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EXECUTIVE SUMMARY

The purpose of this document is to provide a sound basis for the equipment protection
requirements found in the HNF-3912 (1999), System Specification for the Single-Shell Tank System,
under Section 3.3.6.2 for Tank Temperature Limits, Tank Liquid Waste Levels, Single-Shell Tank
Pressure Limits, and Dome Loading. The goal is to specify the required minimum structural-related
constraints necessary to maintain the structural integrity (load-carrying capacity) of the single-shell
tanks (SSTs) for the retrieval and waste feed delivery (WFD) to the privatized vitrification plant.
Although maintaining leak tightness is important in protecting the environment, many of the SSTs have
- already leaked. - Thus, the emphasis here is on maintaining adequate load-carrying capacity. Although
the recommended limits apply to all SSTs, emphasis is given to the proposed Phase-1 lead-transfer feed
tanks 241-C-102 and -104.

The initial preliminary assessment given in HNF-4047 (1999), Engineering Basis Document
Review Supporting the SST System Specification Development, was based on a detailed review and
screening of the information contained in the Operational Specification Documents (OSDs) and the
Technical Safety Requirements (TSRs). The recommended structural integrity requirements reported
herein were developed through an expanded review of existing requirements and their technical baseline
documents (see Appendix A), as well as, the load histories of the proposed lead-transfer feed tanks (see
Appendix B).

Current TSRs controls are based on the preventive and mitigative features determined to be
essential in HNF-SD-WM-BIO-001 (1998), Tank Waste Remediation System Basis for Interim
Operation. The BIOQ is based on hazard analyses to ensure adequate protection to the onsite workers and
the public. Though adequate controls bound safety analysis hazards, additional conservative controls
are required to maintain code-based design margins to ensure adequate equipment protection. The
recommended load limits provided herein are based on structural integrity considerations; other
operating factors could further restrict these limits.

Because of uncertainties in the current structural condition of the SSTs as well as uncertainties in
the supporting structural analysis technical baseline, any relaxation of the current OSD and TSR
structural related constraints is not recommended. The recommended load limits are consistent with the
current OSD and TSR constraints except for the heat-up/cool-down rate. A reduction in the heat-
up/cool-down rate from 20 °F/day to 3 °F/day is recommended until the adequacy of the higher value
can be confirmed. Overall uncertainty in the conservatism of the SST technical baseline led to the TSR
imposed constraint against additional soil loading on the SSTs in order to minimize the risk of structural
damage. Additional analyses have been proposed to provide a sounder technical baseline.

The load history for the 241-C-106 high-heat tank bounds the load histories of the Phase-1 lead-
transfer feed tanks 241-C-102 and -104. Hence, the Phase-1 lead-transfer feed tanks can be considered
structurally adequate based on the recent seismic and structural evaluations of the 241-C-106 tank for its
bounding load history.
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1.0 INTRODUCTION

This document supports the development of structural integrity requirements for the Hanford
Site single-shell tanks (SSTs) in an effort to ensure continued adequate structural integrity of the SST
system during the Phase 1 and Phase 2 retrieval and transfer of waste feed material to the privatized
vitrification plant. These requirements are to be included in HNF-3912 (1999), System Specification for
the Single-Shell Tank System, which supports the Waste Feed Delivery (WFD) and retrieval mission
described in HNF-SD-WM-MAR-008 (1999), Tank Waste Remediation System Mission Analysis
Report. Only structural integrity (load bearing) related requirements are addressed herein—Iliquid
integrity (functional) requirements are not explicitly addressed. Structural integrity, as defined herein,
refers to the ability of the structure to maintain a stable geometry under applied loads with sufficient
margin. Structural failure (collapse) is defined as the calculated inability of the structure to withstand
normal operating loads or normal operating plus seismic loads. The reinforced concrete vault structure
is the primary load-bearing component of the SSTs.

Liquid integrity of the SSTs is associated primarily with the leak tightness of the steel liner and
secondarily with the leak tightness of the concrete vault in the event of a liner failure. Hence, leakage of
a tank does not imply loss of tank structural integrity (load-carrying capacity) but it does lead to a loss
of function (containment of waste) with resulting potential environmental consequences. The
magnitude of the environmental consequences is a function of the net volume of waste that could be
released before the remaining liquid content can be retrieved. Loss of leak tightness has already
occurred in about 45 percent of the SSTs—to date 67 of 149 of the SSTs have been declared “known or
assumed leakers” (HNF-EP-0182-129, 1999). Continued leak tightness cannot be assured in the
remaining SSTs with any high degree of certainty. Although on-going interim stabilization efforts
reduce the available liquid volume that could be leaked during the extended storage of the remaining
waste material, application of certain retrieval or waste feed transfer options, such as sluicing, can
increase the available liquid volume.

This report expands on the review screening of existing Operational Specification Documents
(OSDs) given in HNF-4047 (1999), Engineering Basis Document Review Supporting the SST System
Specification Development. The resulting recommended structural integrity requirements reported
herein were developed through a review of existing requirements and their basis documents (see
Appendix A) as well as load histories with emphasis on the proposed lead-transfer feed tanks 241-C-102
and -104 for the privatized vitrification plant (see Appendix B). Recommended load limits and potential
improvements in the technical baseline are identified.

2.0 BACKGROUND

The SSTs consist of a group of underground 133 large capacity (530, 758, and 1,000 Kgal)
100-Series tanks with a 75-foot internal diameter and 16 small capacity (55 Kgal) 200-Series tanks with
a 20-foot internal diameter. See Figure 1 for a schematic of the 100- and 200-Series SST
configurations. The tanks are clustered within twelve Tank Farms identified as A, AX, B, BX, BY, and
C in the 200 East Area and S, SX, T, TX, TY, and U in the 200 West Area of the Hanford Site near
Richland, Washington. The tanks provide interim storage of high-level radioactive waste until future
processing and permanent disposal options become available. The tanks were built from 1943 to 1964
with a presumed design life of 20 to 25 years. The preliminary functional design criteria for the AX
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tanks (HW-70529, 1961) lists a design life of 25 years with a 1/16-inch corrosion allowance for the steel
liner. Hence, the current age of the SSTs varies from 35 to 56 years, which is well beyond their design
life. In addition, some of the 100-Series SSTs exceeded their original design temperatures. All SSTs
were removed from service (no waste receipts or transfers except for removing liquids) by November
1980. As of December 1998, 119 of the 149 SSTs have been interim stabilized (less than 50 Kgal of
drainable interstitial liquid and less than 5 Kgal of supernatant liquid remain in the tank). Ongoing
comprehensive maintenance and surveillance programs have ensured continued safe operations to date.

The SSTs are underground, steel-lined, reinforced concrete structures. The reinforced concrete
vault provides a secondary waste containment barrier and is the primary load support structure that resist
internal hydrostatic loads from the stored waste, external soil loads, and equipment loads. The
100-Series type vault is a reinforced concrete structure consisting of a dished- or flat-bottom circular
slab, vertical cylindrical wall, and a shallow (12-foot rise) elliptically shaped dome with a stiffened
haunch region. The bottom slab extends beyond the wall to act as a wall footing with continuous
reinforcing steel extending from the slab into the wall. The vertical concrete wall for the 530- and
758-Kgal tanks is 12- and 15-inches thick, respectively. For the 1,000-Kgal tanks, the wall thickness is
24 inches in the lower 2/3 of the wall and transitions to15 inches in the upper wall region. The dome is
15-inches thick at the center and transitions to the thicker haunch region.

The thin walled (1/4 to 3/8-inch thick) carbon steel liner is the primary waste containment
barrier. The steel liner is not structurally attached to the concrete vault but is retained within the
concrete vault in an open-cup arrangement. A layer of cement mortar reinforced with a 2x2-inch square
wire mesh fabric over a 3-ply asphaltic membrane waterproofing is provided between the steel liner and
the concrete vault structure (except A, AX and SX tanks). The bottom steel liner rests on a 2-inch wet-
grout layer (except AX tanks, which have drain slots) which is supported by the reinforced concrete
bottom slab. The steel liner is circumferentially stiffened by ring shaped angles welded to the inside
face of the liner vertical wall of the 100-Series SSTs. The SSTs were put into service with the steel
liners in the as-welded (no post-weld stress relief) condition. Although not verified, this lack of post-
weld stress relief has been assumed to be a major contributor in the leakage of the SSTs due to stress-
corrosion cracking (SCC) when coupled with an adverse waste chemistry and high temperature.
General corrosion and local pitting corrosion can also lead to leakage of the SSTs.

Table 1 summarizes the material and design specification data for the 100-Series SSTs. The wall
thickness of the steel liner is also provided for each of the various SST designs. A more detailed
comparison of design details between the SSTs is given in WHC-SD-WM-TI-598 (1994). The tanks are
listed in Table 1 in the chronological order of construction. The 530- and 758-Kgal tanks were not
designed for the storage of self-boiling waste; their original design temperature was 220 °F. The
1,000-Kgal tanks were designed for the storage of self-boiling waste; their original design temperature
was 250 °F (WHC-SD-WM-TI-648, 1994). Some of the data listed in Table 1 is not readily available
(NRA) and has been so indicated. In the case of the seismic qualification, HW-37519 (1955) states that
the tanks meet the earthquake requirements of the Uniform Building Code (UBC) applicable at the time
of construction and can be considered earthquake resistant. However, HW-37519 does not provide any
supporting references.

Tables 2 and 3 summarize the status of the 100- and 200-Series tanks, respectively. In addition
to certain design features listed, these tables list the construction, in-service, and out-of-service dates;
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leak status; historical peak temperature and date of occurrence; current temperature and current total
waste volume; watch-list status; and stabilization and isolation status.

3.0 SINGLE-SHELL TANK STRUCTURAL INTEGRITY REQUIREMENTS

Internal and external loads affect the structural integrity of the SSTs. Normal loads associated
with in-place soil loading; intemmal vapor pressure from active ventilation system operation and transient
pressures from spontaneous gas releases or boiling; hydrostatic pressure from stored waste; dead loads
from in-place equipment; and live loads from crane or support vehicle activities over or near the tanks
are of primary consideration.

In addition, exposure to temperatures above 150 °F over time can reduce the concrete strength
and modulus of elasticity, as well as increase the creep rate of the concrete. Cyclic loads due to fill and
drain cycles and the associated thermal transient loads can adversely affect the performance of the
concrete structure. The effect of elevated temperature on the concrete is non-recoverable. Hence, the
thermal load history experienced by each of the SSTs is important in assessing the current structural
integrity of the SSTs. The potential degradation of the concrete is one of the larger uncertainties in
assessing the current structural integrity of the SSTs.

The tank structure must also have sufficient reserve capacity to sustain natural phenomena and
accident type loads. Natural phenomena loads of interest include snow, volcanic ashfall, and seismic
induced loads. Accident loads include loads from potential hydrogen deflagration, organic-salt nitrate
reaction, organic solvent or gasoline fires, or equipment load drops. Seismic induced ground motion is
likely to cause a spontaneous release of retained gases in those tanks that tend to accumulate gas in the
waste. If the compositton of the released gaseous mixture is within its flammability range and a spark of
sufficient energy is generated, the flammable gas mixture could be ignited resulting in an internal
pressure transient within the tank. A spark could be generated by metal-to-metal impacts resulting from
the seismic induced relative motion between in-tank equipment and its support riser. Hence, a seismic
event could also be the initiator for a hydrogen deflagration (HNF-SD-WM-BIO-001, 1998).

The liquid integrity of the SSTs is affected by waste chemistry (NO; and OH + NO; relative
concentration), stress state of steel liner including weld induced residual stress, and waste temperature.
These elements affect the corrosion characteristics of the steel liner (WHC-EP-0772, 1994). In addition,
for actively ventilated tanks, a high ventilation induced vacuum coupled with a low tank waste level
could lead to an uplift of the bottom of the steel liner that could result in tank leakage of the remaining
liquid waste.

Current requirements have been established to restrict operations in order to mitigate the
consequences or prevent the occurrence of adverse events from a safety (hazard/consequence)
perspective. The safety basis for these requirements/controls is HNF-SD-WM-BIO-001 (1998), Tank
Waste Remediation System Basis for Interim Operation. Additional controls have also been established
in Operating Specification Documents (OSDs) to ensure continued usage of the tanks consistent with
their mission.
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3.1 CURRENT REQUIREMENTS

Current technical safety requirements (TSRs) for single-shell tanks (SSTs) are given in HNF-
SD-WM-TSR-006 (1998), Tank Waste Remediation System Technical Safety Requirements, on the basis
of HNF-SD-WM-BIO-001 (1998) until the BIO is replaced by a fully compliant Final Safety Analysis
Report (FSAR). The TSRs are based on the preventive and mitigative features determined to be
essential in the BIO. An Addendum to the TSR document contains Transitional Requirements —
controls that have been directed by DOE to be retained in the TWRS Authonzation Basis.
Implementation procedures are contained in lower tier documents, such as HNF-IP-1266 (1997), Tank
Farms Operations Administrative Controls. The TSR and BIO define acceptable conditions, safe
boundaries, and bases thereof, and management or administrative controls required to ensure safe
operation during waste storage, transfer, and characterization. The TSR and BIO do not specifically
cover environmental regulatory requirements. Operating Specification Documents (OSDs), such as,
OSD-T-151-00013 (1998), Unclassified Operating Specifications for Single-Shell Waste Storage Tanks,
OSD-T-151-00030 (1998), Operating Specification for Watch List Tanks, and OSD-T-151-00031
(1998), Operating Specifications for Tank Farm Leak Detection and Single-Shell Tank Intrusion
Detection, impose additional technical limits and controls on processes or operations associated with the
SSTs which, if violated, could damage equipment or facilities, hamper operations, jeopardize
compliance with environmental requirements, or adversely affect product quality. These lower tier
documents provide more restrictive limits and controls to assure continued usage in order to meet
programmatic needs until final retrieval and closure has been achieved.

3.2 NEW REQUIREMENTS

The SST waste retrieval and transfer feed activities may require changes to the current
requirements in order to meet the demands of the proposed waste retrieval and transfer feed effort while
still maintaining safety and environmental requirements. These new requirements have not been
established to date and may require additional analysis and/or testing to demonstrate compliance.

3.3 STRATEGY FOR DEVELOPMENT OF STRUCTURAL INTEGRITY REQUIREMENTS

The strategy for determining the limiting requirements to be imposed on future waste feed and
retrieval efforts as they affect SST continued structural and leak integrity is based on a review and
assessment of the supporting structural analyses, past and current restrictions, operating history to date,
and future needs. The scope of the review and assessment herein includes all SSTs; however, its focus
is on the Phase 1 WFD activity for the proposed lead-transfer feed tanks 241-C-102 and -104. This
allows direct comparison with tank 241-C-106 (current high-heat lead-retrieval tank) operating history
and its recent retrieval activity supporting analyses. The following tasks were completed in support of
this effort:

1) Review mission/system level documents that contain structural integrity requirements (e.g., WAC
codes, TPA, PHMC contract, privatization contract). Summarize existing requirements and
commitments regarding structural integrity requirements.
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The following documents were reviewed regarding structural integrity (load-bearing capacity)

requirements.
o HNF-2944 (1998), Single Shell Tank Retrieval Program Mission Analysis Report.
o HNF-2826 (1998), Single-Shell Tank System Functional Analysis.
e HNF-SD-WM-MAR-008 (1999), Tank Waste Remediation System Mission Analysis Report.
e HNF-2919 (1999), Constraints for System Specifications for the Double-Shell and Single-Shell

2)

3)

Tank Systems.
WAC (1998), Dangerous Waste Regulations, Chapter 173-303.

Complete an industry survey, including DOE, of sites that have successfully addressed the
requirement issues on integrity of underground radioactive and non-radioactive waste storage
tanks. Determine and summarize the applicability of this work and its results to C102/C104.

The scope of this task was limited to a review of the following document:

BNL-52527 (1997), Guidelines for Development of Structural Integrity Programs for DOE
High-Level Waste Storage Tanks.

This document provides general guideline for the development of structural integrity programs

for DOE high-level waste storage tanks. Although elements of the guidelines are applicable to S8Ts, the scope of
the document is focused on double-shell tanks (DSTs). See Appendix A (under Codes and Standards) for additional
review comments.

Review the documentation used for justifying the structural integrity of C-106 to support the current
sluicing program.

Documents reviewed under this task include:

HW-1946 (1943), Specification for Composite Storage Tanks ~ Bldg. #241 at Hanford Engineer
Works Project 9536 (original specification for the C Tank Farm).

ARH-CD-948 (1977), History and Status of Tanks 241-C-105 and 241-C-106.

