30-foot-thick backfill into the 5-foot-thick
Drainage Layer drainage layer reduces its saturated hydraulic conductivity over time.
'These layers are not included in the HELP model for determination of the infiltration through the upper GCL.
However their degradation properties will be included in the subsequent PORFLOW vadose zone modeling.
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6.0 CLOSURE CAP INFILTRATION

6.1 Degraded Layer Properties over Time

The SDF GCL closure cap initial (0 year) intact layer thickness and hydraulic property values from
top to bottom are provided in Table 4.7-1. The degradation scenarios for each layer are provided in
Table 5.4-1. Based upon the Table 5.41 degradation scenarios, the Table 4.7-1 initial SDF closure
cap layer thickness and hydraulic property values have been modified to 'account for degradation at
100, 300, 550, 1,000, 1,800, 3,400, 5,600 and 10,000 years after closure of the SDF. The following
discussions provide additional detail associated with determination of the degraded properties for the
erosion barrier, upper GCL, middle backfill, upper drainage layer, lower drainage layer, and vault
base drainage layer.

6.1.1 Erosion Barrier

Maintenance during the institutional control period prevents degradation of the erosion barrier.
However pine forest succession and associated root penetration results in holes through the erosion
control barrier. This does not impact its ability to function as an erosion barrier, however it allows the
overlying backfill to fill the holes after the roots decompose. It is assumed that the hydraulic
conductivity of the infiltrating backfill increases one order of magnitude (i.e. from 1.OE-04 to 1.OE-03
cm/s) when it fills the hole since it will not be mechanically compacted at that time. The equivalent
hydraulic properties of the overall erosion barrier change as the area of holes filled with backfill
material increases with time. The equivalent hydraulic properties have been estimated over time by
area proportioning the properties between that of the intact erosion barrier and infiltrating backfill.

6.1.2 Upper GCL

Maintenance during the institutional control period prevents degradation of the upper GCL. However
pine forest succession and associated root penetration results in holes through the erosion barrier. This
allows the overlying drainage layer to fill the holes after the roots decompose. The holes in the GCL
essentially act as direct conduits from the upper drainage layer to the lower backfill layer. When
saturated conditions occur in the drainage layer after major precipitation events, cones of depression
are created around the holes in the GCL with a radius of influence much greater than the radius of the
hole. This means that a small area of GCL holes can greatly reduce the lateral flow of water in the
drainage layer and increase the vertical flow into the lower backfill. Due to the significant influence
of holes in the GCL to the quantity of infiltration, the use of equivalent hydraulic properties is not
appropriate, since it does not consider the radius of influence associated with holes. Therefore, within
the HELP model the degraded GCL has been modeled as a geomembrane liner with leakage through
holes. The HELP model considers both water flux through intact portions of the geomembrane using
an "equivalent geomembrane hydraulic conductivity" and water flux through holes in the
geomembrane. The HELP model does not assign a porosity, field capacity, or wilting point to
geomembranes, however this is not considered essential to the GCL, since it is assumed that the GCL
will remain fully saturated and it is below the depth where evapotranspiration is assumed to occur.
The HELP model allows the input of up to 999,999 one square centimeter installation defects for a
geomembrane liner. Therefore the calculated area of holes created by root penetration has been
converted into an equivalent number of one square centimeter installation defects for input to the
HELP model. Excellent contact is assumed between the GCL and underlying backfill layer as a
HELP model input, since the GCL is put in dry and swells into the surrounding soil as it hydrates.
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6.1.3 Middle Backfill and Upper Drainage Layer

It is assumed that water flux driven colloidal-clay migration from the 1 foot-thick middle backfill to
the underlying 1-foot-thick upper drainage layer causes the middle backfill saturated hydraulic
conductivity to increase over time and that of the upper drainage layer to decrease over time. It has
been assumed that clay migration occurs out of the backfill into the drainage layer with the water flux
containing 63 mg/L of colloidal clay. Since both layers are of the same thickness and the middle
backfill layer has limited clay content, it has been assumed that half the clay content of the backfill
will migrate into the drainage layer. At which point the two layers essentially become the same
material and material property changes cease. Based upon this it will be assumed that the endpoint
saturated hydraulic conductivity of the layers will become that of the log mid-point between the initial
backfill and upper draifiage layer conditions. It will also be assumed that the endpoint porosity, field
capacity, and wilting point will become the arithmetic average of the backfill and upper drainage
layer. The hydraulic properties at times prior to the endpoint have been proportioned between that of
the endpoint properties and the initial properties based upon the fraction of clay that has migrated out
of the backfill.

6.1.4 Lower Drainage Layer

It is assumed that colloidal clay migration from the approximately 5-foot-thick overlying backfill into
the 2-foot-thick lower drainage layer is driven by the water flux through the upper GCL. This water
flux driven clay migration enters into the lower drainage layer and fills the lower drainage layer from
the bottom up. This reduces the saturated hydraulic conductivity of the clay-filled portion from 1.OE-
01 to L.OE-04 cm/s (i.e. to the saturated hydraulic conductivity of the overlying backfill), while the
conductivity of the clean portion remains at 1.OE-01 cm/s. As the thickness of the lower drainage
layer filled with clay increases, the equivalent hydraulic conductivity of the entire layer decreases.
The equivalent horizontal hydraulic conductivity for this layer has been determined from the
following equation (Freeze and Cherry 1979):

nK d (Eq. 6.1-1)Kh: = ~i:

i=1 d

where

Kh = equivalent horizontal saturated hydraulic conductivity,

Ki = horizontal saturated hydraulic conductivity of ith layer,

di = thickness of ith layer,

d = total thickness

This is different from that assumed for the upper drainage layer, since the lower drainage layer has
significantly more backfill overlying it.

6.1.5 Vault Base Drainage Layer

It is assumed that colloidal clay migration, from the overlying backfill (approximately 30 feet) into
the 5-foot-thick vault base drainage layer, is driven by the water flux through the upper GCL. This
water-flux-driven clay migration enters into the vault base drainage layer and fills the lower drainage
layer from the bottom up. The saturated hydraulic conductivity of the clay-filled portion is reduced
from 1.OE-01 to 1.OE-04 cm/s (i.e. the saturated hydraulic conductivity of the overlying backfill
layer), while the conductivity of the clean portion remains at 1.OE-01 cm/s. The thickness of the clay-
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filled portion increases with time, while the thickness of the clean portion decreases with time. This is
essentially the same process as that described above for the lower drainage layer.

The calculations associated with determination of the layer thicknesses and hydraulic property values
over time are provided in Appendix P. Table 6.1-1 provides the primary Appendix P, material
property results (thickness, saturated hydraulic conductivity, and holes in the upper GCL), for layers
which change with time and were, utilized in subsequent HELP modeling. The porosity, field
capacity, and wilting points are not provided in Table 6.1-1. Values for these parameters are provided
in Appendix P.

Table 6.1-1. Material Property Summary Results for HELP Modeling from Appendix P
Year Vegetation Topsoil Layer Erosion Barrier Middle Backfill

Thickness Saturated Hydraulic Layer Saturated
(inches) Conductivity Hydraulic

(cm/s) Conductivity
(cm/s)

0 Bamboo 6 3.97E-04 1.00E-04
100 Bamboo 5.982 3.97E-04 1.20E-04
300 Pine Forest 5.946 3.98E-04 1.60E-04
550 Pine Forest 5.901 3.99E-04 2.30E-04
1,000 Pine Forest 5.82 4.01E-04 4.60E-04
1,800 Pine Forest 5.676 4.06E-04 1.60E-03
3,400 Pine Forest 5.388 4.15E-04 3.20E-03
5,600 Pine Forest 4.992 4.27E-04 3.20E-03
10,000 Pine Forest 4.2 4.5 1E-04 3.20E-03

Year Upper Drainage One Square Lower Drainage
Layer Saturated Centimeter Holes in Layer Saturated

Hydraulic Upper GCL Hydraulic
Conductivity (#/acre) Conductivity

(cm/s) (cm/s)

0 1.OOE-01 0 L.00E-01
100 8.60E-02 0 1.OOE-01
300 6.30E-02 7,432 9.98E-02
550 4.30E-02 26,013 9.91E-02
1,000 2.1OE-02 59,458 9.64E-02
1,800 6.30E-03 118,916 9.01E-02
3,400 3.20E-03 237,832 7.62E-02
5,600 13.20E-03 1401,341 5.68E-02 I
10,000 3.20E-03 728,360 1.81E-02

1 Number of HELP model installation defects
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6.2 Degraded Closure Cap Infiltration over Time

Table 6.1-1 and Appendix P data were utilized as input to the HELP model (USEPA 1994a and
USEPA 1994b) in order to determine infiltration through the upper GCL at each degraded time step.
The following appendices provide the detailed HELP model, input data and output files for each time
step:

" Appendix Q, Degraded SDF GCL Closure Cap (100 Years): HELP Model Input Data and Output
File (output file name: ZGCLDlou.OUT)

* Appendix R, Degraded SDF GCL Closure Cap (300 Years): HELP Model Input Data and Output
File (output file name: ZGCLD2ou;OUT)

* Appendix S, Degraded SDF GCL Closure Cap (550 Years): HELP Model Input Data and Output
File (output file name: ZGCLD3ou.OUT)