RHO-CD-638 (1979), Engineering Study on Tanks 105-C and 106-C for Long Term

Structural Integrity.

WHC-SD-W340-ES-001 (1993), Project W-340 Manipulator Retrieval System

Tank 241-C-106.

WHC-SD-W320-ANAL-001 (1995), Tank 241-C-106 Structural Integrity Evaluation for

In situ Conditions.

WHC-SD-W320-ANAL-002 (1995), Seismic Evaluation of Tank 241C106 in Support of
Retrieval Activities.

WHC-SD-W320-ANAL-003 (1995), Tank 241C106 Structural Evaluation in Support of Project
W320 Retrieval,

WHC-SD-W320-ANAL-001, -002 and -003 document results of an extensive state-of-the-art evaluation of the
structural integrity of the 24 1-C-106 high-heat tank to historical operating loads, a 0.20-g earthquake based on HPS-
SDC 4.1 (1993) load criteria for non-nuclear Safety Class 1 structures, and retrieval operational loads, respectively.
See review of these reports in Appendix A. The 241-C-106 analyses also bound the 241-C-102 and -104 tanks since
the load history of the 241-C-106 tank is bounding (see Table 2 and Appendix B) for this group of tanks. Because
temperature in the concrete did not exceed 150 °F for at least 15 years after construction, the concrete strength was
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assumed to be higher than the 28-day minimum-specified design value of 3,000 Ibf/in’ due to aging. An undegraded
compressive strength of 4,600 Ibf/in” was estimated based on the lower-bound 95% confidence-band relation
developed from Hanford-mix concrete lab-test data. Corresponding concrete strength and modulus degradation
relations with time at temperature were applied in the thermal-creep analysis of the 241-C-106 tank for its estimated
upper-bound thermal history (WHC-SD-W320-ANAL-001, 1995).

4) Review the structural calculations supporting the OSDs and TSRs for C102/104 and determine the
compliance with current criteria in HNF-PRO-097.

Documents reviewed under this task include:

HNF-PRO-097 (1997), Project Hanford Policy and Procedure System: Engineering Design and
Evaluation.

HNF-SD-WM-TSR-006 (1998), Tank Waste Remediation System Technical Safety
Requirements.

HNF-SD-WM-BIO-001 (1998), Tank Waste Remediation System Basis for Interim Operation.
OSD-T-151-00013 (1998), Unclassified Operating Specifications for Single-Shell Waste Storage
Tanks.

OSD-T-151-00030 (1998), Operating Specification for Watch List Tanks.

OSD-T-151-00031 (1998), Operating Specifications for Tank Farm Leak Detection and Single-
Shell Tank Intrusion Detection.

BNL-52361 (1995), Seismic Design and Evaluation Guidelines for Department of Energy High-
Level Waste Storage Tanks and Appurtenances.
WHC-SD-TWR-RPT-002 (1996), Structural Integrity and Potential Failure Modes of the
Hanford High-Level Waste Tanks.

WHC-SD-TWR-RPT-003 (1996), DELPHI Expert Panel Evaluation of Hanford High Level
Waste Tank Failure Modes and Release Quantities.

SD-RE-TI-012 (1983), Single-Shell Waste Tanks Load Sensitivity Study.

WHC-SD-WM-TI-623 (1994), Static Internal Pressure Capacity of Hanford Single-Shell Waste
Tanks.

Selected documents from bibliography of single-shell tank related analyses were also reviewed
(see Appendix A).

The hazard classification for the SSTs is specified as Hazard Category 2 in HNF-SD-WM-BI0O-001 but their Safety
Classification is not specified in the BIO. SSTs are designated as Safety-Class structures in HNF-SD-WM-SAR-
067 (1999), Tank Waste Remediation System Final Safety Analysis Report, for the Natural Phenomena—Seismic
accidents, This leads to a Performance Category (PC) 3 classification for SSTs under seismic loading in
accordance with HNF-PRO-097 (1997) which is driven by DOE Order DOE 5480.28 (1993), Natural Phenomena
Hazards Mitigation. For existing PC 3 type structures located in the 200 Area of the Hanford Site, the evaluation
basis horizontal peak ground acceleration is (.18 and 0.19 g for the East and West Area, respectively (HNF-PRO-
097).

Section 3.4.2.12.3 of HNF-SD-WM-SAR-067 shows that a seismic event at the tank farm could damage tank farm
facilities. However, tank failure or collapse is not expected for the evaluation basis earthquake based on available
analyses [RHO-R-6 (1978), WHC-SD-W320-ANAL-002 (1995), WHC-SD-TWR-RPT-002 (1996), WHC-SD-
TWR-RPT-003 (1996), and RLCA (1996)] and worldwide experience of typical damage to structures as a function
of seismic acceleration level (see Table A-3 in Appendix A reproduced from HNF-SD-WM-SAR-067). The tank
functions to confine materials sufficiently to mitigate onsite and offsite consequences. The safety function of the
waste tanks is to maintain gross tank structural integrity, which averts tank collapse and limits the release of waste
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during and after the evaluation basis earthquake, thus decreasing the consequences of the Natural Phenomena—
Seismic accident.

Strict compliance to HNF-PRO-097 has not been shown because all S5T seismic analyses predated HNF-PRO-097,
which introduced new design response spectra for Hanford Site facilities, However, based on available seismic
analyses of SS8Ts, compliance to HNF-PRO-097 could likely be demonstrated by analysis. The seismic load
capacity of 85Ts was also evaluated in RLCA (1996) which concluded that the SSTs would not fail until about

0.8 g. The RLCA analysis conservatively neglected soil-structure interaction effects but followed the guidelines,
methods, and criteria of DOE Standard DOE-STD-1020-94 (1994), Natural Phenomena Hazards Design and
Evaluation Criteria for Department of Energy Facilities and BNL 52361 (1995), Seismic Design and Evaluation
Guidelines for The Department of Energy High-Level Waste Storage Tanks and Appurtenances.

Although the snow and ashfall load requirements in HNF-PRO-097 are not explicitly addressed in the SST
structural analyses, the dome load controls in Chapter 5.16 of HNF-IP-1266 (1997) require that a reserve for snow
and ashfall be included in the total applied distributed load for comparison to the qualified distributed load. This
meets the intent of HNF-PRO-097.

Review the history of usage (e.g. temperature history, fill/drain cycles, and the corresponding
temperature transients) for C102/C104. Prepare a load histogram from this data and compare to
C106.

Documents reviewed under this task include:

o WHC-SD-WM-ER-313 (1996), Supporting Document for the Historical Tank Content Estimate
Jor C Tank Farm.
e Tank dome elevation survey data for C102 and C104 in comparison to C106.

See Table 2 for comparison of peak temperatures and Appendix B for comparison of historical waste levels,
temperatures, and dome elevation survey data. The waste level and temperature data in Appendix B was obtained
from WHC-SD-WM-ER-313 (1996). The temperature data repreduced from WHC-SD-WM-ER-313 only goes
back to 1974. Table 2 included limited available data from RHO-CD-1172 (1981) back to 1961. A complete record
of the temperature histories of the SSTs is not currently available. However, based on the available data for C102,
C104, and C106, it is clear that the C106 thermal history bounds the thermal histories of tanks C102 and C104.
Hence, the structural integrity of tanks 241-C-102 and -104 is expected to be better than that of 241-C-106.

In light of the above information, identify structural failure modes and the mechanisms that may
initiate them.

Documents reviewed under this task include:

o RHO-CD-1485 (1981), Description of Potential Failure Modes for Single-Shell Waste Tanks.

¢ WHC-SD-TWR-RPT-002 (1996), Structural Integrity and Potential Failure Modes of the
Hanford High-Level Waste Tanks.

o  WHC-SD-TWR-RPT-003 (1996), DELPHI Expert Panel Evaluation of Hanford High Level
Waste Tank Failure Modes and Release Quantities.

o RLCA (1996), Evaluation of Hanford High Level Waste Tank Failure Modes for Seismic
Loading.

Using the above background, propose structural integrity requirements (i.e. temperature,
temperature rate of change, temperature differential, tank pressure, pressure rate of change and

dome loading) for the §STs.
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Recommended load restrictions to maintain structural integrity are summarized in Section 3.4 below.

3.4 RECOMMENDED STRUCTURAL INTEGRITY REQUIREMENTS

Based on above reviews (see Table 4 and Appendix A), proposed structural integrity
requirements (i.e. temperature, temperature rate of change, temperature differential, tank pressure,
pressure rate of change, and dome loading) were developed. The following limits are recommended for
inclusion in HNF-3912 to provide adequate equipment protection against loss of structural integrity.
These limits assume that the tank is structurally sound currently, has not leaked, and that the tank has
not been subjected to conditions outside these requirements during its previous history. If the tank has
previously leaked, the structural integrity of the concrete and reinforcement that has been exposed to the
waste may have been degraded. Although lab tests subjecting concrete and reinforcing steel specimens
to simulated double-shell slurry and simulated salt cake solutions at 180 °F did not indicate any adverse
effects (RHO-RE-CR-8, 1982), degradation of the concrete and reinforcing steel cannot be ruled out. It
1s important to realize that the structural load limits are not independent. The recommended hmits are
based on structural integnty considerations; other operating factors could further restrict these limits.
Table 4 provides an overview of the evolution and basis documents for the following recommended
requirements.

Tank Temperature Limits
The system shall maintain waste temperature in each 100-Series SST within the following limits:

Maximum 300 °F for waste
Maximum 250 °F for dome
Maximum change of 3 °F/day for bulk waste temperature condition in tank.

These requirernents are based on SD-RE-TI-012 (1983) and technical bases listed in SD-RE-TI-035 (1985).
Preference is given to the more conservative requirements in SD-RE-TI-035 because of uncertainties in the
adequacy of the SD-RE-TI-012 supporting analyses (see review in Appendix A).

The maximum temperature limits are consistent with the structural assessments of the existing SSTs. Although SD-
RE-TI-012 (1983) proposed a maximum concrete wall temperature at the tank base of 380 °F, it is not clear that the
SD-RE-TI-012 analysis adequately bracketed the potential degradation of the concrete compressive strength and
elastic modulus at high temperatures. The 300 °F operating limit is considered acceptable per OSD-T-151-00013
(1998). Note, however, that some tanks have experienced temperature in excess of 300 °F, up to 600 °F (see

Table 2). In addition, a complete record of the thermal history of each tank is not available. As the effects of
elevated temperature on the strength and modulus of the concrete are non-recoverable, the temperature history of the
tank is important in evaluating the current structural integrity of the tank. Note that current HNF-SD-WM-TSR-
006 requirements limit the waste temperature of tanks C-106, SX-103, SX-107 through -112, and SX-114 to <

250 °F (safety limit) or < 205 °F (operating limit) to prevent salt-nitrate reactions and tank bumps for tanks
containing sludge with estimated heat loads > 26,000 Btwh.

Although a 20 °F/day rate of temperature change is supported by the SD-RE-TI-012 (1993) sensitivity structural
integrity assessment, this value may be potentially too high and should be restricted to not exceed 3 °F/day until the
adequacy of the higher value can be confirmed (WHC-SD-WM-0SR-005, 1994). All analyses before SD-RE-TI-
012 (1983) restricted the heat-up/cool-down temperature rate to approximately 3 °F/day. In the case of SD-RE-TI-
012, the stress analyses are based on steady-state heat transfer results rather than thermal transient analyses and
hence may under predict the thermal induced stresses. In the 1:10-scale model test (ARH-R-47, 1969) the test tank
was subjected to two cycles of severe thermal transient resulting in a nominal 100 °F through-wall thermal gradient
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over a one-hour heat-up period. Although the soil loading and restraint of the bottom section of the scale-model
tank was not representative of the prototype tank conditions, delamination of the inside concrete cover from the first
inside layer of reinforcement just above the footing was observed. In addition, extensive random cracking was
observed in the dome and sidewall of the concrete structure. More recent generic SST stress analysis in WHC-SD-
WM-DA-150 (1994) using ANSYS® did not address thermal transient induced stress effects because of numerical
stability problems in the concrete constitutive model when attempting to include the 20 °F/day heat-up condition in
the Phase I effort. In the WHC-SD-WM-DA-150 local wall-model heat transfer analysis, a maximum nonlinear
through-wall transient temperature gradient of 18.8 and 51 °F was predicted for a heat-up from ambient to 350 °F at
3 and 20 °F/day, respectively.

SD-RE-TI-035 also listed through wall and meridional thermal gradient limits for the concrete wall (see temperature
limits in Table 4 for summary of these thermal gradient limits). As these additional concrete thermal gradient
requirements cannot be monitored, the 3 °F/day requirement is assumed to adequately limit the thermal gradients in
the concrete wall. Through wall and along the wall {meridional) thermal gradients result in thermal induced stresses
that if cycled can reduce the effective strength of the concrete. However, thermal induced cracking from thermal
transients are not expected to decrease the ultimate load capacity of the structure unless delamination between the
concrete and reinforcing steel occurs at a critical location, leading to a reduction in the reinforcement bond strength.

The 200-Series SSTs have not been evaluated for elevated temperatures because these tanks are not typically
exposed to elevated temperatures {see Table 3).

Tank Liquid Waste Levels
The system shall prevent liquid waste levels from exceeding the following limits with a maximum
waste specific gravity (SpG) of 2.0:

Maximum
Tank Identifier Waste Level (in.)
A, AX, SX 360
B, C, T, U (200-Series) 280
B, BX, C, T, U (100-Series) 185
BY,S, TX, TY 275

These requirements prevent waste overflow as well as limit the hydrostatic head induced stresses in the tank. These
requirements are based on SD-RE-TI-012 (1983). Note that previous elastic analyses resulted in more restrictive
conservatively based limits (see discussion in Table 4 under Hydrostatic Head).

SST Internal Pressure Limits
The static internal vapor pressure in SSTs shall not exceed the following limits:

Maximum pressure: +60 in. water gauge (w.g.)
Minimum pressure: -15 in. w.g. with waste level 15 in.
20 in. w.g. with waste level less than 15 in.

Note that only SSTs containing self-boiling waste are actively ventilated continuously (see Table 3) to limit the
maximum temperature of the tank. However, temporary active ventilation can be imposed during certain activities,
such as, waste characterization activities. The maximum pressure limit provides an adequate margin against dome
failure due to a gradual positive internal pressure increase. The +60-in. w.g. value is a historical value and
corresponds to the design relief tank pressure for the water seal in the vent system. An upper limit of +130 in. w.g.
was recommended in Letter, 1982, Vapor Pressure, Single-Shell Tanks, on the basis of the maximum pressure
required to just counteract the minimum soil cover load on an SST. The static tank failure pressure was estimated to
be greater than 10 psig in HW-37519 (1955) and WHC-SD-WM-TI-623 (1994).
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The minimum pressure requirements prevent buckling of the steel liner sidewall (-15 in. w.g. limit includes 1.4
safety factor against sidewall buckling), prevent uplift of the steel liner bottom plate, and service to limit the total
load on the dome when combined with the soil and live load restrictions {(Letter 1982). The historic minimum vapor
pressure value was -6 in. w.g. and corresponds to the six-inch water seal in the tank farm vent header. The waste
level restrictions associated with the minimum pressure prevent uplift of the steel liner bottom plate by maintaining
a net positive (downward) pressure on the inside surface of the liner bottom plate.

The above restrictions on the minimum vapor pressure have been simplified and are conservative because they
neglect the added pressure from the waste when the bulk SpG of the waste is greater than 1.0. The bulk SpG of the
waste ranges from 1.0 to 2.0. A more accurate limit on the vapor pressure is given by

If waste level is 2 135 inches divided by the SpG of the waste then
-15in, w.g. < vapor pressure < +60 in. w.g.

If waste level is < 15 inches divided by the SpG of the waste then
-(waste level) - (SpG of waste) < vapor pressure = +60 in. w.g.

Dome Load Limits
Dome loading on SST's shall not exceed the maximum loading specified in Chapter 5.16, “Dome
Load Controls” of HNF-IP-1266, Tank Farms Operations Administrative Controls.

These requirements prohibit the addition of soil over any SST; limit the total concentrated load to 200,000 lbs (100
tons) and 100,000 Ibs (50 tons) over 100- and 200-Series SSTs, respectively; and limit the lift height of large
equipment over 100-Series SSTs to not exceed 20 feet above the surface grade or pit floor of the tank, These limits
were derived from HNF-SD-WM-TSR-006 (1998) and SD-RE-TI-012 (1983).

The above recommended structural integrity related load limits for SSTs are consistent with current
restrictions except for the heat-up/cool-down rate of temperature change, which is more restrictive than
current restrictions based on SD-RE-TI-012 (1983) because of uncertainties in the SD-RE-TI-012
supporting analyses. Deviations from these load restrictions would require a case-by-case evaluation of
the affected SST.