* Appendix T, Degraded SDF GCL Closure Cap (1,000 Years): HELP Model Input Data and
Output File (output file name: ZGCLD4ou.OUT)

* Appendix U, Degraded SDF GCL Closure Cap (1,800 Years): HELP Model Input Data and
Output File (output file name: ZGCLD5ou.OUT)

* Appendix V, Degraded SDF GCL Closure Cap (3,400 Years): HELP Model Input Data and
Output File (output file name: ZGCLD6ou.OUT)

* Appendix W, Degraded SDF GCL Closure Cap (5,600 Years): HELP Model Input Data and
Output File (output file name: ZGCLD7ou.OUT)

* Appendix X, Degraded SDF GCL Closure Cap (10,000 Years): HELP Model Input Data and
Output File (output file name: ZGCLD8ou.OUT)

The following outputs from this evaluation are necessary inputs to the subsequent PORFLOW vadose
zone modeling:

" Infiltration through the upper GCL

* Saturated hydraulic conductivity of the 2-foot-thick lower Drainage Layer

* Saturated hydraulic conductivity of the 3-foot-thick Side Vertical Drainage Layer

* Saturated hydraulic conductivity of the 5-foot-thick Vault Base Drainage Layer

Table 6.2-1 provides a summary of these parameter values. The 3-foot Side Vertical Drainage Layer
is assumed to have no degradation within the 10,000-year time frame. Rather than denoting the
degradation of the Vault Base Drainage Layer with a single saturated hydraulic conductivity value, its
degradation has been denoted as an upper thickness with a saturated hydraulic conductivity of 0.1
cm/s and a lower thickness with a saturated hydraulic conductivity of 0.0001 cm/s. Figure 6.2-1
additionally provides the infiltration through the upper GCL over time in graphical format.

Rev. 0



September 22, 2003 6-5 WSRC-TR-2003-00436

Table 6.2-1. Inputs for PORFLOW Vadose Zone Modeling

Year Infiltration Lower Drainage Side Vertical Thickness of Thickness of
through Upper Layer Saturated Drainage Layer Upper Portion of Lower Portion

GCL Hydraulic Saturated the Vault. Base of the Vault
(in/yr) Conductivity Hydraulic Drainage Layer Base Drainage

(cm/s) Conductivity with a K of 0.1 Layer with a K
(cm/s) cm/s of 0.0001 cm/s

(feet) (feet)
0 0.29165 1.00E-01 1.OOE-01 5 0
100 0.33135 1.00E-01 1.OOE-01 4.9996 0.0004
300 2.48161 9.98E-02 1.OOE-01 4.996 0.004
550 7.01335 9.91E-02 1.OOE-01 4.98 0.02
1,000 11.55066 9.64E-02 1.OOE-01 4.93 0.07
1,800 13.65308 9.01E-02 1.OOE-01 4.8 0.2
3,400 14.00566 7.62E-02 1.OOE-01 4.52 0.48
5,600 14.05202 5.68E-02 1.OOE-01 4.14 0.86
10,000 14.09426 1.81E-02 1.OOE-01 3.36 1.64

r

r

0 2000 4000 6000 8000

Year

10000

Figure 6.2-1. Inf'itration through Upper GCL
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7.0 SUMMARY AND CONCLUSIONS

The conceptual design of the Saltstone Disposal Facility (SDF) closure cap has been revised. The
closure cap drainage system will be configured in conformance with Figure 4.2-2. The final closure
cap will consist of the following major components from the ground surface to the top of the vault
roof (i.e. top to bottom) as shown in Figure 4.7-1:

0 Bamboo vegetative cover to promote evapotranspiration,

* 0.15 m (6 inches) of vegetative soil (i.e., topsoil) at a three percent slope,

* 0.76 m (30 inches) of an upper backfill layer (i.e., structural fill),

* 0.3 m (12 inches) of an erosion barrier consisting of 2-inch to 6-inch granite stone with a d50 (i.e.
median size) of 4 inches,,

* 0.3 m (12 inches) of a middle backfill layer to provide additional water storage for the promotion
of evapotranspiration in case the topsoil and upper backfill are'eroded away,

* A geotextile filter fabric to minimize the migration of fines into the underlying drainage layer,

* 0.3 m (12 inches) of an upper drainage layer with an initial saturated hydraulic conductivity of 0.1
cm/s and a slope of three percent,

* 0.0051 m (0.2 inches) of a geosynthetic clay liner (GCL),

* A minimum 1.49 m (58.65 inches) of a lower backfill (this layer will vary in thickness) which is
used to change the direction of slope by 90 degrees and increase the slope to three percent,

* A geotextile filter fabric to minimize the migration of fines into the underlying drainage layer,

* 0.61 m (24 inches) of a lower drainage layer with an initial saturated hydraulic conductivity of 0.1
cm/s and a slope of two percent conforming to that of the existing vault roof,

* 0.0051 m (0.2 inches) of a GCL,

* 0.91 m (36 inches) of a side vertical drainage layer along the vault sides layer with an initial
saturated hydraulic conductivity of 0.1 cm/s, and

* 1.5 m (60 inches) of a vault base drainage layer with an initial saturated hydraulic conductivity of
0.1 cm/s.

The impact of pine forest succession, erosion, and colloidal clay migration as degradation
mechanisms on the hydraulic properties of the closure cap layers over time has been estimated and
the resulting infiltration through the closure cap has been evaluated. The primary changes caused by
the degradation mechanisms that result in increased infiltration are the formation of holes in the upper,
GCL by pine forest succession and the reduction in the saturated hydraulic conductivity of the
drainage layers due to colloidal clay migration into the layers. Erosion can also result in significant
increases in infiltration if it causes the removal of soil layers, which provide water storage for the
promotion of evapotranspiration.

For the institutional control to pine forest, land use scenario, infiltration through the upper GCL was
estimated at approximately 0.29 inches/year under initial intact conditions. Such infiltration increased
from approximately 0.33 inches/year at the end of institutional control (i.e. year 100) to
approximately 11.6 inches/year at year 1000 in nearly a linear fashion. At year 1800 and thereafter
the infiltration approached an asymptote of around 14.1 inches/year (see Figure 6.2-1). At year 1800
approximately 0.3 percent of the GCL area had holes due to root penetration resulting in an
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infiltration near that of typical background infiltration (i.e. as though the GCL were not there at all).
A very small area of holes essentially controlled the hydraulic performance of the GCL.

Table 6.2-1 provides a summary of the necessary inputs to the subsequent PORFLOW vadose zone
modeling including infiltration through the upper GCL and the saturated hydraulic conductivity of the
lower drainage layer, side vertical drainage layer, and vault base drainage layer.

Performance of the closure cap relative to infiltration through the upper GCL could be further
improved, if necessary, as follows:

* Increasing the depth of the GCL, which would results in smaller diameter root penetrations.

* Placing a suitable biobarrier above the GCL to prevent root penetration into the GCL.

Optimization of layers within the evapotranspiration zone for water storage to promote subsequent
evapotranspiration could also possibly be a means of increasing the performance of the closure cap.
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Appendix K, Erosion Barrier Sizing and Material Properties

The erosion barrier has been sized based upon the maximum precipitation event for a 10,000-year return
period. The maximum precipitation event for a 10,000-year return period is 3.3 inches over a 15-minute
accumulation period (Table XIX from Weber et al. (1998)). The figure below shows that, the maximum
drainage length is 350 feet over a 200-foot wide vault.

76000

75500

0
Z

75000

74500 4-

66500 67000 67500

SRS East (ft)

68000

Determine the maximum flow (Q in ft
3/s) resulting from the 3.3-inch over a 15-minute accumulation period

rainfall event:

To be conservative it has been assumed that all rainfall results in runoff and that there is no lag period
due to the 350-foot flow path (that is all the rainfall over the entire area immediately becomes discharge
out the end of the area).

(P112 in /ft) x (350'x 200')
Q =m , where P = precipitation in inches and D = duration in hoursDx60m mi/hrx6O s/mmn

PQ= 1.62 , where P = 3.3 inches and D = 15 minutes =0.25 hoursD

Q = 1.62 3.3 f3/s, over a 200-foot width
0.25
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Q = 21.4 ft 3/s, over a 200-foot width

Determine the approximate depth of flow using Manning's equation (Clark et al. 1977):

1.49 23 1
V R'3 S 2, where V = velocity, fps; n = coefficient of roughness;

n

R = hydraulic radius, ft; and S = slope
V where V = velocity, fr/s; Q = flow, ft3/s; A area,A' ft/s; reaft2

Q = 21.4 ft 3/s, over a 200-foot width (i.e. b)

A = bd, where b = width, ft; d = depth, ft

A = 200d ft
2

insert values:

v 21.4 ft 3 /s 2 df 2

Assume the use of 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches. From
Figure 7.29 of Goldman (1986): n = 0.033

R = A/wetted perimeter= A/(b + 2d)

R = 200d/(200 + 2d)

3% slope (see Section 2.0): S = 0.03

insert values:

Y2
21.4 1.49 ( 200d )23 12

200d - 0.033 200+ 2d" (0.03) 2

~2
0.0137 = d ( 200d )Y3

Given d 0.0137
0.1 0.0215
0.08 0.0148
0.075 0.0133
0.076 0.0136

d = 0.076

Determine if the use of a 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches is satisfactory
to perform as an erosion barrier for a 10,000-year return period, maximum precipitation event:

b/d = 200'/0.076' = 2632, therefore b/d > 50.