4.0 DISCUSSION

The above load requirements on SSTs are based on a review of previous requirements and their
basis documents. The historical structural requirements are summarized and compared in Table 4.
These requirements were established through various analyses conducted at different times with varying
degrees of complexity. The original design calculations for the SSTs could not be retrieved and may no
longer exist. The changing needs of tank operations (higher temperatures and temperature rates, and
increased specific gravity as a result of waste self concentration and evaporation campaigns) has
resulted in periodic reassessments of the structural capacity of the various tank designs to assure
maximum utilization of the existing storage tanks. These post-construction evaluations varied from
simplified hand calculations to detailed finite-element analysis techniques, which paralleled
corresponding changes in the state-of-the-art of structural analysis techniques. In an effort to meet the
changing needs of the SSTs, allowable stresses were increased [see review of HW-37519 (1955) in
Appendix A]. Hence, the design envelope has been expanded beyond normal design-code practice and
beyond the anticipated design life of 20 to 25 years for the SSTs.

10
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An added complication is the uncertainties in material properties of the concrete under elevated
temperatures, as well as, the uncertainty in the soil thermal conductivity and the thermal history of the
waste during storage and fill/drain cycles. Exposure of concrete to high temperatures and rapid changes
in temperature can lead to a loss in concrete strength and a reduction in modulus as well as introduce
unfavorable thermal stresses and accelerated creep behavior. The uncertainty in thermal conductivity of
the soil affects the resulting predicted temperature and thermal gradient distribution in the concrete
structure.

Different assumptions on material properties were introduced as results became available from
an extensive concrete testing program that began in the mid-1970s to determine the effects of elevated
temperature on concrete properties. Most analyses (except ARH-C-11, 1976 and RHO-SA-108, 1979) -
assumed that the concrete compressive strength of the tank concrete structure had not been degraded
below its design specification 28-day strength. This was justified in SD-RE-TI-012 (1983) based on a
statistical evaluation of limited concrete-core test data and extensive lab-test data for Hanford-mix
concrete. However, only temperatures up to 250 °F were considered in the SD-RE-TI-012 data analysis
to determine the evaluation-basis concrete compressive strength of 3,200 Ibf/in” that was used in the SD-
RE-TI-012 evaluations. Some tanks had experienced temperatures in excess of 300 °F up to 600 °F (see
Table 2). The use of the 3,200 Ibf/in’ compressive strength value is not justified at these higher
temperatures. Although most design Codes do not take advantage typically of the expected increase in
concrete strength beyond the 28-day specified strength, concrete does increase in strength with age. As
most of the SSTs were not exposed to high temperature waste immediately after construction, there was
sufficient time to achieve near maximum aged-enhanced strength. Exposure to high temperatures would
then degrade the strength and modulus from the aged strength condition. However, without the
confirming concrete core test results the conservative approach is to not include any aged-strength
increase and degrade the concrete strength from its 28-day specified strength.

Retrieval activities associated with the single-shell waste storage tanks located at the Hanford
Site may introduce additional loading on the tanks. Some of these tanks have been exposed to high-heat
generating sources from the stored radioactive waste material. At least five of the single-shell tanks
were exposed to temperatures in excess of 350 °F (see Table 2). In addition to high temperature
exposure, excessive thermal transients associated with fill/drain cycles (heat-up/cool-down rates) may
have contributed to a degradation of the concrete material strength properties. All of the single-shell
tanks are well beyond their original design life and as many as 67 of the 149 single-shell tanks have or
are believed to have leaked. Exposure of the concrete to the waste leakage may have degraded the
concrete strength and the reinforcement bond strength. Thus, there is a general concern about
maintaining the structural stability of these tanks under their soil overburden load and any additional
loading associated with retrieval activities.

This concern is discussed in the WHC-SD-TWR-RPT-002 (1996) report which provides a
summary overview of the structural integrity and potential failure modes of the single- and double-shell,
underground, waste storage tanks at Hanford. The report addresses the effects of design and actual

operating loads based on existing analyses, as well as, postulated and beyond-design-basis loads based
on results from the Delphi expert panel which were reported in WHC-SD-TWR-RPT-003 (1996).

The Delphi report presents the results of a two-day meeting of experts to predict failure modes
and radiation release quantities in support of the safety analysis effort for the Hanford Site underground

11
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waste storage tanks. Dome collapse within the constraints of expected loading was not considered a
likely failure mode based on existing analyses and results from the 241-A-105 1:10-scale model test.

In the 1:10-scale model test, dome collapse was estimated to occur at an equivalent uniform
external dome pressure of 5,400 Ibf/ft? (see review of ARH-R-47, 1969 in Appendix A under Concrete
Properties and Test Program). This is equivalent to a soil overburden height relative to the dome apex
of 41.5 and 47.4 feet for a soil unit weight of 125 and 110 Ibf/ft’, respectively. The ARH-R-47 equation
for the equivalent uniform soil pressure was applied in the above to obtain the equivalent soil heights.
Analytical simulations of the 1:10-scale model test predicted a failure pressure of 4,100 (ARH-R-120,
1972), 3,900 (WHC-SD-W320-ANAL-001, 1995), and 4,644 1bf/ft’ (Report No. 941101-001, 1994)
using the finite-element computer programs ASOLID®, ABAQUS® (with ANACAP-U® concrete
constitutive model), and ADINA®, respectively. The corresponding predicted soil height at failure
would be 31.0, 29.5, and 35.4 feet, respectively for a soil unit weight of 125 Ibf/ft>. Hence, the
analytical models appear to conservatively under predict the test results. This might be due to a higher
concrete compressive strength in the model test than assumed in the analytical models.

Thermal-creep ultimate-load analyses of the 100-Series SSTs using the SAFE-CRACK®
computer program predicted a minimum collapse-load soil height of 20 feet for an assumed soil unit
weight of 115 Ibf/ft’ (SD-RE-TI-012, 1983). However, in SD-RE-TI-012 the total soil load above the
dome, including soil between the dome outer surface and horizontal plane at the dome apex and an
initial nominal 7 feet of soil overburden above the dome apex, was factored to obtain the collapse-load
soil height. This results in an increasing parabolic soil pressure load on the dome with increasing load
factor since the soil between the dome outer surface and horizontal plane at the dome apex is factored
also. An equivalent uniform soil height, h.q, above the dome apex can be determined with the aid of
ARH-R-47 [see review of ARH-R-47 (1969} in Appendix A under Concrete Properties and Test
Program] by equating the equivalent uniform pressure from the factored total soil load to the equivalent
uniform pressure obtained by increasing the soil height uniformly, i.e.,

o y1s { hi + 188/110) = y (heq + 188/110)
where

o =20 ft/ 7 ft = 2.86 (load factor at predicted onset to collapse based on soil
overburden of 7 feet with soil unit weight of 115 Ibf/ft’)

yns =115 Ibf/ft’ (soil unit weight used in analysis)

h; =7 feet (initial soil height above dome apex used in analysis)
Y = actual unit weight of soil
heq = equivalent uniform soil height (ft) above dome apex.

Solving for heq gives an equivalent minimum collapse-load soil height of 23.2 and 21.2 feet at a soil unit
weight of 115 and 125 Ibf/ft’, respectively.

The recommended allowable maximum soil height for all 100-Series SSTs in SD-RE-TI-012
(1983) was 10 feet for an assumed soil unit weight of 115 Ibf/ft’. This was based on simplified analyses
of the SST footings. The corresponding allowable soil height at the 125 Ibf/ft® bounding soil unit weight
would be 9.2 feet. However, there are a number of uncertainties associated with the analyses reported in

12
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SD-RE-TI-012 that make it difficult to ascertain whether the net result is conservative or unconservative
(see review of SD-RE-TI-012 in Appendix A).

Tank failure from concentrated loads associated with large equipment such as crawler-mounted
cranes is a function of total weight, foot print at soil surface, position relative to tank center, and
distribution of load over foot print during lift operations. Such concentrated loads have been idealized
as loads applied uniformly on the soil surface at the tank center over a 20-foot diameter area. In the
Delphi report, tank dome failure for such concentrated loads is estimated at from 300 to 600 tons for the
100-Series SSTs. These failure loads are much greater than the authorized concentrated load of
100 tons for these tanks and exceed the weight of the largest crane used on Site. However, it must be
emphasized that these are estimated failure loads. These failure loads must be guarded against by
providing an adequate safety margin consistent with national codes and standards to protect workers and
the public from resulting consequences. Detailed analysis would be required to qualify the SSTs for
loads in excess of the limits given in Section 3.4 above. Hence, the equivalent total applied load acting
on the dome must be controlled to stay within the design basis analyses of record. In particular,
concentrated loads due to cranes and equipment can result in greater induced stresses than uniform loads
of the same total weight, hence concentrated loads must be controlled separately as required in
HNF-IP-1266.

Despite these shortcomings, the load limits given in Section 3.4 are considered adequate for the
SSTs that have not exceeded these limits in the past. In particular, these load limits are adequate for the
proposed lead-transfer feed tanks 241-C-102 and -104 for the Phase 1 WFD activity. These tanks are
bounded by the analyses of the 241-C-106 tank, which includes recent finite element evaluations for the
bounding 241-C-106 thermal load history and soil-structure interaction analysis for a 0.20-g earthquake
based on HPS-SDC 4.1 (1993) requirements.

5.0 RESOLUTION OF TECHNICAL BASELINE ISSUES

Despite the perceived robustness of the SSTs, errors, omissions, and combinations of
conservative and unconservative assumptions have been identified in the available structural technical
baseline documents (see Appendix A document review). These uncertainties make it difficult to
accurately determine the true performance margin of the SSTs, particularly when attempting to justify
the acceptability of additional loading on the tanks. This has led to the restriction on adding any
additional soil overburden to the existing SSTs (HNF-SD-WM-TSR-006). Though adequate controls
bound safety analysis hazards, additional conservative controls were imposed on dome loading to
minimize the risk of structural damage and potential environmental releases. The inability to observe
the condition of and to make structural repairs on these tank structures, either internally or externaily,
necessitates the use of recognized design codes to limit operating loads to assure an adequate safety
margin. Plans for resolution of the SST technical baseline issues have been developed and submitted as
part of the multi-year work planning activity under Technical Basis Review (TRB), 190.S48, Resolve
SST Dome Loading Technical Baseline Issue, dated November 17, 1998. However, priority constraints
have postponed start of work on this activity, thus far.

13
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Figure 1. 100- and 200-Series Single-Shell Tank Configurations.

e T~
Concrete dome ; 18m{ENR0In)

{5%5{30"?:1 \ | Steel liner

Tank capacl
3.8 milionL 1 milllon gal)

23-m- (75-ft-) dia Single-Shell Tank
Tank Farms: 241-A*, 241-AX*, 241-8X

*A and AX have flat botloms

Concrete dome

-
1 221 m({7ft3in)

Concrete
shell

M3m
(37 0In) |
Steel liner
Tank cap
2 rnilllon L( 30 ,000 gal)

23-m- (75-ft-) dia Single-Shell Tank
Tank Farms: 241-B, 241-BX, 241-C,

2411, 241 -U

t 246 m (B ft1in.)

T
Concrete doma

Concrete

13.82m shell

(451 4In.) | Stael tinar

Tank capacity.
2.9 million L (755 000 gal}

23-m- (75-ft-) dia Single-Shell Tank

Tank Farms: 241-BY, 241-S,
241-TX, 241-TY
_Jj 03m(1ft0in}

A
3.35m (11 ft0in)

6.1-m- (20-ft-) dia Single-Shell Tank
Tank Farms: 241-B, 241-C,
2417, 241U 7G96030010.3

R3 SRP-2

18



HNF-4712, Rev. 0

“HIR1Y} PapiAcId 210Mm 530UB4A5A4 10 S[IEISP Bunoddns ou 1ng Jurisisal 3yeNDILIES PAIAPISUOD 3q UBD pUE D[ MYt JO Spusalinbal axenbiyrea iy 135w Suel 3 1ey S91EIS (S561) 61526-MH |
"XV 1d29x3 §1§S SauUIg-(0 | || Jo uordal youney
PUE JWIOP 3)240U03 JO 3081MS 1IN0 uo pajdde sem Suyoosdiaream suriquua dnfeydse Ajd-¢ Yory) "ul-g/¢ J3A0 JLIQR] YSOU UM UL-ZXZ HlM PIII0OJUIAL JOIOW JUSWISD JO 13AR| YoUl-f/f ¥ .
“Iain| 13pUN uonepuncy U1 papiasd $10[S UIRIp SBY UdIYM YV 1da0Xa §] §§ S31395-00] [IE JO UOLIEPUNOY 32IUOI PUB I3UL|
[9315 uaam1aq papiacid st Futjcosdiesm sueiquuaus dufeydse A1d-¢ Y1) “UE-§/€ 19A0 JLIQRJ YSHU M UL-ZXT YLM PI2ICJULSI J9KR] INOIB YU ysul-om | "XV pue v ‘X5 1doaxa s1§g
SIUS-GO[ [[2J0 [[B4r J12UIUCD PUE I5UL[ {335 U3aM13q PapIaoid s1 Suyootdiziem auriquisty sujeydse £|d-¢ 1940 JLIGR] YSHU 3U1M "UI-ZXZ Y14 Pa2ICJUIAl JOI0WL LA Jo take) Jonp youl-aug) |

[EIA = A
[euoZLIOH = H
pauaadsup) = dSNM

3po7y Surpling uuon = DEN
UONBINOSSY JUNALD)) pueiled = ¥Od

2|qeieAR AJIpeal 10U = VYN

uoneol102ds SHIoM PIOJuBH = SMH

JEWASE] UOLRPUNO] = N(I
UOIBIDOSSY S3HI0p 19184, UBILIDIUY = YA MY

A121008 BUIP[oA\ UBDLIMWUY = SMY
sjeujepy pue Sulsa] J0] 4191208 UBSLIAUY = WISV
s1aou1Buy [BIIRYISA JO AJD190G UBILMLY = JNSY
2AMNSU] AAIDU0T) UBDLIALY = [DY

(A3L9T0 ¥ I . . (snipes 0f = Ad 2961
= e &) - ¢
H 357°0) hmmwmﬁ M_mem :M_\YW% zosvreH| 50 w6 | wsop) | g5 | (ssUDSISY) [IIA 1998 mmmomww%: $9-€961 | 000°T | XV
Jdn Lom o S 25 8/€ V1D L19-102V | NSV
L5
g3 0t-L2=M
Op=rd ¢ £ € | S-9T6t-MH |82 210 g 2peiny S-66Lb-SMH| ___ .
van | 0 S0060H |yt | 11055 TH |4 £ - Jrecary | BNSY ool omllsevsel 000t v
LS §6-15 ¥DOd >z | B suoN 8% | 10 17¢-£8TV
7. 3=N A
A= Live="4
VAN hmm.um? ¢ 1Y | s-006t-MH | S-sz6b-MH | 1156871 | 2 3 gOVapen | VAN | LS6r-MH |¥S-€561 0001 XS
LS ¥ €EIS VOd A Lzs-£8Tv
X1 1958 ) &< (7=*4 P61
VAN %%M.“ ¢ EE ] amsy ey | sveezH |2 w qopun I 1098 MMMWM:: Zs-1561] 8SL | AL
LS SIS VOd S65v-MH = 16-€82V | AWSY
- 0q —A
_ . ) §® 17
VAN op="d £ €] 8 | X198 | HARS | ooy |5 € 3peIn VIN | L£66-MH |15-0S61| 852 | §
6E-S1V - HWSY JNSY 2 (y 6 doy}
IS ® oS IS VOd - b el PR 19¥-£82V
te=a 2 : ; g5 | 0cvr=rd
. . 5 = | {y90q) 8/ i 9t61
SE-91V £ £ | £ | xxes | naass RIS 50 °g'yapeip | OFCl §
van | Ot awsy | awsy | SEVTH § X o ey __wwg Wd S| e8Le-MR |6t-8v61| 8s. | Ad
661V LS % $5-1S VOd &= 10 19v-€8TV
35 0E-v7="a
0p=> 33
van | e £ et t SMV SMY | 608TH |< m wO{U) 3PBIO | VAMY | 1906-MH | 8p-cv61| 8SL | XL
IS % 5515 VOd g 9r-S3TV
ob=rd £ £ | € 83 (SMIpEs ) te ="
ViN g SMY SV 209-7-H 21w : ¢ | (@10°€8TY) | vMMY ViIN Lovel| 0cs | Xd
6E-SIV g 91/s
[C® SIS VOd 25 66-LV
- - SNt . £€ =24 ‘
dSNN Mﬂw ¢ £t SMV smv | s | S e | wﬂ% Y|y | (@uoeszy) | vmmy | over-smH | vt | ogs | ML
IS ¥ 8515 VOd 6E-LV o8
o (1) yduang g o " (153) "
g PRIA : : UM I apjon onog| WEWDSPRIA | 90D | @ - g
g, (ALSY) A RN el B o Ea. [BAI3A wonog M8} (v dow) | uBissq | B 5 F g |=&|B
& | seu-ssa edsisy | pas | 233 | § ST
m. Baegey | (5Y) yauang sarssasdwo) | Uonesyinads plam (") SSaWwpIL 11T 591 Yue 82§ E 152y
. A®mp-g7 pue g5 a g
5 m:_kuwwm_oz uoneonI3ads _wﬂo._uccu ,(Jara s530s plam-150d OU PUE 15ul] (9315 PUB JALIUCD UIBMIS] AN [RINIOILYS OU) JBULT [22}S == 3

*SUONBI103dg UFISS(] PUE S[BLISJEJA UOLIINNSUO)) Yur [, [[oYS-o[SuIS (19jowel( [ewau] Y-§/ ) SSU2S-001 JO AJRUIING | 3[qe],

19



HNF-4712, Rev. 0

9661 "¢ 1 £-HT-WM-US-DHM ,

01 6L (19) 091 punog 8L61 ¥ Zil
Ls [ (rP 061 | IATAWSV | 8.6l 5 111
QIS } 8L1 99 (S8 81T | AT AWSY | 9i6l ¥ I 011
99 9L {£9) 091 punog 961 9 601
99 LL , (08} 66 punog 9.61 8 801
LET ¥Tl ,(88) 891 punos 8161 L 101
1d/ TeH UBIH | 62C €1 | (6912 punos | 6461 | 9 N 0 ° Y ON | W] Lrovel | wErsL 08 E 2
14/S1 i vEl 08 1(3£) 981 punog 6461 t ) §01
dI/SI S6T - 68 (Z8) 61 punog 0861 L 01
1d/ aes 707 i (L) 891 puncs 6L61 < anisseg £01
oured1Q 91¢ 96 (84) 901 punog 96l | © ‘ 201
dI/S1
- 88 99 {0zl | IT1awsv | oisl [ 101
£ [ (63) 101 | MXTAWSY | Li6l 5 21l
LET 98 (60)86 | WI1ANSY | 961 I 111
9FT £9 (68) 171 | MITANWSV | 161 [ 011
4] £9 {68) 501 punog LL61 3 601
¥6 9 (68) 501 punog Li6] 3 801
du/st . Mﬂ mw Ammmvwm_ mmwhmﬁmﬁ MNM“ M oN 0 o | omsseg | on | usia | orswel | vi-evel [ ocs %” €
90§ 59 (63) L01 | WATANWSY | L6l 1 $O1
1L€ §9 (68} TZ1 punog Zi61 4 01
[ 19 (o e | MTAWsSV | ii6l 3 £01
7€ €9 (6%) 801 punog 8L61 9 201
£ll 601 (LLYL81 | AATANSY | pi6l < 101
|72 —_ m m 2]
— B, g 3 Z - x| ©g gk o = S 5 Q =
52 | gf |sE| S0 | gl | 2F |yg|s5|BS7|Z5|fz| ic |s3fls® | | § |msz| . |E
58 | E- |BEE| =3 | &% 5% |52 |25 |58g |0 (22| 24 |EEREE | 2 : |E5g| 2 |7
. L. o 0 =3 = = 0 =3 a
3 m, o s £ m d < m a W & ES “W 3 g E 8 8 & m
(A,) aumeradia] juel yoeg

‘Arewnung eje Yue], [[24S-2[SulS (191911 [BWISII] Y-G1) SFMIS-00T T A1qRL

20



HNF-4712, Rev. 0

$o1 <9 (08) 06 punog LI61 g 0561 Zil

791 69 (L1 | MITAnsSY | Lel 9 0561 111

10T [ (PO P01 | MITANSY | L6l | & 6161 011

£61 (LL)SIO {(£6) LL punog Y6l ¥ 0561 601

9z $9 (08006 | WH1ANSY | 6l L 6161 801
SO0/I/SI - .wm acww\ 0 %.% ww W”__”MM .m.mw m oN 0 0 | ousseq | oN | uysa MHM" 1-ov61 | ogs wm“ xd

15 99 (Ley ozl punog ngel | 9 6¥61 €0l

66 g0 | Gowtn punog 0861 | © 6¥61 01

89 (LDS/O (61) 66 punog LLO] 5 8¥61 £01

96 99 (tL)e8 | OTAQWSY | 1461 | ¢ 861 701

£ FL)5/0 (11)98 AT ANWSY | Tie! z 861 101

dI/sI 67 £9 (9¢) «091 | ANTAWSY | 061 3 L¥6l Tt

1d/ - 6L 08 (95) 051 punog 0861 g 1961 111

1d/81 931 9L (9c)orl | WATAWSY | Si6l S 96 011

£9r 8 (Lo ozl punog 861 ¥ 6¥61 601

uaBoipAH | g9¢ L8 (08) 051 punog 661 ¥ 6r6 1 801

1d/ o0 8L (0.} 721 punog 0861 ¥ 8r61 £01
- 977 I3 (CRFZA punos | L6l | + ON 0 0 | susSed  ON WSO gra) PERGL |0 e N

usdoiphH | glv 06 (M punog 8I61 S Lp61 S0(

dI/SI - 1 $/0 (90 8. | INTAWSVY | 1561 v 1¥61 01

1/ us3oIphH | 89¢ L8 [T punog 861 ¢ L6l £01

_ 5Lt 8 (80 ¥€1 punog 661 | 9 9161 701

dI/SI $T 19 (L) 76 | AATAWSY { 0961 z op61 101

di/SI _ L9 [i] (84) L8 punog Li6] £ Zi

1d/SI obr £9 (18)86 | ¥ITAWSV | viel | § 111

Id/ usBospAH | 60t £9 (9L) 16 punog 9i61 3 011

st 8¢ {$1)8/0 8016 | MITAWSY | ¥i6l 9 601

[ LS (82) 06 WH1TAWSY | visl 9 201

1d/SI €11 69 (8)vil | MATAWSVY | 9l6l 3 201
s 1z 09 (6L)€6 | AATAWSY [ ti6l ] 6 N 0 0 M N HEQ | orerel | WERGL | OES s01] T

- 86 $/0 (58) £6 punog 961 3 501

I1d/ £rt 79 (84) 06 punog ¥L61 S P01

s L7 79 (9.) 96 WITANWSY | Fi6l 9 £01

7€ 89 {9L) v6 punog 9/61 9 Z0i

1d/S1 01 7L (887 €01 | MITAWSV [ 661 | s 101

4 =~ I~ = m| L2 ck @0 - 0
52 | 2f |zsE| S0 | 2f | B2 |wo|es|E29|E8|5x| G0 |<2fler | 3 | § |nzz| o |E
B = g3 g g 3z |52 |ZpE| 98 |E5 =5 P g2 S wes| 8 ol
28 E- |BE5s=| g8 8% B2 |Fc|FE|58E| o= 55| 24 |Ec® |88 3 2 |BE5g| % |7
5| CE |TPR| BT | TR | 2% |FTITZIEER(E£2 (57| g7 |Tge @ | i 70 5
(1) amesadwa ] Nue] yoeg
(penunuo)) Arewnung eje( yue, [[2yS-2[3ulS (I9RweIq [ewa] J-5/) S9U3S-001 'Z 2lqeL

21



L661 17E-YT-IWM-AS-INH ,

HNF-4712, Rev. 0

167 06 (5411 €91 punog 8161 L 1561 T
dI/s1 65t 28 S/ rel puneg LL6] ¥ 1561 111
86 801 {SLp) S0T punes 6161 ¥ 1661 011
14/81 062 SO (94/9) BE1 punog 6161 9 0561 601
oo L = =
z 6
i 79¢ 671 (LD 661 | AMTansy | L6l | s °N 0 0 | SMSSEd o ON | WS e 6F8K6l | 8SL o AM
#0S 071 (si/1) 081 WATANSY | FL61 £ 1561 S0l
d1/SI [ 871 (cL/1 15T punog LLGI s 1661 01
/St [ats 78 (6L/L) LET WATANSY | €61 8 0561 £01
1T (c0s$0 | Wi ssi punog LL6E S 0561 Z01
d1/8I L€ L PLIT) ST punog 1261 < 0861 101
LPE L A94L/1) 811 punog 0861 L 1561 811
979 S/I0 ((8/11)al6] | UATAWSY | 6961 | 9 1661 L11
1£9 S/0 (ST LIT | WATANWSY | 6961 £ 1561 911
0r9 oL (vi8)€z1 | uN1aQwWsy | L6l | 9 1561 Si1
SEs S/0 (oLZ 701 | WATAWSY | Li6l £ 1661 ¥l
109 [ (cug) ozl | INTANWSY | 161 £ 0561 £I1
69 L9 A9L) T11 punog pL61 9 0561 Zil
0LE 6L Mm_..: _W b1 punog el | ¢ 661 [T
79¢ S0 LD Esl | wITansy | el 9 0561 011
S/d1/SI - var e DR BUnog TR oN 0 0 sassed oN ysi i 8b-Lb6l | SSL | XL
¥l 89 (BT punog LL61 £ 0561 801
og 99 QLN Ol [ ¥MTAnWsV | 61 | L 0561 L01
£S5t 8L (211 8¢1 punog el | ¢ 1561 901
609 01 (Zs/1)8ET | MATANWSY | 1161 9 1561 SO1
$9 59 (LL/1) 821 punog L1161 9 0561 POl
151 1L (oLe) 11 punog 0861 9 0561 €01
L1Z 5/0 [((GER punog LL61 S 0561 01
L8 S/0 (z8/8) 821 punog 0861 S 661 101
%] . T Ixs @
zE = % g @ = » | D = m Q < W ) — o —
58 | 2% |z5E| oo | g £F |fo|g3|82T|FE £z 22 |sEflpB | ¢ | § |zg%| o |E
=8 | 22 |E5E| g8 8% T3 |§e |FE|59g|g= |25 EE |EE% % 3 2 |B5g| % |z
3 mp m o m z% — m < .m o m.. & vuq. W g m =3 nw g ] W... a8 o M
(1)) aaniesduiag Jue] yoeg

(ponunuo)) Arewung eje Yue ] [[9YS-3[SUIS (BISWRLT [BWISNU] -6/ ) SOUIS-001 “Z SIqPL

22




HNF-4712, Rev. 0

i1 65 (94/21) 901 | IATANWSY | Li6l 3 901
1£7 6L (94/8) TIT | MTANWSY | 096l 1 $01
9% 99 0D P11 | MATANSY | ¥iol 5 o 01
- SAISSE, 0 K -
$22/dU/SE o1 <5 Do T oransy ok ¢ N 0 0 1ssed N ysiq £661 Te-1561 | 8SL o] AL
9 09 (LL/8) T8 punog 661 | ¢ 701
811 99 {or/z0 €8 | AN1ANSY | ti6l 3 101
™ £T8 38 (8L/1) 1#1 punog viel | ¢ Tl
ovs £6 (94/2) 691 punog el | s 111
1d/81 06f i1 (Zso1) Ovt punog 6061 | L Z861 011
1d/ LOS 89 (L0 051 punog 66t ] € 601
1d/SI 05t 68 (Z8/1) 561 punog 6461 9 801
9LE o1l (zg/1D OvT puncg 0861 | 9 o L0l
DAISSE, Q| S -
1d/ 6LY B LD v punos | 6461 | 9 N 0 0 1958d N ued 150561 | 8L o1 S
dLST 95¥ [ (08/1Y $21 punog vL6] S $01
6T 201 (es/) 00 | AATANSY [ 8961 | ¢ cc61 ¥01
8T L8 (6L/6) 0£1 punog 0861 | L £01
1d/ 6vS 801 (64/6) OF1 punog 0861 g 01
Liv 101 (£5/1) 00 purog 086l | € 101
“ - = oy m s ok w I
=B £ | .5 g & o5 - Y =B |2 s il 5 & = =
S | g8 |BEE| =9 | 8% | ZF |8°|zi|iod B3 |dz| 29 |szilgf | ¢ | & l@sE| g | %
28 | 2 |Z3F| g2 | &% 83 |5=|FE|5iE|gs|F2| 28 |BEeflFE | & g |E5g| % |7
=. wn — B =4 el - — =Y & =Lt = - 4 = —t
5 m @ o 2 r% m Q< % .m 8 Wa 3. mh 5 g 2 g 2 & B o w
(d,) armeaaduay jue] yoeq

“(penunuo)) Areunung ele( Jue [, [[2YS-0[3UIS (IR10URIQ [eWAU] Y-§/) SPLAS-001 T J[qeL

23



(8661 ‘1€ 12quia03Q “6Z [-Z8 10~dT~INH) 3sn 10) watp auzdaid oy ueyd ou pue sjeamie) Suuonouny ou APUALIND 1T BT 4 e

‘Byep aneadiu 19adsng "391A195 JO IO — §/0 ‘Buneiado Apuasng 10N — O/N

“jue; aejost pue ‘spinbi] s|qediund saowas Juawdinba pauopueqe puE UOHBURLEIUOI {I0S 3IBLINS SACLUS] ‘UGHEIUALNASH pannbay 10] Suliojuow aowal aptaosd) 3[qes pue ‘ues|d ‘pajonue) — §I7)
(PInbY [2UNSIIUL PUE JuIEWIAANS JO [EAOWSL) PIZI]IGEIS WLSIU] — §]

(spinb| jo uonppe Ay szuiuni 0) pasinbar wogss [eaisfyd jo uonajdiuos) parojduiod uonuaaaud uotsnaug — Jj

‘(uonezijIqe)s Jo spoyiaws 1ay0 1o Fuidiund ya{ soy paxmbas st 1ey; Fwdid pue 51951 Jo uonejos! 10 1daaxs uonE[OSL WILIAIUT 0§ pasinbal Lol [eaisAyd ay) Jo uona|diLea) paiejost WL [BIUEd — [4
“1ayes] pAunssy — Y N1 ANSY

(8P9-LL-WM-0S-OHM) uBak ¢7-07 sem LSS 41 Jo 31| udisap paredionuy
“paou 58 jdaoxa eiep anesaduss ead aU0ISIY 107 (F661) 165-1L-IWM-AS-OHM DPU® 8661 *1€ J5GUS33(T *6T1-TR1G~dA-INH PUE (b661) 89-11-NM-S-DHM 55ud19559

(4mg 000'0p <) Jues peo| 1eay Y3y JusLin)

HNF-4712, Rev. O

- - - L 76 (0L 0TE | MITAWSY | vi6l L 9961
uagdol HLINO!
N e rans o] ® | © | @ | e | x| ma ] et | oo
1d/ uasoIpAH 8rL 9t (12/9) 092 punog 0861 8 €961
STl SE (£9/€) ves punog 0861 L S0 1561
aus] 61 ovl (coyocze | TAWSY | €961 | £ sisnTyxy 7961
- 3T 161 (€73 oer | ANTANWSV | sie1 | £ o ” - 6561 _
L€ il {09/9) 00 | IMTQWSY | 0861 | L N L A I 9561 ss¥s6l
1d/81 ¥ L8 {19/8) 0T¥ punog 0861 | £ s%_ﬁxm 9561
1d/ uaBoIpiy £56 £51 {19/5) 66¢ punog 086l | 01 9561
] S/0 {09/6) 092 | TATAWSY | s961 | © aAlssEd 8561
181 161 (gs/8) sec | WMITAWSY | Zis1 L 300y 9561
) 97 LL (85/1) 85T | WATAWSY | 8561 1 aAIsSE] 8561
6 791 (zoredcic | WITANSY [ 6961 | & 9561
dI/sI (54 561 {Son oz | WITANWSY | ¥is1 L 9561
9 LLT 99/ 01€ | INTANWSY | 961 3 0961
usfoipAH ¥+ €51 (zo/6)s67 | MATANWSY | 5961 L $561
j L8 102 (8s/6) 0z | WITAWSY [ 2961 | 9 oN wef 0 s34 ysig §561 #S-£S61
01 Ll (8¢/D)06¢ | WNTAWSY | vo61 | ¢ . 9561
365 Tl (€9/01) 561 punog 0861 | 9 i 7561
£89 9.1 (L4711 08 punog 0861 L [
1/ wsBoiphy ¥8S LI {95/ZD 00€ | IATAWSY | 0861 | 9 5561
159 L] (s8/8) szt punog 0861 | 9 ¥561
s €51 {c8/8) Z1Z punog 0861 £ ¥561
Thy 6¢l {Ls/11) 0ZE punog 0361 L ¥S61
v - e = m © = w —
2 | of |338| B0 | gf | 87 |gol|ed|287|8% |52 Fo |<Efler | 7 | § |psz| . |E
55 88 |@z =5 g2 g 3¢ |33 2ol | 88 |E5| =§ SFw (B2 & z2 a8l 2 | =
g2 E- |23F| z¢ &5 3 |5 |52 |CEE | p= |EE| EE (222 (|38 3 g |BEg| = | 7
58 | T&| &7 g RE STy |EER |22 3T 8F |TgE |7 & I 3
{d,) aamesaduo] yue| yoey