From Figure 7.30 of Goldman (1986): Since the b/d > 50 then the P/R is greater than 60.
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From Figure 7.31 of Goldman (1986): With a slope (S) of 0.03, a flow (Q) of 21.4 ft3/s, and a P/R > 60,
the minimum d50 of the stone must be approximately 3 inches.

Therefore the use of a 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches is
satisfactory to perform as an erosion barrier for a 10,000-year return period, maximum precipitation
event.

The selection of the 2-inch to 6-inch granite stone as an erosion barrier is also satisfactory versus Figure
C-3 of Logan 1997.

Based upon NCSU 1991 the 2-inch to 6-inch granite stone is a common sized erosion control stone. NCSU
1991 also indicates the minimum thickness of the erosion control stone must be 1.5 times the maximum
stone diameter. That is the thickness must be at least 9 inches for a maximum 6-inch stone. A 12-inch
thickness of 2-inch to 6-inch granite stone with a d50 (iKe. median size) of 4 inches will be utilized as the
erosion barrier.

Determine the combined soil material properties for the 2-inch 'to 6-inch granite stone filled with CLSM or
Flowable Fill:

The porosity of the 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches is taken as
0.397 based upon the porosity of poorly graded gravel from USEPA 1994a and USEPA 1994b.

Typical CLSM or Flowable Fill properties based upon a May 8, 2003 personal conversation with
Christine A. Langton:

Typical CLSM consists of sand with a porosity of 30%, with the pore space filled with 50% porosity
binder and has a saturated hydraulic conductivity of 1.OE-03 cm/s.

Based upon this information the following are the assumed properties of the CLSM:

Property Property Value
Saturated Hydraulic Conductivity 1.OE-03 cm/s
Porosity 0.30 X 0.50 = 0.15
Field Capacity 0.14
Wilting Point 1 0.13

Field capacity is assumed tobe 0.01 less than the porosity, and the wilting point is assumed
to be 0.01 less than the field capacity based upon the porosity-wilting point-field capacity
relationship of the clean grout and concrete vault roof and floor, which like the CLSM uses
cement as the binder.

The matrix of an individual granite stone itself is considered impermeable and non-porous. The porosity
of a layer of granite stone is considered to be 0.397. When the granite stone porosity is filled with
CLSM, the resultant hydraulic properties, which are area or volume based, become that of the CLSM
times the granite stone porosity. The resultant hydraulic properties .are shown below:

Property Property Value
Saturated Hydraulic Conductivity 1.OE-03 cm/s x 0.397 = 3.97E-04 cm/s
Porosity 0.15 x 0.397 = 0.06
Field Capacity 0.14 x 0.397 = 0.056
Wilting Point' 0.13 x 0.397 = 0.052
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SECTION 1

INTRODUCTION

The Hydrologic Evaluation of Landfill Performance (HELP) computer program is a
quasi-two-dimensional hydrologic model of water movement across, into, through and out
of landfills. The' model accepts weather, soil and design data, and uses solution
techniques that account for the effects of surface storage, §nowmelt, runoff, infiltration,
evapotranspiration, vegetative growth, soil moisture storage, lateral subsurface drainage,
leachate recirculation, unsaturated vertical drainage, and leakage through soil,
geomembrane or composite liners. Landfill systems including various combinations of
vegetation, cover soils, waste cells, lateral drain layers, 10w permeability barrier soils, and
synthetic geomembrane liners may be modeled. The program was developed to conduct
water balance analysis of landfills, cover systems and solid waste disposal and
containment facilities. As such, the model facilitates rapid estimation of the amounts of
runoff, evapotranspiration, drainage, leachate collection and liner leakage that may be
expected to result from the operation of a wide variety of landfill designs. The primary
purpose of the model is to assist in the comparison of design alternatives as judged by
their water balances. The model, applicable to open, partially closed, and fully closed
sites, is a tool for both designers and permit writers.

1.1 BACKGROUND

The HELP program, Versions 1, 2 and 3, was developed by the U.S. Army Engineer
Waterways Experiment Station (WES), Vicksburg, MS, for the U.S. Environmental
Protection Agency (EPA), Risk Reduction Engineering Laboratory, Cincinnati, OH, in
response to needs in the Resource Conservation and Recovery Act (RCRA) and the
Comprehensive Environmental Response, Compensation and Liability Act (CERCLA,
better known as Superfund) as identified by the EPA Office of Solid Waste, Washington,
DC.

HELP Version 1 (Schroeder et al., 1984) represented a major advance beyond the
Hydrologic Simulation on Solid Waste Disposal Sites (HSSWDS) program (Perrier and
Gibson, 1980; Schroeder and Gibson, 1982), which was also developed at WES. The
HSSWDS model simulated only the cover system, did not model lateral flow through
drainage layers, and handled vertical drainage only in a. rudimentary manner. The
infiltration, percolation and evapotranspiration routines were almost identical to those used
in the Chemicals, Runoff, and Erosion from Agricultural Management Systems
(CREAMS) model, which was developed by Knisel (1980) for the U.S. Department of
Agriculture (USDA). The runoff and infiltration routines relied heavily on the Hydrology
Section of the National Engineering Handbook (USDA, Soil Conservation Service, 1985).
Version 1 of the HELP model incorporated a lateral subsurface drainage model and
improved unsaturated drainage and liner leakage models into the HSSWDS model. In
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addition, the HELP model provided simulation of the entire landfill including leachate
collection and liner systems.

Version 2 (Schroeder et al., 1988) represented a great enhancement of the capabilities
of the HELP model. The WGEN synthetic weather generator developed by the USDA
Agricultural Research Service (ARS) (Richardson and Wright, 1984) was added to the
model to yield daily values of precipitation, temperature and solar radiation. This
replaced the use of normal mean monthlyuLtemperature and solar radiation values and
improved the modeling of snow and evapotranspiration. Also, a vegetative growth model
from the Simulator for Water Resources in Rural Basins (SWRRB) model developed by
the ARS (Arnold et al., 1989) was merged into the HELP model to calculate daily leaf
area indices. Modeling of unsaturated hydraulic conductivity and flow and lateral
drainage computations were improved. Accuracy was increased with the use of double
precision. Default soil data were improved, and the model permitted use of more layers
and initialization of soil moisture content. Input and editing were simplified. Output was
clarified, and standard deviations were reported.

In Version 3, the HELP model has been greatly enhanced beyond Version 2. The
number of layers that can be modeled has been increased. The default soil/material
texture list has been expanded to contain additional waste materials, geomembranes,
geosynthetic drainage nets and compacted soils. The model also permits the use of a
user-built library of soil textures. Computation of leachate recirculation between soil
layers and groundwater drainage into the landfill have been added. Moreover, HELP
Version 3 accounts for leakage through geomembranes due to manufacturing. defects
(pinholes) and installation defects (punctures, tears and seaming flaws) and by vapor
diffusion through the liner. The estimation of runoff from the surface of the landfill has
been improved -to account for large landfill surface slopes and slope lengths. The
snowmelt model has been replaced with an energy-based'model; the Priestly-Taylor
potential evapotranspiration model has been replaced with a. Penman. method,
incorporating wind and humidity effects as well as long wave radiation losses (heat loss
at night). A frozen soil model has been added to improve infiltration and -runoff
predictions in cold regions. The unsaturated vertical drainage model has also been
improved to aid in storage computations. Input and editing have been further simplified
with interactive, full-screen, menu-driven input techniques.

in addition, the HELP Version 3 model provides a variety of methods for specifying
precipitation, temperature and solar radiation data. Now, data from the most commonly
available government and commercial sources can be imported easily. Moreover, data
used in HELP Version 2 can still be used with minimum user effort. Specifying weather
data manually and editing previously entered weather data can be easily done by using
built-in spreadsheet facilities.

The use of data files in Version 3 is much'simpler and more convenient than HELP
Version 2 because data are saved permanently in user defined file names at a user-
specified location. Similarly, the user has more flexibility to define units for every type
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of data needed to run the HELP model. Finally, Version 3 of the HELP model provides
on-line help at every step of the data preparation process.

Although applicable to most landfill applications, the HELP model was developed
specifically to perform hazardous and municipal waste disposal landfill evaluations as
required by RCRA. Hazardous waste disposal landfills generally should have a liner to
prevent migration of waste from the landfill, a final cover to minimize the production of
leachate following closure, careful controls of runon and runoff, and limits on the buildup
of leachate head over the liner to no more than 1 ft. The HELP model is useful for
predicting the amounts of runoff, drainage, and leachate expected for reasonable designs
as well as the buildup of leachate above the liner. However, the model should not be
expected to produce credible results from input unrepresentative of landfills.

1.2 OVERVIEW

The principal purpose of this User's Guide is to provide the basic information needed
to use the computer program. Thus, while some attention must be given to definitions;
descriptions of variables and interpretation of results, only a minimal amount of such
information is provided. Detailed documentation providing in-depth coverage of the
theory and assumptions on which the model is based and the internal logic of the program
is also available (Schroeder et al., 1994). Potential HELP users are strongly encouraged
to study the documentation and this User's Guide before attempting to use the program
to evaluate a landfill design. Additional documentation concerning the sensitivity of
program inputs, application of the model and verification of model predictions are under
development.