‘(penunuo)) Areunung eje Yue], [[24S-9[SUIS (910UrRI( [BWAIU] Y-6/) SIUIS-00] T AqeL

24




HNF-4712, Rev. 0

"301AIS JO INO - §/0

(pinbi| [e1nsIAIL put Jueyewadns Jo [eA0LAI) PIZI[IQRIS WA — §]

‘(spinbif Jo uonIpPe Y SZILUIUL 01 Paainbal wola [eaisiyd jo uonajdwos) paradiuos uonusaad uoisnuul — JJ
“IqB3] pAURSSY - AT AWSY

(LIPTL-MH Buimeiq) yaul % sem saui| (9915 10J SSADOIY ||8m paysoads
(LIFZL-MH Butmeiq) SLSS S3HIS-007 II7 103U 00T Sea YiFuons 3aissaidiuo 91a10u0s Kep-g7 pagroads
(8Y9-TL-WM-AS-OHM) '$1894 7-0Z Sem S1SS ay1 jo apt| ufisop paredionuy
8661 ‘1€ 19qUa03 ‘67 1-Z810-dF-INH PUe (¢661) 8p9-1L-IWM-(IS-DHM 29u213j9

L661 'STE-HA-NM-US-ANH
L661 “0Z€-¥A-WM-US-ANH ,
9661 ‘£ 1E-4T-WM-US-DOHM ,
L661 016 dI-WM-GS-DHM ,

£ g9 | il punog 561 0T

£ 09 (LLit) T8 punog 61 £0Z
S 19 | ,(s6/6) L9 punog 9561 oz | O

S 19 SLL/1) 8L punog 102

8t g9 | [fosoniL punag 0T

St 9 A8%/L) 6L punog £0T
17 [ 2 | {reo0cL | pumog ] L6 el oz | L

} 6T 09 | {9u00) 18 punog 10Z

dIssl c 50 : - v TNV 0 oN 6 0 aa1ssE] oN ysiq -£p61 149 07

5 65 | ((BL/TYER | W1 ANWSY £0T
1 09 | 8,008 | WITANWSY Ll 8rLr6d ot | °

4 9¢ ARLT 18 [ W1 WSy 102

[ 19 {68/00027 | W1 ansv o7

16 19 £68/0011 | MATANWSY | Li61 £0T
7 1 00 | (SuonL punGS csol 7ot |

6Z 09 | (g0 z1l | WATANWSY | Lisl 102

%] — jan m w & v
= B £ |_L.2® z oz = | %595 | 58 |2 s & 5 g Py
22 | g5 [3EE(c9| gE | BF |%9|z3|fiY |53 |fz| 22 |z2flez | 7 | B [pif| s | %
2 | 52 |BE5E|sd| B T3 |Fs|FE|E58E | g% |E5| 23 |E2R % ] g |E5E| = | @
= m’ w. o m w - m .M e .m a w [y] w_n. m 3 W - nw m ﬂnw W.v [y] w
(o) ameadwia ], NuE[, yaeg

"ATeuruing eje yue, [[PYS-0[3ulS (19IPWRK [eUBI] Y-07) SOH9S-007 '€ 2IqeL

25



HNF-4712, Rev. 0

*MO0[2q USAIT SIUI} peay

(sau58 00T)
SUEISOIPAY UIILM ST )M 1) $8C 5 nLo‘a
Jo Anaer3 orvads g sy et pue
10%E9] © 10U 5] U} 3} 108 SUrnsse (z1 '8d) (sg61) 681 0¢g$ n°1oH'xe-d
sqpdap S[qeMo[e wmurXeus 3 I, 1 "A9Y¢ SE0-LL-9d-AS e it
"SUOLIPPE J)SEM PAINJIP JO Iajem -(1S-:NH Aq padsejdax : ] PR
axmboar Aew suondo ?_pw_w‘o.« a)seM ‘pajfasued) M_ﬂm..w .Lumv A 12U SAU mmmmﬁw §9¢ X 0001 XS XV'V
‘13A3MOF] ‘'SLSS U1 PaMO[[E st | S00-USO-WM-TS-DHM [1%-apts oy yorgm e | ASO 50 | (esy)
UOLIpPPE 2)SeM OU 9JUIS UOHILISAI (g 1°7°¢1 199S) | woneao] ayy £q pajmu) Cw) qdo xe | Ayoeder sjue],
Aue asodut jou s30p 900-USL £1000-161 -1-dSO [0JU02 MO[HIAD . . [3A37 JISEM
'S 1SS Jo ssomy3n
Yea] a1ynj pue Jusimy Surssasse
1 Juepodun s1 uonrsoduros
o15EM JO K101STY I52J S1GS
(P2MO[E UOTIPPE J)SEM OT) JATIOR Iaui| 2218
-U1 9} UTIIM 3)sem Jo uonisodmod (V'1'7¢l 1008) 1SS Jo ssamy3n yea) uonisoduwo))
isnfpe 0} a]qIseay AJ[edruy2) 10N £1000-151-1-ASO 10§ JOQUOD UOISOLI0) suoN a0 yue]
Koenbapy pusunuo) EREIE BN | siseq yjuawarnbay uondurosaq/apLL

‘Areuwrung sjuawaiimbay] jemnjonng yue] [[eyS-9[3uIls ‘y 9[qe

26



HNF-4712, Rev. 0

(£861)

TIO-LL-TI-AS 10 (§861) STO-LL-TY-S IS ULY) SALOLISIL SIOW I8 SUONOLYSII IIPJo 353} A[183]) '9-V 2[qe] ‘v xtpuaddy u1 mojaq pazuennuns a1e
SHTS31 Ay [, "PIISPISUOD S SUONIPUOD (Y/d, 07) [ Juatsuen pue (14, 01) 35e101s 21215 Apesls 1opum JuaIpeld [ewIoy) [[em YyInoiy) 3y Jo 1931J9 Sy} ‘UonIppe uf
'stpdap pinbiy sjqemof[e g ut suonanpal [euoytppe annbax suaydsoune uey 1ea1d samssaid sodes -susydsoune ueyy 1992018 ou sem pmbry 3 ar0qe amssaxd

Iodea oy yeq) pawnsse Jng ([331S JUAUIIIONUISL 10] $530s FunjIom J[qemo[Ie 15 91) 6166S- M H U pasn amnpadsoxd siskjeue awes aip pandde 71-0dN-Td
"oury eyt 01 dn werdoxd juswsBeur s)seam oq3 w pannbal uaaq pey uelp santaeIS rgIvads pbiy 1aySiy pue samyeraduwa; 1oySy 1e a9el01s yue Jo uoyelado
paafoaun wersoxd uonesyIpios asem oy ], weiSoid UonedyIpr[os aisem Ay Jo poddns ut 7 1-Od)- T Ut passassear urede alom syuswonnbal asayy ¢o61 ux

"S[aA3] pinbrp Anoeded [ny sy wer ss3] AjIwedyTUSIS aIe YoM ‘G- dqe . v xipuaddy m
umogs S[2A9] pInbif ajqemorre oy aaed 61665-MH ‘@mssaid sodea pue Ajtaeid syy1oads ajsem pajoadxo WINIUTXEW SY) JOJ SIAMD PRO[ SJLS Y} WIOL SHNSII ) JO
s[durexa ue sy ‘616 €- MH WOL PIUILIqO UEY) SANDLISAI AIOWE A19M §[665-MH UWIOLY SNSO1 3], "3)Sem PIUTEITOD 3T JO peay dueisopAy o Jo uaorad og o1
¢1 3q 0} paumsse sem pue (3urpeo] amssaid Jodea MO[S) U0 JO 1015k) peo[ JLUeUAp € yIm mssasd one)s Juareamnbs ue o) pajenbs sem amssaid sodea usisuen

Suginsax oy sxue) 3ur|I0Q-J|es 3) 104 "dImjeradua) Ul JUSLAISUT WNUIXPW SIY) JOJ SBJMS ISUUT 2 Jo aimjerads) sy yoeordde o) [em o Jo amyeraduua)
190 311 Juuaad o} parmbar st SY93m IN0J JO [BAIUI SWIY WNLUTY vV (61665~ AMH) 1S€} 39 P[NOd Juswaiour sty y3noyje “own) suo Aue Je A, OF Pa32Xa jou
pInoys amyeradus) Ut a52aI5UI [JUSUSIIUI WNUITXEW I} “UOHIPPE U] "Avp/., ¢ Pasdxa jou sjex dn-jeoy aSeiaae o1y 16t panmbal gorgam PSUINSSe sem $SaWyoN])
118 JO Y/q,, €7 JO JUSIpeId [PuLIsy) [fes YSnOIY) WNUIIXEW € ‘61665~ MH PUE 6152E-MH UI0q U] "61$LE-MH UT PAWNSSE 1S (7 ) Uey) $S3| ST yd1ym ‘1Y 9|

0) s){ue) a3e10)s 31210u0d [ROLIPUI[AD W pasn A[eordA) 1S ] 01 O S WOL PISLAISUT SEM UOISUD] FULL UL $SOHS J[EMO[]E [321S SUISIOJUIAL 3Y) “ISAIMOY] "SIPOD
udIsap 96-g1¢-[IV Yyl PUe /G- PUR 7¢-1.S SUNR[NE VO UNM 3ULPIOIJE Ul Pajonpuod sas[BUe sSaNs WOI PIYSIIQRIS? S19m SIAIND POl Jes (6561) 61665
-MH u] "s)yue) 33eio)s sem SUNSIXI Y] JO UOUBZIMNN WRIUTXEUT 3A31Yd¢e 03 dwape ue ul ([)y) Innsu] 9215007 UESLIAWY 3t pue (y)J) UONBII0SSY 1UAS)
Pue[LOo4 2y} Aq PIPUIUNLIOIII ISOY} JA0qE A[qRISPISUOD SIsSans Fun{Iom I|qeao][e U0 Paseq a1am (SSET) 61S.E-MH U1 PAPUSLILIODSI ST SuTpeo] jue) ay |,

‘ajqemore

15 /7 Aq pajjonuos st omssaid "SUONB]TO[ED JUAWI[D 61 (s3uag 007)
10dea snjd ndg pue sjgemore )Ty pojIelap pue nLod
1sX 07 o 4q pafjonuod st ndg | puey payrjdurs vo paseq
oy} asnesaq ¢eO-1L-Td-gs opun (£861) T10-1L-TY-AS . . i (1 i ey €
nw.sw__ 0dg s[qemoje wowrxew & | 61 71 nLroxad
1]} 9SBIIDUI JOU [[L4 amssard XV . . . PR
ho%uu aantsod ay) Jo voneuTuIN2 1) {LL61) o-m-%mm 31 et el AL X1S Ad
10 suononpay “Avp)f, 7 pasdxa gF | &1 se'l X8
1ou 2je1 dn-jeay 21 Jery pannbar -28e)s uSisap ‘payoealq : p
Oy pPatunSSe SBm SSAMIIIY) J[em i€ PAISPISU0D AJ[ULLIOU | SBY J2TI[ [93)S I 9)810U0) 69 ¢ ¢ XV v
J0 /4, £T JO Wuperd [ewIan) [em ey} 535521 SunjIom AU UT SYOEID IPIM w -
g3norg) v 159 $1 JO 9]QEMO[[2 | S[RMO[[E PISEIINUL 1M y3nonp adeyea] o pea| U 5 a Sl ow 1%
$3215 UB152p [euLIoU 0] sarediod ng ;¢-1.§ UONRINOSSY PInNos sanfeA unnui] { ., w__ = m 3 ,mu . mu
SOL] ‘papnioul a1am samssaid . JUL37) PUBTHO YIM o1 Surpaaoxa “urensax 'mu AP i = nm
1odea jusisuen uaym 15y /7 pue | 2OUEPIOIIE UI SUONE[NO[ED [10§ [e1a)E] SY3 O} 5 = B syuep
amsaid 211E)SOIPAY paureIsns ioj puey payrduns paijdde |  anp sarasu00 oy ynotyIp o 5§80 Q
15 (g yoroidde o) [9as Surozopurar | qomm (SS61) 61SLE-MH SI peay oneIsoIpiy LLHEdS
Yy pamor[e Ie 615LE-MH | uo paseq (1 “3d) (sg61) 3 o1 anp asdeqjos | Aroede) Yue[ v 18 ANavID
U0 paseq 218 San[RA ¢ (-1L-HY-ds 1 "A%Y ‘$€0-1L-T¥-AS Jequonns y3noyy oly1oadg d)sep wmuirxepy PeSH SueIsoIpAy
Koenbapy puounuo) aouaIalay sIseg] Justuannbay uondudsaAnLL

"(panunuo)) Aretung sjuswaambay] femonng yue | [[pys-o[SulS 4 o[qeL

27



HNF-4712, Rev. 0

STI-XL-1%2
FLI-XL-1¥T
L1I-X1-19C

1T1-X1-1¥2
O1I-XL-1¥T
SOI-XL-1¥T
COI-XL1-1¥C

LI -AE- YT
Ol l-Ag-1¥C
801-AE-1¥T
LOT-AG-1¥T

SOI-A"-IvT
SOL-AH-1¥T
£0I-A"-1PE
101-Ad- 1T

FOI-XV-1+C
£O1-XV-1vC
L01-XV-1tT
101-XV-1#C

'S10J2[NDI1D YIjTe papuadsns awiop urzuod Jey syuel 61 IU1mo[|o] 3 SIS £1000-161-L-ASO«

suoneisdo Fuiduind jof Suump pennbas st Smfeams [enonppy
"Burduind 15[ JuLmp psaowa1 pimbry [ennsizu oy £q pakong
10U uaym Aprepnonued Surpeo] SWop 10] PI)UNOIOEUN [EUORIPPE
0} pea ued juaudmba Yuel-ur uo suoTIEISILISS SYEd J[BS

‘uonedyssAm [zuonippe Suwnnbal

'91°¢ 11dey) ‘997 1-dI-ANH

Aq paljonuos A[oAnENSTUIIIPE

St peo[ (s41]) palenu3oU0

pue [ros fejo ], " /q1 ST

01 901 51 98ue1 QISUSP 105 [EWOY

yurod dojs e sapraoxd jmry

Koenb 9PV AUAEO))

F e I+21 001

‘amyrey ON SaX 4

Jemgonns ajqissod 10 | #SIONRIII) YIIY | jnur] I &

Surpeo] sWIOP IATS5IVXI i yue ], Smudarog . =

[ A%y ‘SE€0-1L-AY-AS aedtpul Apus | (syyuow} uondsgaqd TRL LSS s

£1000-1SI-1-ASO | ueq 198218 vondagacy | Aduanbarg £oamg awo(g

USPMGIIAC
[ros iy £ e Juumsse ‘g79

IL-IWM-dS-OHM wox
(syuel N pue ‘L D ‘Xd

g} Sisd | pue (Sue],

XS pue ‘Xv ‘V) 9’11 pue 601 o
61SLE-MH Wox (SLSS 3
1e) d1sd g1 e payewInSa m

sem (osdefjos) amyiey yue) @
0} Surpes] peof amssaxd
1odea samised aq ],
*(smBrew apo)) udisep
(c861) UrejuTeur) [oNuod (Srsdjo8ned 1mem soyour) SaLa§ JUef
[ "A%Y ‘$EO1L-T9-as 3dewep [emionng amssalg 1odep
(swarew apoyy udisap 0$ Al S 0z 00T | w
/A1 $11 Jo Asuap ulejulew) [ouod 2
[lOS PAWINSSE U0 pPaseq sFewep [eIonns 001 01 S SL 001 &
S1IY31oY 1108 [qeMO[y | PUE (13400 [10S “upw) (suoy) XeW | WA | (y) | seues |
(£861) Z10-LL-TA-AS Suipjarys uonepey | peogaar] | (y)seacppos | e | yuel | g
— T g
=
o]
001 Fu
oy
(asdeqoo SU0) i <
‘aInjre] [eM3onns | PIlenudITo)) oS sousg JuEL -
100-OI-WM-dS-ANH 2A21d) jonuod UIseY 2A0QY ) A Suipeoy
900-4S.L-WM-dS-INH adeurep [emjonng PEOT J[qemo[]y [eUonppy aueq
adua1ajay siseq yuauannbayy uondiasag/epnLL

‘(penunuo)) Arewriing sjuswsmbay feronng yue [ [[5YyS-o[SUIS § d[qeL

28



HNF-4712, Rev. O

“SJUI[ S)EPIpUED SB PAFHUIPI 1L SSN[EA PILEBID

[4 0£€ N°1L0Xd'd
z 087 ALXL'S
(4, 05T 240q8) §'[

1T 44 4! 6T 01 (i oczordn) ¢ 08¢ Ag
s 05¢ XV
Z 00€ XSV

rem | owoq | qea | swoq | M) (kep/a,) (d,)

Juoty | Suwory | Suory | Suopy . aduey) amyeradway
EM amjeradwa | WINWIXEPA eL
JudISuel] s)elg Apealg ydnom g, 15 owmm
(/d,) WUaIpeID [FWISY L [EUOTPEAY | UIMWIXEIN M M

:(saouaiage1 Burpoddns 10] z-v o[qe] 235) 1SS SI2S-00[ WO S| armyeradius) 9An210sa1 10w Jmmoro] 3 11 (6861) SEO-LL-TI-AS

v

enbapy hnoﬂ,HEoU

(£861) T10-LL-49-AS

(Y/d,) yuatpelr) [PUCIPLId

(d,) yuatpeIn Jep YSnom,

0T {Aepyd,) s3uey) -dwo] Asem

(900-¥SL-WM 'sassans
-QS-4NH £q paorda [EIONGS 219498 puE (d,) "dwa], suro
PaJ[2oumd) (7°Z '1298) snrpow pue IRAUANS {oste
S00-dSO-WM-US-DHM | U Suoyonpar o} pea| Aew . M0]aq J[qe 235)
SITUII] SSAJL JO SSI0XD 05€ (d,) "dwa, AT
(T17T€T1 P98) ur sa3ueyd armgeredudy amjeradia],
£1000-151-1-ASO pue someiadway | SO IR 1SS S2UR5-001
ERGEYENEN siseq Jusurannbay uondussaAniL

‘(penunuo))) Areunung syuswiainbay] [eAMONLS YUR ] [[2YS-9[3WIS ‘f J|qEL

29




HNF-4712, Rev. 0

This page intentionally left blank.