1.3 SYSTEM AND OPERATING DOCUMENTATION

1.3.1 Computer Equipment

The model entitled "The Hydrologic Evaluation of Landfill Performance" (HELP) was
written to run on IBM-compatible personal computers (PC) under the DOS environment.

1.3.2 Required Hardware

The following IBM-compatible CPU (8088, 80286, 80386 or 80486) hardware is
required:

1. Monitor, preferably color EGA or better

2. Floppy disk drive (5.25-inch double-sided, double- or high-density; or 3.5-inch
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double-sided, double- or high-density)

3. Hard disk drive or a second floppy disk drive

4. 400k bytes or more of available RAM memory

5. 8087, 80287, 80387 or 80486 math co-processor

6. Printer, if a hard copy is desired

1.3.3 Software Requirements

The user must use Microsoft or compatible Disk Operating Systems (MS-DOS)
Version 2.10 or a higher version. The user interface executable module was compiled and
linked with Microsoft Basic Professional Development System 7.1. Other executable
components were compiled with the Ryan-McFarland FORTRAN Version 2.42. The
Microsoft Basic Professional Development System and Ryan-McFarland FORTRAN
compiler are not needed to run the HELP Model.
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SECTION 1

PROGRAM IDENTIFICATION

PROGRAM TITLE: Hydrologic Evaluation of Landfill.Performance (HELP) Model

WRITERS: Paul R. Schroeder, Tamsen S. Dozier, John W. Sjostrom and Bruce M. McEnroe

ORGANIZATION: U.S. Army Corps of Engineers, Waterways Experiment Station (WES)

DATE: September 1994

UPDATE: None Version No.: 3.00

SOURCE LANGUAGE: The simulation code is written in ANSI FORTRAN 77 using Ryan-
McFarland Fortran Version 2.44 with assembly language and Spindrift Library extensions
for Ryan-McFarland Fortran to perform system calls, and screen operations. The user
interface is written in BASIC using Microsoft Basic Professional Development System
Version 7.1. Several of the user interface support routines are written in ANSI
FORTRAN 77 using Ryan-McFarland Fortran Version 2.44, including the synthetic
weather generator and the ASCII data import utilities.

HARDWARE: The model was written to run on IBM-compatible personal computers under the
DOS environment. The program requires an IBM-compatible 8088, 80286, 80386 or
80486-based CPU (preferably 80386 or 80486) with an 8087, 80287, 80387 or 80486
math co-processor. The computer system must have a monitor (preferably color EGA or
better), a 3.5- or 5.25-inch floppy disk drive (preferably 3.5-inch double-sided, high-
density), a hard disk drive with 6 MB of available storage, and 400k bytes or more of
available low level RAM. A printer is needed if a hard copy is desired.

AVAILABILITY: The source code and executable code for IBM-compatible personal
computers are available from the National Technical Information Service (NTIS). Limited
distribution immediately following the initial distribution will be available from the
USEPA Risk Reduction Engineering Laboratory, the USEPA Center for Environmental
Research Information and the USAE Waterways Experiment Station.
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ABSTRACT: The Hydrologic Evaluation of Landfill Performance (HELP) computer program
is a quasi-two-dimensional hydrologic model of water movement :across, into, through and
out of landfills. The imodel accepts weather, soil and design data and uses solution
techniques that account for surface storage, snowmelt, runoff, infiltration, vegetative
growth, evapotranspiration, soil moisture storage, lateral subsurface drainage, leachate
recirculation, unsaturated vertical drainage, and leakage through soil, geomembrane or
composite liners. Landfill systems including combinations of vegetation, cover soils,
waste cells, lateral drain layers, barrier soils, and synthetic geomembrane liners may be
modeled: The program was developed to conduct water balance analyses of landfills,
cover systems, and solid waste disposal facilities. As such, the model facilitates rapid
estimation of the amounts of runoff, evapotranspiration, drainage, leachate collection, and
liner leakage that may be expected to result from the operation of a wide variety of
landfill designs. The primary purpose of the model is to assist in the comparison of
design alternatives as judged by their water balances. The model, applicable to open,
partially closed, and fully closed sites, is a tool for both designers and permit writers.

The HELP model uses many process descriptions that were previously developed,
reported in the literature, and used in other hydrologic models. The optional synthetic
weather generator is the WGEN model of the U.S. Department of Agriculture (USDA)
Agricultural Research Service (ARS) (Richardson and Wright, 1984). Runoff modeling
is based on the USDA Soil Conservation Service (SCS) curve number method presented
in Section 4 of the National Engineering Handbook (USDA, SCS, 1985). Potential
evapotranspiration is modeled by a modified Penman method (Penman, 1963).
Evaporation from soil is modeled in the manner developed by Ritchie (1972) and used
in various ARS models including the Simulator for Water Resources in Rural Basins
(SWRRB) (Arnold et al., 1989) and the Chemicals, Runoff, and Erosion from Agricultural
Management System (CREAMS) (Knisel, 1980). Plant transpiration is computed by the
Ritchie's (1972) method used in SWRRB and CREAMS. The vegetative growth model
was extracted from the SWRRB model. Evaporation of interception, snow and surface
water is based on an energy balance. Interception is modeled by the method proposed
by Horton (1919). Snowmelt modeling is based on the SNOW-17 routine of the National
Weather Service River Forecast System (NWSRFS) Snow Accumulation and Ablation
Model (Anderson, 1973). The frozen soil submodel is based on a routine used in the
CREAMS model (Knisel et al., 1985). Vertical drainage is modeled by Darcy's (1856)
law using the Campbell (1974) equation for unsaturated hydraulic conductivity based on
the Brooks-Corey (1964) relationship. Saturated lateral drainage is modeled by an
analytical approximation to the steady-state solution of the Boussinesq equation
employing the Dupuit-Forchheimer (Forchheimer, 1930) assumptions. Leakage through
geomembranes is modeled by a series of equations based on the compilations by Giroud
et al. (1989, 1992). The processes are linked together in a sequential' order starting at the
surface with a surface water balance; then evapotranspiration from the soil profile; and
finally drainage and water routing, starting at the surface with infiltration and then
proceeding downward through the landfill profile to the bottom. The solution procedure
is applied repetitively for each day as it simulates the water routing throughout the
simulation period.
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SECTION 2

NARRATIVE DESCRIPTION

The HELP program, Versions 1, 2 and 3, was developed by the U.S. Army Engineer
Waterways Experiment Station (WES), Vicksburg, MS, for the U.S. Environmental
Protection Agency (EPA), Risk Reduction Engineering Laboratory, Cincinnati, OH, in
response to needs in the Resource Conservation and Recovery Act (RCRA) and the
Comprehensive Environmental Response, Compensation and Liability Act (CERCLA,
better known as Superfund) as identified by the EPA Office of Solid Waste, Washington,
DC. The primary purpose of the model is to assist in the comparison of landfill design
alternatives as judged by their water balances.

The Hydrologic Evaluation of Landfill Performance (HELP) model was developed
to help hazardous waste landfill designers and regulators evaluate the hydrologic
performance of proposed landfill designs. The model accepts weather, soil and design
data and uses solution techniques that account .for the effects of surface storage,
snowmelt, runoff, infiltration, evapotranspiration, vegetative growth, soil moisture storage,
lateral subsurface drainage, leachate recirculation, unsaturated vertical drainage, and
leakage through soil, geomembrane or composite liners. Landfill systems including
various combinations of vegetation, cover soils, waste cells, lateral drain layers, low
permeability barrier soils, .and synthetic geomembrane liners may be modeled. Results
are expressed as daily, monthly, annual and long-term average water budgets.

The HELP model is a quasi-two-dimensional, deterministic, water-routing model for
determining water balances. The model was adapted. from the HSSWDS (Hydrologic
Simulation Model for Estimating Percolation at Solid Waste Disposal Sites) model of the
U.S. Environmental Protection Agency (Perrier and Gibson, 1980; Schroeder and Gibson,
1982), and various models of the U.S. Agricultural Research Service (ARS), including the
CREAMS (Chemical Runoff and Erosion from Agricultural Management Systems) model
(Knisel, 1980), the SWRRB (Simulator for Water Resources in Rural Basins) model
(Arnold et al., 1989), the SNOW-17 routine of the National Weather Service River
Forecast System (NWSRFS) Snow Accumulation and Ablation Model (Anderson, 1973),
and the WGEN synthetic weather generator (Richardson and Wright, 1984).

HELP Version 1 (Schroeder et al., 1984a and 1984b) represented a major advance
beyond the HSSWDS program (Perrier and Gibson, 1980; Schroeder and Gibson, 1982),
which was also developed at WES. The HSSWDS model simulated only the cover
system, did not model lateral flow through drainage layers, and handled vertical drainage
only in a rudimentary manner. The infiltration, percolation and evapotranspiration
routines were almost identical to those used in the Chemicals, Runoff, and Erosion from
Agricultural Management Systems (CREAMS) model, which was developed by Knisel
(1980) for the U.S. Department of Agriculture (USDA). The runoff and infiltration
routines relied heavily on the Hydrology Section of the National Engineering Handbook
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(USDA, Soil Conservation Service, 1985). Version 1 of the HELP model incorporated
a lateral subsurface drainage model and improved unsaturated drainage and liner leakage
models into the HSSWDS model. In addition, the HELP model provided simulation of
the entire landfill including leachate collection and liner systems.

Version 1 of the HELP program was tested extensively using both field and
laboratory data. HELP Version 1 simulation results were compared to field data for
20 landfill cells from seven sites (Schroeder and Peyton, 1987a)' The lateral drainage
component of HELP Version 1 was tested against experimental results from two large--
scale physical models of landfill liner/drain systems (Schroeder and Peyton, 1987b). The
results of these tests provided motivation for some of the improvements incorporated into
HELP Version 2.

Version 2 (Schroeder et al., 1988a and 1988b) presented a great enhancement of the
capabilities of the HELP model. The WGEN synthetic weather generator developed by
the USDA Agricultural Research Service (ARS) (Richardson and Wright, 1984) was
added to the model to yield daily values of precipitation, temperature and solar radiation.
This replaced the use of normal mean monthly temperature and solar radiation values and
improved the modeling of snow and.evapotranspiration. Also, a vegetative growth model
from the Simulator for Water Resources in Rural Basins (SWRRB) model developed by
the ARS (Arnold et al., 1989) was merged into the HELP model to calculate daily leaf
area indices. Modeling of unsaturated hydraulic conductivity and flow and lateral
drainage computations were improved. Defaultsoil data were improved, andthe model
permitted use of more layers and initialization of soil moisture content.

In Version 3, the HELP model has been greatly enhanced beyond Version 2. The
number of layers that can be modeled has been increased. The default soil/material
texture list has been expanded to contain additional waste materials, geomembranes,
geosynthetic drainage nets and compacted soils. The model also permits the use of a
user-built library of soil textures. Computations of leachate recirculation and groundwater
drainage into the landfill have been added. Moreover, HELP Version 3 accounts for
leakage through geomembranes due to manufacturing defects (pinholes) and installation
defects (punctures, tears and seaming flaws) and by vapor diffusion through the liner
based on the equations compiled by Giroud et al. (1989, 1992). The estimation of runoff
from the surface of the landfill has been improved to account for large landfill surface
slopes and slope lengths. The snowmelt model has been replaced with an energy-based
model; the Priestly-Taylor potential evapotranspiration model has been replaced with a
Penman method, incorporating wind and humidity effects as well as long wave radiation
losses (heat loss at night). A frozen soil model has been added to improve infiltration and
runoff predictions in cold regions. The unsaturated vertical drainage model has also been
improved to aid in storage computations. Input and editing have been further simplified
with interactive, full-screen, menu-driven input techniques.

The HELP model requires daily climatologic data, soil characteristics, and design
specifications to perform the analysis. Daily rainfall data may be input by the user,
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generated stochastically, or taken from the model's historical data base. The model
contains parameters for generating synthetic precipitation for 139 U.S. cities. The
historical data base contains five years of daily precipitation data for 102 U.S. cities.
Daily temperature and solar radiation data are generated stochastically or may be input
by the user. Necessary soil data include porosity, field capacity, wilting point, saturated
hydraulic conductivity, and Soil Conservation Service (SCS) runoff curve number for
antecedent moisture condition II. The model contains default soil characteristics for 42
material types for use when measurements or site-specific estimates are not available.
Design specifications include such things as the slope and maximum drainage distance
for lateral drainage layers, layer thicknesses, leachate recirculation procedure, surface
cover characteristics and information on any geomembranes.

Figure 1 is a definition sketch for a somewhat typical closed hazardous waste landfill
profile. The top portion of the profile (layers 1 through 4) is the cap or cover. The
bottom portion of the landfill is a double liner system (layers 6 through 11), in this case
composed of a geomembrane liner and a composite liner. Immediately above the bottom
composite liner is a leakage detection drainage layer to collect leakage from the primary
liner, in this case, a geomembrane. Above the primary liner are a geosynthetic drainage
net and a sand layer that serve as drainage layers for leachate collection. The drain layers
composed of sand are typically at least 1-ft thick and have suitably spaced perforated or
open joint drain pipe.embedded below the surface of the liner. The leachate collection
drainage layer serves to collect any leachate that may percolate through the waste layers.
In this case where the liner is solely a geomembrane, a drainage net may be used to
rapidly drain leachate from the liner, avoiding a significant buildup of head and limiting
leakage. The liners are sloped to prevent ponding by encouraging leachate to flow toward
the drains. The net effects are that very little leachate should leak through the primary
liner and virtually no migration of leachate through the bottom composite liner to the
natural formations below. Taken as a whole, the drainage layers, geomembrane liners,
and barrier soil liners may be referred to as the leachate collection and removal system
(drain/liner system) and more specifically a double liner system.

Figure 1 shows eleven layers--four in the cover or cap, one as the waste layers, three
in the primary leachate collection and removal system (drain/liner system) and three in
the secondary leachate collection and removal system (leakage detection). These eleven
layers comprise three subprofiles or modeling units. A subprofile consists of all layers
between (and including) the landfill surface and the bottom of the top liner system,
between the bottom of one liner system and the bottom of the next lower liner system,
or between the bottom of the lowest liner system and the bottom of the lowest soil layer
modeled. In the sketch, the top subprofile contains the cover layers, the middle subprofile
contains the waste, drain and liner system for leachate collection, and the bottom
subprofile contains the drain and liner system for leakage detection. Six subprofiles in
a single landfill profile may be simulated by the model.
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The layers in the landfill are typed by the hydraulic function that they perform. Four
types are of layers are available: vertical percolation layers, lateral drainage layers,
barrier soil liners and geomembrane liners. These layer types are illustrated in Figure 1.
The topsoil and waste layers are generally vertical percolation layers. Sand layers above
liners are typically lateral drainage layers; compacted clay layers are typically barrier soil
liners. Geomembranes are typed as geomembrane liners. Composite liners are modeled
as two layers. Geotextiles are not considered as layers unless they perform a unique
hydraulic function.

Flow in a vertical percolation layer (e.g., layers 1 and 5 in Figure 1) is either
downward due to gravity drainage or extracted by evapotranspiration. Unsaturated
vertical drainage is assumed to occur by gravity drainage whenever the soil moisture is
greater than the field capacity (greater than the wilting point for soils in the evaporative
zone) or when the soil suction of the layer below the vertical percolation layer is greater
than the soil suction in the vertical percolation layer. The rate of gravity drainage
(percolation) in a vertical percolation layer is assumed to be a function of the soil
moisture storage and largely independent of conditions in adjacent layers. The rate can
be restricted when the layer below' is saturated and drains slower than the vertical
percolation layer. Layers, whose primary hydraulic function is to provide storage of
moisture and detention of drainage, should normally be designated as vertical percolation
layers. Waste layers and layers designed to support vegetation should be designated as
vertical percolation layers, unless the layers provide lateral drainage to collection systems.

Lateral drainage layers (e.g., layers 2, 6, 7 and 9 in Figure 1) are layers that promote
lateral drainage to collection systems at or below the surface of liner systems. Vertical
drainage in a lateral drainage layer is modeled in the same manner as for a vertical
percolation layer, but saturated lateral drainage is allowed. The saturated hydraulic
conductivity of a lateral drainage layer generally should be greater than 1 x 10-3 cm/sec
for significant lateral drainage to occur. A lateral drainage layer may be underlain by
only a liner or another lateral drainage layer. The slope of the bottom of the layer may
vary from 0 to 40 percent.

Barrier soil liners (e.g., layers 4 and 11 in Figure 1) are intended to restrict vertical
flow. These layers should have hydraulic conductivities substantially lower than those
of the other types of layers, typically below 1 x 106 cm/sec. The program allows only
downward flow in barrier soil liners. Thus, any water moving into a liner will eventually
percolate through it. The leakage (percolation) rate depends upon the depth of
water-saturated soil (head) above the base of the layer, the thickness of the liner and the
saturated hydraulic conductivity of the barrier soil. Leakage occurs whenever the
moisture content of the layer above the liner is greater than the field capacity of the layer.
The program assumes that barrier soil liner is permanently saturated and that its properties
do not change with time.