30



HNF-4712, Rev. 0

APPENDIX A

SUPPORTING DOCUMENT REVIEW
IN
CHRONOLOGICAL ORDER



HNF-4712, Rev. 0

This page intentionally left blank.



HNF-4712, Rev. 0

CONTENTS

HISTORICAL .....cooovveoerecoseeseesee oo sssessesess s ssesessssaessseassesssasssses s emasesessesssanessssassessasesssssaersesssecons A-1
CODES AND STANDARDS ........ouiivmeiieeesesssasssssessssessssssssssess s sssssssesassssasssassssassssssssssssssesnassssassons A-1
SPECIFICATIONS ......ovooiveeanivesiiesseseestssesssssssssesesssseseessoesasmsessssese s eeesssssssssessssessessssseessssessmesssnane A-3
SAFETY ANALYSES ....ooooooiiveiaiiemaesssssisssssssssessssssseseessseessssssossosesssosesssssssssenssossessosssesisssssmssssmase A-6
CONCRETE PROPERTIES AND TEST PROGRAM ........coomivmivenirerierersesssseesseeassessssesssesessesssasssons A-8
SOIL PROPERTIES ......oveiivernieesecessesessssssesosssasssssssesessessssssessssesesesessasessssesssesssasesssesssssssssrassesassssss A-13
THERMAL AND WASTE LEVEL HISTORY ...c.oouurvvmiireorieomreressosemseseemereeessssssssssssssssssssmesssesneseeess A-14
SUPPORTING ANALYSES ......oouvuurioesiessiasssssessssssssesssssssssssesesessesasesssssasssasassssassssssssasssssassssenes A-15

A-iii



A-1

A-6

A-7

A-8

A-9

A-10 Single-Shell Tanks with Recorded Waste Temperatures in Excess of 350 °F

A-11 Load Sensitivity Elastic-Analysis Load Conditions

A-12 Material Properties Used in Thermal Creep and Ultimate Load Analyses

HNF-4712, Rev. 0

LIST OF FIGURES

530-Kgal Singie-Shell Tank 241-C-106 Located in 200 East Area of Hanford Site................

LIST OF TABLES

241-AX Tank Farm Design REQUITEMENES ..o..vvvveveiieeive e sreesrae e ssenessenessenesseeens
Structural Related Interim Operating Limits per SD-RE-TI-035 .......ccoorririrricreeieceneeene

Seismic Accelerations, Magnitudes,Expected Frequencies, and Effects..........cccoovvvnvieiencnn

Recommended Limiting Values of Effective Waste Specific Gravity and Transient Vapor
Pressure for Existing 100-Series SSTs to Achieve Maximum Utilization of

Waste StOrage CapacCily.. . occuiciicereereiiirreeceritee st e e e e e se e e e sves e e s aeeasbaeaesean s eesasnnessesaeaeaessnenasaes

Allowable Liquid Levels (in.) for Indicated Maximum Expected Waste Specific Gravity

Va1 BAVA:T 010 g g (=110 o = O OO SR SRR

Allowable Liquid Levels (in.) as a Function of WasteSpecific Gravity and Through Wall

TREMAL GIAAIENT ..ottt sar et e e sae s rsesaesaeaean e sae e sbasanenaneenenenseerraesas
Load Parameters Considered in ARH-R-45 Single-Shell Tank Analysis........cccoceevivcreinnncncnne

Material Properties Used in Thermal-Creep andUltimate Load Analysis of AX Tanks. .........

SAFE-CRACK® Predicted Peak Stresses in AX Tank Structure for 2,000 Day

Thermal-Creep Analysis with 350 °F Sustained Peak Temperature ..........cccceeeeeeerueereceereenenns

A-13 100-Series Single-Shell Tank Maximum Allowable Soil Cover Height Based on

Footing Analysis with 3,000 Ibf/in” Concrete Compressive Strength... .........c..ccccovueevererreienns

A-14 100-Series (75-ft Diameter) SST Thermal-Creep and Ultimate Load Analyses Input

A-15 Recommend Operating and Design Limits for All Single-Shell Tanks

Data and RESUILS. ......cooiiiiiiiiiiiviriirireierseibiaissbiiisests et beseememeemre s nansnen s ssstessserssnmnebbrenbonsssnse

A-iv

..............................

. A-24

. A-31



HNF-4712, Rev. 0

HISTORICAL

HAN-10970, 1945, Construction of Hanford Engineer Works: History of the Project,
E.L. du Pont de Nemours and Company, Wilmington, Delaware.

IN 6263, 1945, Design and Procurement History of Hanford Engineer Works, Volumes I and 11,
E.I. du Pont de Nemours and Company, Wilmington, Delaware.

HAN-73214, 1946, History of the Operation of Hanford Engineer Works,
E. I. du Pont de Nemours and Company, Wilmington, Delaware.

ARH-CD-948, 1977, History and Status of Tanks 241-C-105 and 241-C-106, C. M. Walker,
Atlantic Richfield Hanford Company, Richland, Washington.

WHC-SD-WM-T1-648, 1994, Tank Characterization Reference Guide, Rev. OA, prepared by
Los Alamos Technical Associates, Inc., Kennewick, Washington for Westinghouse Hanford
Company, Richland, Washington.

This document provides a broad background of information relating to the characterization of the Hanford Site
single-shell and double-shell waste storage tanks. This is an excellent summary document and includes general
descriptions of all tank farms, process and waste generation histories, sampling and analytical methods, and
regulatory, safety, and technology development driven characterization needs. However, the tank status summary
data is no longer current. The reader should refer to the current monthly Waste Tank Summary Report (such as
HNF-EP-0182-129) for a more current status of the tanks.

HNF-EP-0182-129, 1999, Waste Tank Summary Report for Month Ending December 31, 1998,
Fluor Daniel Hanford, Inc., Richland, Washington.

This series of monthly reports is the source document on the general status of each of the Hanford Site large
underground waste storage tanks with regards to waste inventories, space utilization, safety issues, anomalies, and
ongoing investigations.

CODES AND STANDARDS

PCA Bulletin ST-32, 1953, Effects of Long Exposure of Concrete to High Temperature,
Portland Cement Association, Chicago, Illinois.

PCA Bulletin ST-55, 1954, Design of Circular Domes, Portland Cement Association, Chicago, Illinois.

PCA Bulletin ST-57, 1954, Circular Concrete Tanks without Prestressing, Portland Cement
Association, Chicago, Illinois.

ACI-318-56, 1956, Building Code Requirements for Reinforced Concrete, American Concrete Institute,
Skokie, Illinois.
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BNL-52361, 1993, Seismic Design and Evaluation Guidelines for Department of Energy High-Level
Waste Storage Tanks and Appurtenances, K., Bandyopadhyay, et al., Brookhaven National
Laboratory, Upton, New York.

BNL-52527, 1997, Guidelines for Development of Structural Integrity Programs for DOE High-Level
Waste Storage Tanks, K. Bandyopadhyay, et al., Brookhaven National Laboratory, Upton,
New York.

This document provides general guideline for the development of site-specific structural integrity programns
for DOE high-level waste storage tanks. The structural integrity program should consist of®

Definition of appropriate loads in accordance to applicable national codes and standards.
Collection of data for possible material and geometry changes indicative of a loss in structural capacity (this
includes both leak integrity and structural load carrying capacity).

e  Performance of structural integrity assessment of the tank focusing on potential material degradation over time
and assessment of consequences.

The most important elements of the structural integrity program include implementation of a leak detection system
and performance of reliable non-destructive examinations (NDE). The desirability of controlling waste chemistry to
minimize degradation of tank materials and of monitoring for corrosion-induced degradation is also stressed.

The document stresses the importance of assessing the actual condition of the concrete and steel elements of the
tanks by direct examination were feasible. The effects of degradation in strength and modulus of concrete and
enhanced creep with elevated temperature exposure need to be assessed, However, any gain in concrete strength
through aging also needs to be considered so as to not unrealistically penalize the tank.

Although elements of the guidelines are applicable to 55T, the scope of the document is focused on double-shell
tanks (DSTs). Unlike the single-shell tanks, the DSTs are accessible, through the annulus space, to nondestructive
examination of the primary tank and secondary steel liner. Nondestructive examination of SST liners is not feasible,
except for remote visual examination when the liner is exposed for view as the waste level is lowered. The control
of chemistry in SSTs is less practical because of the current restriction that prohibits the addition of material to the
SS8Ts and because the stabilization effort results in the removal of the liquid portion of the waste. Although the
removal of the liquid also prevents the monitoring of the liquid waste level as a means of detecting leaks, it does
reduce the likelihood of a significant leak. The SSTs do have numerous dry well monitors for detecting leaks and
the underside of the SST dome can be visually inspected remotely for signs of distress. In addition, changes in the
dome elevation are currently monitored for signs of distress. However, dome elevation survey data can be masked
by changing thermal conditions within the tank or the environment making the interpretation of the data difficult.

In addition to an extensive laboratory testing program (PNL-7779,1988) to assess the properties of Hanford-mix
concrete to elevated temperature, concrete cores have been removed from tank 241-5X-115 and tested (RHO-RE-
CR-2, 1982) to determine in-situ properties. The long-term effects of waste solutions on concrete and reinforcing
steel have also been investigated (RHO-RE-CR-8, 1982). These elements provide input to the development of a SST
structural integrity program.

HPS-SDC 4.1, 1993, Hanford Plant Standards, HPS-SDC 4.1, Rev. 12, Standard Arch-Civil Design
Criteria Design Loads for Facilities, U.S. Department of Energy-Richland Operations Office,
Richland, Washington.

HNF-PRO-097, 1997, Project Hanford Policy and Procedure System: Engineering Design and
Evaluation, Fluor Daniel Hanford, Inc., Richland, Washington.

This document supercedes HPS-SDC 4.1 (1993). It provides the current general and specific design requirements,
including natural phenomena hazards, for Hanford Site facilities except as noted therein.
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WAC, 1998, Dangerous Waste Regulations, Chapter 173-303, Washington State Department of
- Ecology, Olympia, Washington.

SPECIFICATIONS

HW-1946, 1943, Specification for Composite Storage Tanks — Bldg. #241 at Hanford Engineer Works
Project 9536, Hanford Engineer Works, A Division of General Electrie, Richland, Washington.

Construction specification for the 241-B, -C, -T, and U Tank Farms.

HW-70529, 1961, Basis for Process Design Engineering PUREX Tank Farm — 241-AX, by
H. W. Stivers, Hanford Atomic Products Operation, General Electric Company, Richland,

Washington.

This report documents the preliminary engineering basis for the 241-AX Tank Farm. The requirements are

summarized below but do not necessarily represent the final requirements.

o

Table A-1. 241-AX Tank Farm Design Requirements.

gradients. Allow
independent thermal
deformation of steel shell

1. Earthquake Zone 2 (0.25 g) Uniform Building Code

2. Earth cover Radiation shield 6 ft minimum Provide minimum 6-ft earth cover
over apex of dome. Unit weight of
soil 120 Ib/ft’.

3. Live load on tank Support construction or 40 Ib/ft° plus 50 tons 40-1b/f” uniform load on projected

dome operating equipment dome area plus 50-ton concentrated

equipment load.

4, Steel shell Leak tight barrier Carbon steel Type and construction method to
minimize corrosion attack.

5. Thermal barrier Absorb transient thermal Material, thickness, and construction

method to be determined during
process design engineering.

. Concrete shell

Exterior support and

Could be pre-stressed or

secondary containment conventional depending on structural
integrity and economics.
7. Strain gages and Stress computation and Required on all tanks
thermocouples heat transfer validation.

8.

Usable liquid volume

3 to 4 Mgal

Provision for expansion to 6 to 8
Mgal total.

9.

Vapor space

Surface area and expansion

Do neot fill beyond springing line of
dome.

10. Vapor pressure

Absorb intermittant
pressure surges and
vacuum of off-gas system

13.7 to 17.7 psig

11. pH Alkaline 8t0 10 Acid waste will be neutralized in
process building
12. Specific gravity Waste concentration 1.8 Tanks may eventually be used for

solidification and storage of non-
boiling wastes.
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. Settleable solids Minimum practicable ~15% by volume Not practical to dilute until no
settleable solids exist.
14. Design temperature Maximurn probable Including the incremental
Vapor 222°F temperature change.
Liquid 280 °F
Sludge 350 °F

15. Incremental
temperature change

Absorb transient thermal
gradients

100 °F in conical bottom
60 °F in vertical wall

The maximum bulk temperature rise
in 24 hours.

Waste from process
Waste condensate

in 24 hours 40 °F in vapor space
16. Rate of fill Cooling storage
Raw water 300gpm @ 70°F

75 gpm @ 200 °F
100 gpm @ 170 °F

17. Corrosion allowance

1/16 inch

18. Design life

Usable life of tank for
design conditions

25 years

HW-8237, 1962, Specification for the 241-AX Tank Farm, Project CAC-945, Hanford Engineer Works,
A Division of General Electric, Richland, Washington.

Construction specification for the 241-AX Tank Farms.

SD-RE-TI-035, 1985, Technical Basis for Single-Shell Tank Operating Specifications, Rev. 1,
Rockwell Hanford Operations, Richland, Washington.

This document contains technical basis documentation for the OSD-T-151-00013 (1998) single-shell tank operating
specification, The following (Table A-2) structural related interim operating limits were given until replaced by
revised requirements based on SD-RE-TI-012 {1983).
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Table A-2. Structural Related Interim Operating Limits per SD-RE-TI-035.