Geomembrane liners (e.g., layers 3, 8 and 10 in Figure 1) are layers of nearly
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impermeable material that restricts significant leakage to small areas around defects.
Leakage (percolation) is computed to be the result from three sources: vapor diffusion,
manufacturing flaws (pinholes) and installation defects (punctures, cracks, tears and bad
seams). Leakage by vapor diffusion is computed to occur across the entire area of the
liner as a function of the head on the surface of the liner, the thickness of the
geomembrane and its vapor diffusivity. Leakage through pinholes and installation defects
is computed in two steps. First, the area of soil or material contributing to leakage is
computed as a function of head on the liner, size of hole and the saturated hydraulic
conductivity of the soils or materials adjacent to the geomembrane liner. Second, the rate
of leakage in the wetted area is computed as a function of the head, thickness of soil and
membrane and the saturated hydraulic conductivity of the soils or materials adjacent to
the geomembrane liner.
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1.0 INTRODUCTION

This Special Analysis report describes a study to update the disposal limits for Vault 4 in the
Saltstone Disposal Facility, originally presented in the Z-Area Performance Assessment (MMES
et al. 1992) and subsequent Special Analyses (Cook et al. 2002; Cook and Kaplan 2003). This SA
uses the same conceptual model (i.e., migration of radionuclides from the Saltstone waste form
and Vault 4 to the environment via the processes of diffusion and advection) employed in the
earlier assessments. Relative to the former PA and SAs, this analysis incorporates the following
specific revisions:

" evaluation of additional radionuclides based on a recent updated screening analysis (Cook
2004),

* a revised treatment of Pu chemistry in the groundwater pathway, in which Pu(III/IV) and
Pu(V/VI) are modeled separately with differing geochemical properties (Cook 2002, Kaplan
2004),

* updated soil-solute distribution coefficients (Kd 's) for various elements and soil/waste types

(Kaplan 2004),

* a revised infiltration time history to reflect the present Z-Area closure plan and a cover
degradation analysis (Phifer and Nelson 2003),

* refinement of the aquifer model computational mesh,

* groundwater flow field results from a new GSA/PORFLOW model that replaces the previous
GSA/FACT model (Flach 2004),

* an expanded radon analysis considering Ra-226, Th-230, U-238 and Pu-238 as parents of Rn-
222 in addition to U-234, which was the only precursor considered in the 2002 SA (Cook et
al. 2002),

• application of atmospheric pathway screening to define the suite of radionuclides considered
in the air pathway analysis (Crapse and Cook 2004),

* updated meteorology parameters and dose factors (Simpkins 2004) in the air pathway
analysis, and

* use of an automated intruder analysis that uses updated Federal Guidance Report 11 and 12
dose conversion factors (Koffman 2004).

Disposal limits are computed based on analyses of groundwater, inadvertent intruder, and air
pathways for potential exposure and radon emanation. Each pathway analysis is discussed in
subsequent sections of the report, followed by presentation of disposal limits, and conclusions
and recommendations. All disposal limits are given in the Appendices, though only those less
than 1E20 are brought into the report Sections, since limits greater than 1E20 curies are
equivalent to "no limit need be considered". The evaluation demonstrates that disposal of the
waste planned for Vault 4 will meet the performance objectives of DOE Order 435.1, and, thus,
does not alter the conclusions of the PA.
This SA supplements the Saltstone PA and supersedes the two previous SAs (Cook et al. 2003;
Cook and Kaplan 2003).

1.1 Vault Description

The two existing vaults (i.e., Vault #1 and Vault #4) are constructed of reinforced concrete
containing slag (Langton 1986). Slag has also been incorporated into the Saltstone composition.
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The currently active vault (Vault #4) has the dimensions of approximately 200 feet wide, by 600
feet in length, by 26 feet in height. Thevault is divided into 12 cells, with each cell measuring
approximately 100 ft. x 100 ft. The vault is covered with a sloped, permanent roof that has a
minimum thickness of 4 inches, and a minimum slope of 0.24 inches/foot. The vault walls are
approximately 1.5 feet thick, with the base mat having a thickness of 2 feet. Operationally, the
cell of the vault will be filled to a height of approximately 25 feet with Saltstone, and then a layer
of uncontaminated grout, with an average thickness of 2 feet, will be poured to fill in the space
between the Saltstone and the sloped roof. Figure 1-1 is an aerial view of Vaults 1 and 4.

1.2 SDF Closure Concept

One of the key performance objectives of any closure of a waste disposal site is to limit moisture
flux through the waste minimizing contamination of surface runoff and underlying groundwater.
Because the SDF is designed as a controlled release facility, proper closure to meet the objective
of limiting moisture through the waste will be an integral part of long-term acceptability of the
disposal site. Because backfilling around the vaults and final closure of the SDF will be delayed
for several years, a detailed closure design has not been fully developed for the SDF. Thus, an
integral part of the SDF SA required that a closure concept be described and subsequently tested
in models that simulate the performance characteristics of the proposed closure concept.

1.2.1 Physical Description of the SDF Closure Concept

The closure concept developed is illustrated in Figure 1-2. After an individual vault cell is filled
with Saltstone, interim closure will be performed which consists of the placement of a 16-inch
(0.41 m) clean grout layer between the Saltstone and the overlying concrete roof. Final closure
will occur when all Saltstone vaults are filled, and will consist of the placement of a closure cap
over all of the vaults. This Will be followed by a 100-year period of institutional control, as
described in Phifer and Nelson, 2003.

Final. closure of the SDF will be accomplished by constructing a drainage system and
revegetating the site. The drainage system Will consist of a system of rip-rap lined ditches that
intercept the gravel layer of the moisture barrier. These ditches will divert surface runoff and
water intercepted by the moisture barrier away from the disposal site. The drainage ditches will
be constructed between rows of vaults and around the perimeter of the SDF.

The topsoil will be revegetated with bamboo. A study conducted by the USDA Soil Conservation
Service (Cook and Salvo 1992) has shown that two species of bamboo (Phyllostachys bissetii and
Phyllostachys rubromarginata) will quickly establish a dense ground cover which will prevent the
growth of pine trees, the most deeply rooted naturally occurring plant type at SRS. Bamboo is the
shallow-rooted climax species which evapotranspirates year-around in the SRS climate removing
a large amount of moisture from the soil and .decreasing the infiltration into the underlying
disposal system.

1.3 EXISTING VAULT 4 WASTE INVENTORY

The current radionuclide inventory in Vault 4 is given in Table 1-1.
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Figure 1-1. Aerial View of Vaults 1 (Rear) and 4 (Foreground)
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Upper Drainage
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Figure 1-2. SDF Closure Cap Configuration
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2.0 GROUNDWATER ANALYSIS

2.1 Methodology

The groundwater pathway analysis for each radionuclide involves two steps. First a vadose zone
flow and transport simulation is done to estimate flux to the water table for a disposed
radionuclide parent and any subsequent progeny. Then saturated zone flow and transport
modeling is used to estimate the groundwater concentration(s) at a hypothetical well placed 100
meters down-gradient from the disposal unit.

The vadose zone flow model was developed to reflect the current Z-Area closure concept (Phifer
and Nelson 2003), which calls for a geosynthetic cover system instead of a kaolin cap as assumed
in the 1992 PA. After completion of the institutional control period, infiltration is predicted to
gradually increase over time as the closure system degrades due to phenomena such as intrusion
of deep-rooted plants (e.g., trees) and silting of drainage layer's (Phifer 2004). While it is assumed
that tree root penetration will contribute to closure system degradation, tree roots should not
penetrate into the Saltstone, itself, and uptake radionuclides for the following reasons:

* Several layers of the multi-layered cover system above the vault roof are frequently at or near
saturation. Since tree roots are opportunistic and seek sources of water, the roots will
concentrate in these layers above the vault roof, which contain significant water.

" While roots might penetrate to the vault roof, the concrete roof presents a hardened surface
over which roots are more likely to extend along rather than penetrate.

* The pore fluid within Saltstone is essentially a salt solution (brackish water) which the trees
could not utilize.

" It is unlikely that 'roots would be able to extract water from Saltstone due to the matrix
potential within Saltstone.

The purpose of the deeper roots of pine trees is to seek sources of water. The multi-layered cover
system will produce local zones of saturated water in the drainage layers overlying the barrier
layers. The pine tree roots will tend to follow these layers rather than attempt to penetrate to
deeper levels since it is much easier for the roots to extract water from saturated soil than
unsaturated soil. Therefore, pine tree roots are not expected to penetrate the vault roof.

A potential PA concern is the effects of cracks developing in the Saltstone monolith over time. A
structural analysis (Peregoy 2003) predicts that cracks will develop and their aperture will
increase with increasing time..However, the analysis shows that the cracks will open either at the
top or at the bottom and will be pinched closed at the opposite end. Therefore, no through-wall
cracks will develop. A separate modeling study (Yu and Cook 2004) concluded that cracks of this
nature have very little effect on contaminant transport rate. Based on this finding cracks are not
considered in this SA.

The conceptual model describes the materials, layout, and dimensions of the SDF. Figure 2-1
depicts the conceptual model used for the Vault No. 4. The Saltstone monolith is approximately
200x600x25 ft. Only half of a vault in the short dimension is modeled, taking advantage of
symmetry. The top of the modeling domain is the bottom of the upper GCL layer. Infiltration
through this layer as a function of time is calculated by. the HELP code (USEPA 1994a, 1994b).
The constant infiltration rate .is used as a flow boundary condition at the top of the modeling
domain. The bottom of the modeling domain is the water table. Capillary pressure at the water
table is set to zero to simulate 100% water saturation. The vertical boundary through the center of
the vault is modeled as a no-flow boundary due to symmetry. The right boundary is also assumed
to be a no-flow boundary because it is sufficiently far away from the vault and the predominant
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Figure 2-1. Conceptual Model for the Saltstone Vault No. 4
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Figure 2-2. Modeling Grid
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contaminant transport mechanism is downward convection. Figure 2-2 shows the gridding used in
the model.

The vadose zone flow simulation was performed as a sequence of steady-state runs
approximating average conditions during a number of time intervals over 10,000 years based on
the HELP code results. Time zero is when closure operations are complete. Material properties
were varied for each time interval to represent degradation of the closure system, the Saltstone
waste form, and the vault. These properties are given in Appendix A.

A total of 45 radionuclides were selected for analysis based on a screening study for the SRS Low
Level Waste Facility (Cook and Wilhite 2004). Nitrate was also run in the analysis because it
occurs in high concentrations and has a relatively low groundwater limit.

The new plutonium chemistry implemented for the trench disposal units in the E-Area Low-Level
Waste Facility (Cook 2002, Kaplan 2004) has been included in the present special analysis. The
Pu (III/IV) oxidation state is far more abundant than Pu (V/I), but the latter is significantly more
mobile in sediments: a soil-solute distribution coefficient of Kid = 370 mL/g is assumed for Pu
(III/IV) versus Kd = 15 mL/g for Pu (V/VI). Although present in trace amounts, the relatively
high mobility of Pu (V/VI) could potentially lead to a significant contribution to the dose at the
100-meter well. The two pairs of oxidation states are tracked separately in the vadose zone
transport simulations to accommodate the difference in mobility.

In addition to the geochemistry modifications described above, some distribution coefficients
were updated to reflect current knowledge. Appendix A provides a complete listing of Kd values
used in the groundwater analysis and other key input data such as, radionuclides analyzed, half-
lives, atomic mass, concentration limits, solubility limits, and assumed decay chains.

The FACT code model of the General Separations Area (GSA) was recently superseded by an
equivalent model using the PORFLOW code, in order to consolidate PA subsurface flow and
transport modeling to a single software product (Flach 2004). The flow field computed by
GSA/PORFLOW is used in the present study. GSA/PORFLOW is a regional scale model with a
mesh resolution in the horizontal plane of 200 ft, compared to a width of about 200 ft for Vault 4.

Figure 2-3 illustrates locations of the existing Vaults, 1 and 4, and the aquifer model mesh: Figure
2-3 also shows the extent of the aquifer flow and transport model (blue border) and the mesh
resolution in the horizontal plane (light gray dashes). Particle tracking results starting from the
four comers of the combined facility indicate the groundwater flow direction., Time markers (red
dots) are shown every 10 years of travel. Figure 2-3 indicates a possibility of plume overlap,
which is the subject of a sensitivity study presented in Section 7.

2.2 Results

The magnitude and time of maximum concentration, the Maximum Contaminant Level (MCL)
(USEPA 2004) and the Vault 4 inventory limit for the key radionuclides for two time periods of
interest, 1000 years and 10,000 years, are given in Tables 2-1 and 2-2, respectively. These limits
for the groundwater pathway are compared with limits derived for the other pathways and with
the projected Vault 4 inventory in Section 7. For the projected Vault 4 inventory, none of the
radionuclides produces a significantly large fraction of the groundwater limit.

Plots of fractional flux and concentration for each radionuclide modeled with PORFLOW are
presented in Appendix A.
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A.2 SALTSTONE VAULT NUMBER 4 UNSATURATED ZONE GROUNDWATER
MODELING

A.2.1 Conceptual Model and Modeling Grid

The conceptual model describes the materials, layout, and dimensions of the SDF. Figure A-1
depicts the conceptual model used for the Vault No. 4. The Saltstone monolith is approximately
200x600x25 ft3. Only half of a vault in the short dimension is modeled, taking advantage of
symmetry. The top of the modeling domain is the bottom of the upper geosynthetic clay liner
(GCL) layer. Infiltration through this layer as a function of time is calculated by the HELP code
(USEPA 1994a, 1994b). The constant infiltration rate is used as a flow boundary condition at the
top of the modeling domain. The bottom of the modeling domain is the water table. Capillary
pressure at the water table is set to zero to simulate 100% water saturation. The vertical boundary
through the center of the vault at the left side of the figure is modeled as a no-flow boundary due
to symmetry. The right boundary is also assumed to be a no-flow boundary because it is
sufficiently far away from the vault and the predominant contaminant transport mechanism is
downward convection.
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Figure A-I. Conceptual Model for the Saltstone Vault No. 4

The dimensions of the vault and lower portion of the closure are summarized in Table A-2. The
"concrete" zone above the Saltstone pour level (at 66.75 ft) includes the top portion of the center
and exterior walls and the concrete roof. The drainage layer is a gravel/sand mixture. It is used to
reduce water perching above the vault. Test modeling results indicate that perching water can
increase water flow rate through the vault, which results in a higher contaminant leaching rate.
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The drainage layer is divided into three sections:. top, vertical and bottom. The initial hydraulic
conductivities in these sections are the same. However, these conductivities degrade at different
rates (Phifer 2004) as will be described later. Because the backfill is largely soil excavated during
vault construction, it is assumed that the backfill soil has the same properties as the native soil.
There is a GCL above the vault roof. Since the conductivity of the Saltstone and the vault is less
than or equal to the conductivity of the GCL (10-9 cm/sec), this GCL is ignored in the simulation.

Table A-2. Dimensions of Saltstone Vault No. 4

Component Dimensions of Vertical Distances
From (ft) To (ft) Thickness'

(ft)
Native Soil 0.00 40.00 40.00
Bottom Concrete Slab 40.00 42.00 2.00
Saltstone 42.00 66.75 24.75

Concrete at Center' 66.75 70.50 3.75

Drainage Layer 2  70.50 72.50. 2.00

Drainage Layer at the Vault Base 40.00 45.00 5.00

Backfill above Drainage Layer3 72.50 77.50 5.00

Dimensions of Horizontal Distances

Center Slab4  0.00 0.75 0.75
Saltstone 0.75 99.25 98.50
Side Slab 99.25 100.75 1.50
Drainage Layer 100.75 103.75 3.00
Drainage Layer at the Vault Base 100.75 110.75 10.00

1 Concrete includes tip of vault wal
2 Slope = 2.0%

StSlope = 3.0% at the upper boundary

1, concrete pour and concrete roof.

4 Actual center slab thickness 1.50 ft.

The potential impact of cracks on the performance of Vault 4 is discussed in Section A.4. Over
10,000 years, the suction head is great enough that flow, through cracks, whether through-wall or
not, can be neglected.

The modeling grid used for PORFLOW simulation is shown in Figure A-2. Trapezoidal grid
blocks are used for the concrete roof and the backfill to mimic the facility geometry.
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Figure A-2. Modeling Grid
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A.2.2 Time of Compliance and Simulation Time Intervals

The DOE time of compliance is 1,000 years (Wilhite 2003). However, the total time used for
groundwater modeling is extended to 10,000 years to assess the impact of a longer period of
compliance. The eight time intervals (Phifer 2004) used for groundwater modeling are shown in
Table A-3.

Table A-3. Simulation Time Intervals

INTERVAL TIME (YEARS)

TIO1 0 to 100
T102 100 to 300
T103 300 to 550
T104 550 to 1,000
T105 .1,000 to 1,800
T106 1,800 to 3,400
T107 3,400 to 5,600
TIOB 5,600 to 10,000

A.2.3 Flow Modeling

A.2.3.1 Flow Properties

The fundamental concept of the SDF (wasteform and facility features) is controlled contaminant
release. Due to the low hydraulic conductivity and low molecular diffusion in cementitious
materials, contaminant leaching from the SDF is very slow. This makes transformation into
Saltstone an effective method for liquid waste disposal. Among all the factors affecting the SDF
performance, the most important factor is hydraulic conductivity. The saturated hydraulic
conductivities of the engineered porous media (Saltstone, concrete and gravel drain layers) were
measured by Core Lab as described in 1993 (Yu 1993). These intact values are used for the first
100 years of simulation under the column heading TIO1 in Table A-4..

Table A-4. Saturated Hydraulic Conductivities (cm/sec)

TIO1 T102 T103 T104 T105 T106 T107 TI08

Horizontal conductivity:
Nati/Back 1.OOE-04 1.OOE-04 1.OOE-04 1.OOE-04 1.OOE-04 1.OOE-04 1.OOE-04 1.OOE-04
Drain Bot 1.OOE-01 9.99E-02 9.97E-02 9.90E-02 9.71E-02 9.30E-02 8.63E-02 7.46E-02
Drain Ver 1.OOE-01 -1.00E-01 1.OOE-01 1.OOE-01 1.00Z-01 1.OOE-01 1.OOE-01 1.OOE-01
Drain Top 1.OOE-01 9.99E-02 9.93E-02 9.75E-02 9.28E702 8.25E-02 6.58E-02 3.66E-02
Concrete 1.OOE-12 5.20E-12 1.29E-11 3.16E-11 7.64E-11 1.98E-10 4.19E-10 1.OOE-09
Saltstone 1.OOE-11 3.OOE-11 5.50E-11 1.OOE-10 1.80E-10 3.40E-10 5.60E-10 1.OOE-09

Vertical conductivity:
Drain Bot 9.52E-02 6.45E-02 2.70E-02 8.94E-03 3.34E-03 1.41E-03 7.25E-04 3.93E-04
Drain Top 8.89E-02 4.21E-02 1.29E-02 3.78E-03 1.36E-03 5.69E-04 2.91E-04 1.57E-04

In this SA, it is assumed the hydraulic conductivities of Saltstone and concrete will increase as
time proceeds. As a result, water percolation will gradually increase through the vault. It is also
assumed that the conductivities of the top and bottom drains will decrease with time due to
plugging in the lower part of these drains resulting in the engineered drains becoming less
effective in shedding perched water above the concrete roof. It is assumed that the effective
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vertical hydraulic conductivities decrease more rapidly than the horizontal conductivities. All of
the saturated hydraulic conductivities used for the simulation are summarized in Table A-4. 'The
data, equations, and rationale used to obtain these data are discussed below.
NATIVE AND BACKFILL SOIL

The saturated hydraulic conductivity of native and backfill soil is revised from 10-1 to 104 cm/sec
to be consistent with the generally accepted value for the SRS General Separations Area. Since
soil is a geological material, its conductivity is assumed to be constant.