Single-Shell Tank

Limit

Reference

B, BX, C, T, U {100-Series)

ARH-C-19 (1977)

7
BY, S, TX, TY 7 ARH-2883 (1973)
SX 7 ARH-R-45 (1969)
A 8 ARH-R-120 (1972)
AX 8 ARH-C-11 (1976) RHO-R-6 (1977}

B, C, T, U (200-Series)

No refcrem_:e avaiiqble

B, C, T, U (200-Series)

3 g
b : = B A L L
~ | B,BX, C, T, U {100-Series) 17 tons over | ft? or Letter (Dec. 1, 1961)
g S, TY 30 tons over 30 ft’ Letter (Jan. 4, 1962)
o | BY,TX No additional live toad allowed Letter (Jan. 4, 1962)
A sx No reference available
A 11 tons over 1 ft* or Letter (Dec. 1, 1961)
19 tons over 30 f¥’ Letter (Jan. 4, 1962)
AX 100 tons ARH-C-11 (1976) RHO-R-6 (1977)
B, C, T, U (200-Series) No reference available
Live load limits are assumed to occur on the soil over the center of the tank. Higher loads are acceptable at the
pertphery of the tanks, but should be evaluated on a case-by-case basis.
200-Series SSTs do not have thermal loads, have not been evaluated for elevated temperatures and are therefore not
covered in this section
ﬁw 3 ) . #
B, BX, C, T, U (100-Series) 330 ARH-C-19 (1977)
BY, S, TX, TY 280 ARH-2883 (1973) HW-37519 {1955)
A, 8X 300 HW-59919 (1959) RL-UPO-12 (1965)
350 ARH-R-120 (1972) RHO-R-6 (1977
S | Lo T ip/Cool-down Ratek
3 ,BX, C, T, U (100-Series)
—_ HW-59919 (1959)
E 3.7 °F/day upto 250 °F
= | BY 1.5 *F/day above 250 °F ARH-2883 (1972)
ARH-C-11 (1976)
: ey CEETedd Gradients - M
B, C, T, U (100-Series) Through wall RL-UPO-12 (1965)
BY,S, TX, TY 29 °F/it Along dome Steady state
14 °F/ft Along wall Y RL-UPO-12 (1965)
44 °F/it Along dome Transient NW-47087 (1957)
21 °F/ft Along wall
el/Bpecific Gravity
Q Liquid Level Maximum
g (in.) Gravity Head (psig)
2 | B,BX,C, T, U (100-Series) 189 1.9 13.0
< | BY,5TX, TY 281 1.2 12.2 HW-37519 {1955)
E 8X 368 1.5 19.9
A, AX 365 2 26.2 HW-37519 (1955) RHO-R-6 {1977)
B, C, T, U (200-Series) 285 19 195 | HW-37519 (1955
= ; water gauge)
@
’g E B, BX, C, T, U (100-Series) +130 in. w.g. maximum for structure (ventilation
& @ BY,S8 TX, TY systern may require lower limit)
- E A, AX,SX -15in. w.g. minimum (with 15 in. of water or Letter {June 24, 1582)

equivalent in tank bottom)
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WHC-SD-WM-0S8R-005, 1994, Single-Shell Tank Interim Operational Safety Requirements, Rev. 0
(Cancelled), Westinghouse Hanford Company, Richland, Washington.

This document provides operational safety requirements and bases prior to BIO implementation and is of interest in
establishing the evolution and adequacy of current requirements.

OSD-T-151-00013, 1998, Unclassified Operating Specifications for Single-Shell Tanks, Rev. D-16,
Lockheed Martin Hanford Company, Richland, Washington.

Contains the operating specifications and technical bases thereof for all SSTs.

OSD-T-151-00030, 1998, Operating Specification for Watch List Tanks, Rev. B-27, Lockheed Martin
Hanford Company, Richland, Washington.

OSD-T-151-00031, 1998, Operating Specifications for Tank Farm Leak Detection and Single-Shell
Tank Intrusion Detection, Rev. C-0, Lockheed Martin Hanford Company, Richland,
Washington.

HNF-1P-1266, 1997, “Dome Loading Controls,” Chapter 5.16, Rev. 1a, Tank Farms Operations
Administrative Controls, Lockheed Martin Hanford Company, Richland, Washington.

Chapter 5.16 of HNF-IP-1266 documents the dome load administrative control of the Hanford Site underground
waste storage tanks in accordance with HNF-SD-WM-TSR-006 (1998) requirements based on HNF-SD-WM-BIO-
001 (1998) and defense-in-depth requirements,

HNF-SD-WM-TSR-006, 1998, Tank Waste Remediation System Technical Safety Requirements,
Rev. 0-S, Fluor Daniel Hanford, Inc., Richland, Washington.

Contains current technical safety requirements (TSRs) for single-shell tanks, as well as other TWRS facilities, based
on HNF-SD-WM-BIO-001 (1998). The TSRs are based on the preventive and mitigative features determined to be
essential in the BIO. An Addendum to the TSR document contains Transitional Requirements — controls that have
been directed by DOE to be retained in the TWRS Authorization Basis, The temperature of nine selected SSTs
{241-C-106, prior to start of waste retrieval sluicing operations, 241-8SX-103, 241-8X-107 through —112, and —-114)
with heat loads greater than 26,000 Btw/h are restricted to a maximum waste temperature of 250 °F (safety limit) or
205 °F (operating limit) in order to prevent potential salt-nitrate reactions and “tank bumps.”

SAFETY ANALYSES
RHO-LD-55, 1980, An assessment of the Risks Associated with Continued Storage of High-Level Waste
in Single-Shell Tanks at Hanford, prepared by D. J. Quinn and P. C. McNamee of SRI

International, Menlo Park, California and R. G. Baca and D. E. Wood of Rockwell Hanford
Operations, Richland, Washington.

WHC-SD-SAR-006, 1989, Single-Shell Tank Isolation Safety Analysis Report, Rev. 2,
G. L. Borsheim, Westinghouse Hanford Company, Richland, Washington.

LA-UR-95-1900, 1995, Probabilistic Safety Assessment for Hanford High-Level Waste Tanks,
D. R. MacFarlane, et al., Los Alamos National Laboratory, Los Alamos, New Mexico.
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HNF-SD-WM-BIO-001, 1998, Tank Waste Remediation System Basis for Interim Operation, Rev. 1,
Fluor Daniel Hanford, Inc., Richland, Washington.

Documents the safety interim authorization basis for operation of Hanford Tank Waste Remediation System
{TWRS) facilities until the Basis for Interim Operation (BIO) is replaced by a fully compliant Final Safety Analysis
Report (FSAR). Note that no existing TWRS safety class (SC) structures, systems, and components (SSCs) in the
BIO were identified to need any safety class structural design attributes to perform or maintain a safety function
- during or after evaluation basis natural phenomena events.

HNF-SD-WM-SAR-067, 1999, Tank Waste Remediation System Final Safety Analysis Report, Rev. 0,
Fluor Daniel Hanford, Inc., Richland, Washington.

Seismic events at the tank farms pose a natural phenomenon hazard because they could initiate an accident or
initiate multiple accidents from a common cause. The hazard classification for the SSTs is specified as Hazard
Category 2 in HNF-SD-WM-BIO-001 but their Safety Classification is not specified in the BIO. SSTs are
designated as Safety-Class structures in HNF-SD-WM-SAR-067 for the Natural Phenomena—Seismic accidents.
This leads to a Performance Category (PC) 3 classification for S5Ts under seismic loading in accordance with HNF-
PRO-097 (1997) which is driven by DOE Order DOE 5480.28 (1993), Natural Phenomena Hazards Mitigation.

For existing PC 3 type structures located in the 200 Area of the Hanford Site, the evaluation basis horizontal peak
ground acceleration is 0.19 g with a return frequency of 10~/yr (HNF-PRO-097).

Section 3.4.2.12.3 of HNF-SD-WM-SAR-067 shows that a seismic event at the tank farm could damage tank farm
facilities. However, tank failure or collapse would not be expected for the evaluation basis earthquake based on
available analyses [RHO-R-6 (1978), WHC-SD-W320-ANAL-002 (1995), WHC-SD-TWR-RPT-002 (1996),
WHC-SD-TWR-RPT-003 (1996), and RLCA (1996)}] and worldwide experience of typical damage to structures as a
function of seismic acceleration level (see Table A-3 from HNF-SD-WM-SAR-067).

Table A-3. Seismic Accelerations, Magnitudes,Expected Frequencies, and Effects.

Peak

. Likelihood of
horizontal b
OCCUITENCE per Description
ground cart
acceler{g‘on Y

Events .

Threshold acceleration above which emergency response actions are implemented. Characteristic of MMI V1. Felt by all.

> LOE-02

Adobe and weak plaster may crack

Design criterion for existing Safety-Class 1 facilities per HPS-SDC 4.1, Threshold for evacuation of nonessential personnel.

012g 20 E-03 Characteristic of MMI V1I. Difficult to stand. Ordinary masonry may crack, weak chimneys may fall.

0.19 1.0 E-03 Design criterion for existing Performance Category 3 equipment (HNF-PRO-097, 1997); selected as the FSAR evaluation
18 ’ basis acceleration. Characteristic of MMI VII. Noticed by vehicle drivers. Waves appear on ponds, water turbid with mud.
0.24 5.0 E-04 Design criterion for new Performance Category 3 equipment for the 200 East Area {(HNF-PRO-097, 1997). Characteristic of

g : MMI VIIL. Collapse of ordinary nonreinforced masonry walls and chimneys; collapse of towers and stacks.
026g 5.0 E-04 As above except for the 200 West Area.

03g 3.0 E-04 Characteristic of MMI IX. Threshold acceleration for damage to ordinary foundations, potential underground pipe breaks.
043g 1.5 E-04 High confidence, low probability of gross leakage of underground storage tank (LA-UR-95-1900, 1995). Characteristic of

MMI IX as above

Median acceleration for gross leakage of SSTs per WHC-SD-TWR-RPT-002. Characteristic of MMI X. Most ordinary
masonry and frame buildings are destroyed.

5.0 E-05

Median acceleration for gross leakage of DSTs per WHC-SD-TWR-RPT-002. Charactenistic of MMI X. Most ordinary

20 E-05 masonry and frame buildings are destroyed.
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Sources: WHC-SD-TWR-RPT-002, 1996, Structural Integrity and Potential Failure Modes of the Hanford High-Level Waste Tanks, Rev. 0,
Westinghouse Hanford Company, Richland, Washington.

HPS-SDC 4.1, Hanford Plant Stendards, Rev. 12, U.S. Department of Energy, Richland Operations Office, Richland, Washington.
*Frequency of occurrence based on WHC-SD-W236A-T1-002, 1996, Probabilistic Seismic Hazard Analysis, DOE Hanford Site, Washington,
Rev. 1, Westinghouse Hanford Company, Richland, Washington.

"Modified Mercalli Intensity levels and effects based on QRNL-NSIC-28, 1970, Earthquakes and Nuclear Power Plant Designs, Oak Ridge
National Laboratory, Oak Ridge, Tennessee.

DST = double-shell tank. MMI = Modified Mercalli Intensity.

FSAR = Final Safety Analysis Report. SST = single-shell tank..

The tank functions to confine materials sufficiently to mitigate onsite and offsite consequences. The safety function
of the waste tanks is to maintain gross tank structural integrity, which averts tank collapse and limits the release of
waste during and after the evaluation basis earthquake, thus decreasing the consequences of the Natural
Phenomena—Seismic accident.

CONCRETE PROPERTIES AND TEST PROGRAM

ARH-R-47, 1969, Model Tests of Waste Disposal Tanks, prepared by D. McHenry and
0. C. Guedelhoefer, Wiss, Janney, Elstner and Associates, Northbrook, Illinois for
Atlantic Richfield Hanford Company, Richland, Washington.

This document reports the results of a micro-concrete 1:10-scale mode! load test of the 241-A-105 single-shell tank
to ultimate load. The objective of the test was to establish the ultimate load capacity of the dome and to investigate
the overall performance of the tank by observing strains, displacements, and cracking behavior during thermal and
load testing. No attempt was made to reproduce precisely, either the applied load or the thermal conditions of the
prototype since the actual scale-model conditions could be simulated in computer analysis, which could then be
extended to actual prototype conditions. Hence, the lateral soil loading on the cylindrical wall of the prototype tank
was not simulated. Also, the botiom slab and steel liner were not included in the scale model. Holes in the dome
for riser penetrations in the prototype were modeled. The yield strength of the scale-model reinforcing steel varied
from 31.4 to 37.4 ksi compared to the specified minimum yield strength of 40 ksi for the prototype ASTM AlS5
reinforcing steel. The 28-day compressive strength of the cylindrical wall and dome of the scale-model micro-
concrete was 2,860 and 4,920 Ibf/in’, respectively as compared to the specified 3,000 lbf/in® for the prototype.

In the thermal load phase of the test, the objective was to assess the effect of a 100 °F through wall thermal gradient
obtained over a one-hour heat-up period. In the load test, a uniform increasing load was applied to the dome until
failure. The performance of the tank was monitored by displacement and strain gauge instrumentation.

After the initial shakedown load test of the experimental model to 3,000 Ibf/ft?, the dome was unloaded and the
concrete was exposed to steam during the thermal test. In the thermal test a through wall thermal gradient of 126 °F
in the dome and 84 °F in the cylindrical wall was achieved in about 52 minutes. The maximum temperature at the
inside surface of the dome and cylindrical wall approached 180 °F. Two cycles of thermal leading were conducted
with crack mapping after each cycle. Most cracks closed afier the scale model was returned to ambient. However,
there was also an observation of delamination of the inside concrete cover from the first inside layer of rebar just

- above the footing. Both the initial load test to 3,000 Ibf/ft* and subsequent thermal test induced extensive cracking in
the dome and sidewall of the concrete structure. However, the thermal induced cracking is not expected to decrease
the ultimate load capacity of the structure.

During the load test, noticeable non-linearity in the wall lateral displacement was observed at 3,500 to 3,900 Ibf/ft’.
General yielding of the hoop reinforcement in the vicinity of the construction joint just below the dome haunch was
indicated at a load level of 3,100 Ibf/f*. The failure load of the experimental model was 5,400 Ibf/f with a dome
center deflection of approximately 0.4 inches (corresponding to 4 inches for prototype) just prior to failure. The
mode of failure was a simple combined bending and axial compression failure of the cylindrical wall or “slabbing”
as it is sometimes referred to, just below the dome haunch and was fairly uniform around the model. The dome did
not buckle. However, the failure was sudden with little or no advance warning. Most of the energy of the failure
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was dissipated in the northwest quadrant section of the wall with little damage to the opposite quadrant for no
apparent reason.

In ARH-R-47 a safety factor against dome collapse was estimated at 5.65 for an assurned soil overburden of 7 feet
with a soil unit weight of 110 1bf/f®. This assumes that the equivalent uniform load from the soil between a
horizontal plane at the dome apex and the top surface of the dome is 188 Ibf/ft?, which when combined with the soil
cover load above the dome apex of 770 1bf/f, results in a total equivalent soil service load of 958 Ibf/fi>. If the soil
between the dome apex and the top surface of the dome were uniformly spread over the dome, the resulting uniform
load would be approximately 484 Ibfift’. This is about a factor of 2.6 times 188 Ibfift’. No supporting information
was provided in ARH-R-47 to justify the 188 Ibfiff' value. However, the 188 Ibfift’ equivalent uniform load might be
justified by comparing stress resultants from a dome loaded uniformly with corresponding values from a dome load
simulating the soil load distribution between the horizontal plane at the dome apex and the top surface of the dome.

As a simplified estimate for this equivalent uniform load from the soil between a horizontal plane at the dome apex
and the top surface of the dome, assume the pressure varies linearly increasing from the center to the outer radius
of the tank. Taking the ratio of moments induced in a circular flat plat with fixed edges, for a uniform and linearly
increasing pressure load gives

Ratio of Moments from
Uniform Pressure Load
to Linearly Increasing

Linearly Increasing

Uniform Pressure Load Pressure Load (Case 11b

(Case 10b from Young)

from Young) Pressure Load
Center Moment ga’(l+v)/16 ga’ (1 +v)/45 2812
Edge Moment -qa’/8 -qa’ /15 1.875

Young, W. C., 1989, Roark’s Formulas for Stress & Strain, 6" Edition, McGraw-Hill, New York, New York.
Hence, the equivalent uniform load used in ARH-R-47 appears reasonable.

Accepting the 188 Ibfift’ as the equivalent uniform load for the soil between a horizontal plane at the dome apex and
the top surface of the dome, the toral equivalent uniform soil load for other soil overburden conditions on S5Ts can
be estimated from the following relation:

2
+188 bf i ft ]

soil = ¥ soil " h
Proi =7 ’[ 110161/ fi®

where
Psail = equivalent uniform soil pressure load
k = gctual soil cover height above dome apex
Vsoit = actual in-place unit weight of soil.

It must be recognized that the scale-model test does not determine the actual failure load of the SSTs under in-
service conditions. The failure load depends on the actual compressive strength of the in-place concrete and the
vield and strain-hardening behavior of the reinforcing steel. The strength of the in-place concrete is affected by its
initial strength, age, and thermal load history. In addition, the actual soil loading of the underground tank is more
complex than idealized in the simplified test, which did not account for the lateral soil pressure loading. In
addition, concentrated loads may cause more distress than a uniform load of equal magnitude depending on the
location of the concentrated load relative to the center of the tank.