SALTSTONE AND CONCRETE
In the time interval of 0 and 100 years, the hydraulic conductivities of Saltstone and concrete are
10•" and 10-12 cm/sec, respectively. Both conductivities degrade to 10-9 cm/sec at 10,000 years.
The degradation rate for concrete is faster because it is exposed to the environment and is more
vulnerable to be attacked by sulfate, chloride and other chemical reactions. The decay rate is
calculated by a log-log correlation:

log1o(k/ko) aloglo(t/ to) (A-I)

where k = conductivity at time t, cm/sec

ko = conductivity at t, = 100 years, cm/sec

a = degradation rate constant (a = 1.0 for Saltstone and 1.5 for concrete)

Calculated k values at the end of each time interval are used as PORFLOW input data to
generate the steady-state flow field for .the time interval. They are summarized in Table A-4.
GRAVEL DRAIN LAYERS

The initial hydraulic conductivity of the gravel drain layers is 10-1 cm/sec. As time goes on, soil
particles carried by the percolation water will plug the drains from the bottom. The plugged-zone
thickness will increase with increasing time. Calculated thickness (Phifer 2004) is shown in Table
A-5.

Table A-5. Plugged-Zone Thickness as a Function of Time

TIME (YEARS) PLUGGED-ZONE THICKNESS, FT

0 0
100 0.0005
300 0.005
550 0.022

.1,000 0.08
1,800 0.21
3,400 0.49
5,600 " 0.88

10,000 1.66

Plugging results in reduction in effective hydraulic conductivity. Freeze and Cherry (Freeze

1979) suggested equations to calculate horizontal and vertical effective conductivities:

kheff = [(H - h)kg + hk]/ H (A-2)

Skveff = H/[(H - h)/kg + h/k,] (A-3)

where H = total thickness (2 ft for top drainage layer and 5 ft for bottom drainage layer)
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h = plugged-zone thickness, ft

kg =conductivity of gravel (10-1 cm/sec)

k, =conductivity of soil (10- 4 cm/sec)

Calculated horizontal and vertical effective hydraulic conductivities for the top and the bottom
drainage layers are summarized in Table A-4. The plugged zone thickness used for the
calculation is the average for the time interval. For the vertical drainage layer, conductivity
remains constant at 10-1 cm/sec.

These assumptions on the changes in hydraulic properties over time are based on professional
judgment, since actual data over the time periods of interest do not exist. They were discussed
during meetings of the performance assessment team and the team agreed to use these values in
this analysis.

Because the SDF is constructed in the unsaturated zone, water saturation in the modeling domain
is expected to be below 100%. Fluid flow is affected by the capillary pressure (or suction
pressure) and relative permeability (or conductivity). Capillary pressure decreases with increasing
water saturation, whereas relative permeability increases with increasing water saturation,
Saturation dependence of these two parameters is often depicted as characteristic curves. The
characteristic curves for Saltstone are illustrated in Figure A-3. Figures A-4 through A-6 show the
same curves for the other porous media. In the unsaturated-zone flow model, the capillary
pressure and relative permeability are entered as table input.
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Figure A-3. Characteristic Curves for Saltstone
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Figure A-5. Characteristic Curves for Drain Layers
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A.2.3.2 Infiltration Rates

The infiltration rates (in inches/year) through the lower GCL (Phifer 2004) used for this study are
summarized in Table A-6 and shown in Figure A-7.

Table A-6. Infiltration Rates Used as Upper Boundary Conditions

Time Interval Infiltration Rate (in/yr)

0 to 100 0.39

100 to 300 1.73

300 to 550 5.48

550 to 1,000 9.97

1,000 to 1,800 12.90

1,800 to 3,400 13.90

3,400 to 5,600 14.06

5,600 to 10,000 14.09

z

0

PI

TIME, YEARS

Figure A-7. Infiltration Rate Through the Lower GCL
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4.6 Lower Drainage Layer

Previous undocumented PORFLOW modeling has indicated that water could build up on top of the
vault, due to the low permeability of the vault roof and the inadequate thickness of the overlying
drainage layer particularly as the drainage layer silts-in over time (see Section 5.3). Such a build up
increases the hydraulic head, which is the driving force for flow of water through the vault. To
minimize build up of water on top of the vault the following changes to the closure cap configuration
were made:

" The lower drainage layer thickness was increased from 6 inches to 2 feet,

* A 3-foot wide vertical drainage layer was added along the sides of the vaults, and

* A 5-foot-thick by 10-foot-long drainage layer was added at the base of the vaults.

All three of these layers are interconnected in order to route water off the vault top along the vault
sides to the soil layer below the vaults.

4.7 Closure Cap Configuration Summary and Intact Infiltration

The following are the changes that have been made to the closure cap configuration from that
described within the current PA, Closure Plan, and PA Intruder Special Analysis (MMES 1992; Cook
et al. 2000; Cook et al. 2002a) as outlined in Section 2.0:

" The kaolin hydraulic barriers have been replaced with GCLs (see Section 4.1).

* The drainage system configuration has been revised from that depicted in Figure 4.2-1 to that of
Figure 4.2-2. This decreases the slope lengths from a maximum of 600 feet to 300 feet over the
vaults. The Figure 4.2-2 configuration has a crest down the centerline of each row of vaults and
drainage is directed to the perimeter of the entire disposal area and between the two rows of
vaults. (see Section 4.2)

* An erosion barrier separate from and above the upper drainage layer has been added. The erosion
barrier is one-foot thick and consists of 2-inch to 6-inch granite stone with a d5 0 (i.e. median size)
of 4 inches. (see Section 4.3)

" A twelve-inchl-thick backfill layer has been added between the erosion barrier and the upper

drainage layer.

" The 3-meter-thick grout layer has been replaced with 3 meters of soil materials.

* The lower drainage layer thickness has been increased from 6 inches to 2 feet, a 3-foot wide
vertical drainage layer has been added along the sides of the vaults, and a 5-foot-thick by 10-foot-
long drainage layer has been added at the base of the vaults.

Figure 4.7-1 and Table 4.7-1 present the resulting SDF GCL closure cap configuration. Table 4.7-1
also includes theassociated HELP Model soil input data. Additional HELP model input change from
the previous modeling include:

" The landfill area modeled has been modified to conform to the Figure 4.2-2 drainage layer
configuration as shown in Figure 4.7-1. The area modeled has been changed 350-foot by 250-
foot, which results in a surface area of 87,500 feet squared or 2.009 acres.

* The surface slope length has been changed to 350 feet as shown in Figure 4.7-1. This change
results in a HELP model computed curve number of 55.20.

* The slope length of the upper drainage layer has been changed to 350 feet.

• The slope length of the lower drainage layer has been, changed to 250 feet.
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The initial moisture storage has been specified as done in Section 4.1.

HELP modeling of the Table 4.7-1 intact SDF GCL closure cap configuration has been performed as
outlined above. Based upon this modeling the infiltration through the upper GCL has been estimated
to be 0.29 inches per year for intact conditions. The following appendix provides the detailed HELP
model, input data and output file for the intact condition:

* Appendix 0, Intact SDF GCL Closure Cap (0 Years): HELP Model Input Data and Output File
(output file name: ZGCLIout.OUT)
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Figure 4.7-1. SDF GCL Closure Cap Configuration
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Table 4.7-1. Intact SDF GCL Closure Cap Configuration and HELP Model Required Soil
Property Data

Layer Thickness Saturated Total Field Wilting Point
(inches) Hydraulic Porosity Capacity (VoliVol)

Conductivity (Vol/Vol) (Vol/Vol)
(cm/sec)

Topsoil 6 L.OOE-03 0.4 0.11 0.058
Upper Backfill 30 L.OOE-04 0.37 0.24 0.136
Erosion Barrier 12 3.97E-04 0.06 0.056 0.052
Middle Backfill 12 6 1.OOE-04 0.37 0.24 0.136

Geotextile Filter -- - -
Fabric 5

Upper Drainage 12 1.OOE-01 0.38 0.08 0.013
Layer4
Upper GCL 0.2 5.OOE-09 3 0.75 ' 0.747 0.40 4
Lower Backfill ' 58.65 6 1.OOE-04 0.37 0.24 0.136
Geotextile Filter - - - -

Fabric 5
Lower Drainage 24 6 1.OOE-01 0:38 0.08 0.013
Layer _ _I__
Lower GCL 0.2 5.00E509 2 0.75 3 0.747 3 0.40 3
WSRC 2002

2 See Section 4.3

3 GSE 2002
4 USEPA 1994a and USEPA 1994b

5 It is assumed that a geotextile filter fabric will be placed above the drainage layers to minimize the
infiltration of fines from the overlying layers into the drainage layer. However it is not necessary to
include the filter fabric in the HELP models.
6 The 39.37 inches (1 m) of clean grout immediately above the vault roof was replaced with 12 inches
of Middle Backfill, 9.37 inches of Lower Backfill, and 18 inches of lower drainage layer.
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