The test does provide data to benchmark computer models which can then be extended to evaluate actual load
histories as was done in ARH-R-120 (1972), WHC-SD-W320-ANAL-001 (1995), and Report No. 941101-001
(1994). The ultimate load results for the experimental model was 5,400 Ibf/ft’ while these analyses of the scale-
model test predicted an ultimate load of 4,100, 3,900 and 4,644 Ibfif’, respectively using three different finite
element computer programs. ARH-R-120 used a modified version of ASOLID®, a thick-shell computer program
written by E. Wilson (University of California, Berkeley). WHC-SD-W320-ANAL-001 used the general purpose
ABAQUS® finite-element computer program written by Hibbitt, Karlsson, and Sorensen, Inc. with the nonlinear
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concrete constitutive model (ANACAP-U®) provided by Y. R. Rashid of ANATECH Research Corporation. Report
No. 941101-001 used the ADINA® finite-element computer program.

RL-SEP-630, 1965, 105-A Waste Storage Tank Model Test, D. D. Wodrich, General Electric Hanford
Atomic Products Operation, Richland, Washington.

This report discusses results of a 1:10-scale model test of the 241-A-105 waste-tank steel liner to simulate the
observed 8.5-foot upward bulge of the bottom of the 241-A-105 tank liner. The original bulge was believed to have
been caused by the formation of steam from residual water in the cement grout between the liner and the concrete
basemat because of the heat from the stored waste. The scale model was pressurized on the bottom until it bulged
and failed. The differential pressure at failure was 0.63 Ibf/in’ and the maximum bulge height was 4.625 inches,
corresponding to 4 feet in the actual tank. The final failure was a rupture of about 2 inches at the weld joint which
joins the bottom plate to the side wall of the tank liner at 90°. There is no knuckle radius transitioning the bottom
plate and side wall of the liner in the SX- and A-Tank designs.

ARH-R-217, 1976, Final Report: Concrete Testing Program, D. Stark, Atlantic Richfield Hanford
Company, Richland, Washington.

RHO-C-21, 1978, Expansion of Hanford Concrete, prepared by M. P. Gillen, Construction Technology
Laboratories, a Division of the Portland Cement Association, Skokie, Illinois for Rockwell
Hanford Operations, Richland, Washington.

RHO-C-22, 1978, Strength and Elastic Properties of Concretes From Waste Tank Farms, prepared by
M. P. Gillen, Construction Technology Laboratories, a Division of the Portland Cement
Association, Skokie, Illinois for Rockwell Hanford Operations, Richland, Washington.

RHO-C-23, 1978, Effects of Temperature Cycling on Strength and Elastic Properties of Hanford
Concrete, prepared by M., P. Gillen, Construction Technology Laboratories, a Division of the
Portland Cement Association, Skokie, Illinois for Rockwell Hanford Operations, Richland,
Washington.

RHO-C-27, 1979, Creep and Cycling Tests - Thermal Properties of Hanford Concrete, prepared by
M. P. Gillen, Construction Technology Laboratories, a Division of the Portland Cement
Association, Skokie, Illinois for Rockwell Hanford Operations, Richland, Washington.

RHO-C-28, 1979, Elastic and Strength Properties of Hanford Concrete Mixes at Room and Elevated
Temperatures, prepared by M. S. Abrams, M. Gillen, and D. H. Campbell, Construction
Technology Laboratories, a Division of the Portland Cement Association, Skokie, Illinois for
Rockwell Hanford Operations, Richland, Washington.

RHO-C-50, 1980, Final Report on Long-Term Creep of Hanford Concrete at 250 °F and 350 °F,
prepared by M. P. Gillen, Construction Technology Laboratories, a Division of the Portland
Cement Association, Skokie, Illinois for Rockwell Hanford Operations, Richland, Washington.

ORNL/BRP-80/5, 1980, Final Report of Comprehensive Testing Program for Concrete at Elevated

Temperatures, C. B, Oland, D. J. Naus, and G. C. Robinson, Oak Ridge National Laboratory,
Oak Ridge, Tennessee.
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RHO-RE-CR-4, 1981, Effects of Moisture Loss Due to Radiolysis on Concrete Strength, prepared by
M. P. Gillen, Construction Technology Laboratories, a Division of the Portland Cement
Association, Skokie, Illinois for Rockwell Hanford Operations, Richland, Washington.

RHO-C-52, 1981, Interim Report on the Effects of Waste Solutions on Reinforced Hanford Concrete,
P. H. Kaar, and D. C. Stark, Rockwell Hanford Operations, Richland, Washington.

RHO-C-54, 1981, Effects of Long-Term Exposure to Elevated Temperature on the Mechanical
Properties of Hanford Concrete, prepared by Construction Technology Laboratories, a Division
of the Portland Cement Association, Skokie, Illinois for Rockwell Hanford Operations,
Richland, Washington.

RHO-RE-CR-2, 1982, Strength and Elastic Properties Tests of Hanford Concrete Cores - 241-SX-115
Tank and 202-A PUREX Canyon Building, prepared by M. P. Gillen, Construction Technology
Laboratories, a Division of the Portland Cement Association, Skokie, Illinois for Rockwell
Hanford Operations, Richland, Washington.

RHO-RE-CR-6, 1982, Durability & Estimated Lifetime of Hanford Concrete, prepared by M. P. Gillen,
Construction Technology Laboratories, a Diviston of the Portland Cement Association, Skokie,
Illinois for Rockwell Hanford Operations, Richland, Washington.

This report presents the results of a power-function regression analysis of strength and modulus test data from
Hanford-mix concrete exposed to a 350 °F elevated temperature for up to 3.5 years. The maximum strength
reduction observed was in the range of from 20 to 25 percent. It was noted that the compressive strength of concrete
cores taken from 241-A tank farms, afier 20 years of service, when tested at 250 °F was well above the initial
minimum specified 28-day strength. See PNL-7779 (1988) for analysis of the complete PCA database of the
Hanford-mix concrete test data including exposures to elevated temperatures up to 450 °F for up to 3.5 years,

RHO-RE-CR-8, 1982, Long-Term Effects of Waste Solutions on Concrete and Reinforcing Steel,
prepared by J. I. Daniel, D. C. Stark, and P. H. Kaar, of Construction Technology Laboratories, a
Division of the Portland Cement Association, Skokie, Illinois for Rockwell Hanford Operations,
Richland, Washington.

This report presents the results of four years of concrete degradation studies that exposed concrete and reinforcing
steel, under load and at 180 °F, to simulated double-shell slurry, simulated salt cake solution, and a control solution.
Exposure time varied from three to thirty-six months. In all cases, examination of the concrete and reinforcing steel
at the end of the exposure indicated there was no evidence of adverse attack—no evidence of rusting, cracking,
disruption of mill scale or loss of strength.

PNL-7779, 1988, Modeling of Time-Variant Concrete Properties at Elevated Temperatures,
C. H. Henager, G. F. Piepel, W. E. Anderson, P. L. Koehmstedt, and F. A. Simonen,
Pacific Northwest Laboratory, Richland, Washington.

This report presents the analysis of the complete PCA database of the Hanford-mix concrete test data including
exposures to elevated temperatures of 250, 350, and 450 °F for up to 1,300 days (3.5 years). The PCA database
included lab test results for modulus of elasticity, compressive strength, splitting tensile strength, and Poisson’s ratio
of 3,000 and 4,500 Ibf/in’ Hanford-mix concrete. Limited creep strain data for 4,500 1bf/in* Hanford-mix concrete
at 250 and 350 °F for up to 650 days was also available. Since the concrete property equations used in previous
applications of the SAFE-CRACK® computer program in structural evaluations of the Hanford underground waste
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storage tanks were developed before completion of the PCA study, the SAFE-CRACK® property equations were re-
evaluated based on the full PCA database. Although there were differences between the previous SAFE-CRACK®
property equations and the results obtained from the analysis of the full PCA database, they were in reasonable
agreement. The use of a wider database in the development of the SAFE-CRACK® creep equations was justified
because of the limited nature of the PCA creep data. See WHC-SD-WM-DA-153 (1994} for a recent re-assessment
of the Hanford-mix concrete strength and modulus test data.

BNL-52384, 1993, Thermal .Degradation of Concrete in the Temperature Range from Ambient to
315°C (600 °F), M. K. Kassir, Bandyopadhyay, K. K., and M. Reich, Brookhaven National
Laboratory, Upton, New York.

This document presents the results of an independent literature review of the effects of elevated temperature on the
properties of concrete. The compressive strength and modulus of elasticity tend to decrease over a large range with
increasing temperature. Because of differences in the coefficients of expansion between concrete and the
reinforcement steel, the bond strength between concrete and the reinforcement steel tends to decrease with
increasing temperature. Thermal cycling causes progressive degradation of concrete with increasing numb,er of
cycles though most of the damage occurs in the first few cycles.

WHC-SD-WM-DA-153, 1994, Evaluation of Strength and Modulus Degradation due to Temperature
Effects on Hanford Concrete, Rev. 0, W. S. Peterson, Westinghouse Hanford Company,
Richland, Washington.

This report documents a recent re-assessment of the Hanford-mix concrete test data [RHO-C-28 (1979), RHO-C-54
(1981), PNL (1986) and PNL-7779 {1988)] relating concrete degradation with time at elevated temperature. The
results from the re-assessment are more in line with the long-term lower bound residual strength and modulus
relations given in BNL-52384 (1993) which were based on a broader database. The re-assessed degradation in
compressive strength with time at temperature was consistent with the PNL-7779 correlation, however, the
degradation in elastic modulus was not. The PNL-7779 correlation predicts a lower elastic modulus (about 50%
lower} at long times than was predicted by the re-assessment. Hence, the application of the PNL-7779 correlation
would lead to an under prediction of thermal stress and an over prediction of deflections.

At elevated temperatures, a direct result of the decrease in strength and modulus is a reduction in the load carrving
capacity and the induced thermal loads. However, it must be recognized that there is a large scatter band for the
compressive strength and residual modulus of concrete with increasing temperature. Move rationally, the response
of the waste tanks to their load history may be bracketed by comparing the response using the upper bound strength
and modulus time-at-temperature relations with the corresponding response using the lower bound strength and
modulus relations. For long times at temperature, the strength and modulus relation as a function of temperature
given in BNL-52384 could be used to bracket the tank response. The BNL-52384 bounding strength and modulus
relations are a function of temperature but not time at temperature, assumed valid for long-time exposure to
elevated temperature.

WHC-SD-WM-DA-207, 1995, Concrete Structural Analysis Tools and Properties for Hanford Site
Waste Tank Evaluation, Rev. 0, prepared by C. J. Moore and W. S. Peterson, ICF Kaiser
Hanford Company, Richland, Washington for Westinghouse Hanford Company,

Richland, Washington.

This documents provides an overview of concrete strength and modulus degradation with time at temperature,

creep, shrinkage, effect of long-term sustained loads on failure limits, and temperature degradation of the bond
strength between rebar and concrete. The report also reviews the nonlinear concrete constitutive models available in
general purpose finite-element computer programs.
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SOIL PROPERTIES

ISO-R-83, 1967, Investigation of Earth Pressures and Settlement of Waste Tank Structures at Hanford,
Washington, prepared by E. Vey and R. D. Nelson, Department of Civil Engineering, Illinois
Institute of Technology for Isochem, Inc., Richland, Washington.

This documnent reports the results of soil pressures investigations on the tank walls due to expansion of tank walls
from temperature fluctuations. In situ penetrometer tests were conducted in horizontal boreholes in the soil
surrounding the 241-A-106 and 241-SX-110 tanks. Measurements were made at depths of roughly 24 and 37 ft
below the surface in both the radial and tangential directions around the tanks. Tangential measurements were made
at several radial distances from the tank walls. In-situ soil temperatures were measured and the physical samples
were preserved for laboratory testing. Soil moisture contents were mapped as a function of sample location relative
to the tank wall. Re-molded laboratory samples were compacted to densities corresponding to in-situ conditions and
then triaxial tests were performed to establish load deformation properties of the soil. Cyclic triaxial tests were
conducted to simulate the cyclic thermal expansion of the tank sidewalls.

ARH-LD-132, 1976, Geology of the 241-C Tank Farm, W. H. Price and K. R. Fecht, Atlantic Richfield
Hanford Company, Richland, Washington.

WHC-SD-GN-ER-33009 1992, Bibliography and Summary of Geotechnical Studies at the
Hanford Site, Rev. 0, R. A. Giller, Westinghouse Hanford Company, Richland, Washington.

WHC-SD-WM-SOIL-001 1994, Soil Weight at Hanford Waste Storage Tank Locations,
Rev. 0, prepared by E. W. Pianka, ADVENT Engineering, Services, Inc., San Ramon, California
for Westinghouse Hanford Company, Richland, Washington.

Contains complication of soil density data for backfill soil above Hanford Site single- and double-shell tanks.

WHC-SD-WM-DA-208, 1995, Soil Structural Analysis Tools and Properties for Hanford Site Waste
Tank Evaluation, Rev. Q, prepared by C. J. Moore, R. D. Holtz (University of Washington) and
G. R. Wagenblast, ICF Kaiser Hanford Company, Richland, Washington for Westinghouse
Hanford Company, Richland, Washington.

This documents provides an overview of Hanford soil properties data, available finite element soil constitutive
models, and required soil parameters.

WHC-SD-WM-TI-665, 1995, Soil Load Above Hanford Waste Storage Tanks, Rev. 0, OA and OB,
prepared by E. W. Pianka, ADVENT Engineering, Services, Inc., San Ramon, Californmia for
Westinghouse Hanford Company, Richland, Washington.

Contains complication of soil elevation data for backfill soil above Hanford Site single- and double-shell tanks.
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THERMAL AND WASTE LEVEL HISTORY

RHO-CD-1172, 1981, Survey of the Single-Shell Tank Thermal Histories, P. F. Mercier, M. D.
Wonacott, and C. DeFigh-Price, Rockwell International, Rockwell Hanford Operations Energy
Systems Group, Richland, Washington.

This report documents the reconstruction of the early thermal histories of the SSTs prior to 1972 from data found in
personal files and reports since much of the early surveillance records were believed to be irretrievably lost. The
report emphasizes the need to retain this data due to its critical importance in assessing the long-term structural
integrity of the SSTs because laboratory test data has indicated that exposure to elevated temperature is a dominant
factor in the reduction of concrete strength and modulus.

The report also points out that the thermal expansion of Hanford concrete is approximately one-half that of steel
unlike the thermal expansion of typical construction concrete which is usually within the range of that of steel. This
mismatch in thermal expansion leads to additional thermal induced stresses in the concrete and could adversely
affect the bound strength between the reinforcing steel and the concrete. However, consistent with normal design
practice, the original design analyses of S8Ts did not address this mismatch in thermal expansion. This mismatch in
thermal expansion was addressed in post design reassessments, such as in SD-RE-T{-012 (1983} for the SX tank
analysis and in WHC-SD-W320-ANAL-001 (1995) for Tank 241-C-106.

WHC-SD-WM-TI-591, 1994, Maximum Surface Level and Temperature Histories for Hanford Waste
Tanks, Rev. 0, by 1. S. Huisingh, N. D. HA, and B. D. Flanagan, Westinghouse Hanford
Company, Richland, Washington.

This report summarizes the available waste surface level and waste temperature history data for the 100-Series SSTs
and the DSTs from 1943 through 1994. Surface level and temperature data were summarized from logbooks,
various reports, and from the Surveillance Analysis Computer System (SACS) database. Much of the data from
1974 to the present is available from the SACS database. Although some of the data may have been archived, data
prior to 1974 was not documented or stored in a consistent and retrievable manner and may be irretrievably lost.
However, much of this early data has been summarized in various other reports. For example, early thermal
histories for the SST are summarized in RHO-CD-1172 (1981). This data was included in the WHC-SD-WM-TI-
591 thermal history summary for the SSTs.

A more up-to-date summary of the surface level and temperature data for the Hanford Site tanks is now contained in
the series of Supporting Documents for the Historical Tank Content Estimate for each of the tank farms; such as,
WHC-SD-WM-ER-313 for the C Tank Farm. However, these more recent documents do not include tank
temperature data prior to 1974 and hence do not provide a complete thermal history of the tank waste which is
essential for assessing the current structural condition of the tanks.

WHC-SD-WM-ER-313, 1996, Supporting Document for the Historical Tank Content Estimate for
C Tank Farm, Rev. 1, prepared by ICF Kaiser Hanford Company, Richland, Washington for
Westinghouse Hanford Company, Richland, Washington.

WHC-SD-WM-ER-310, 1997, Supporting Document for the Northeast Quadrant Historical Tank
Content Estimate Report for B-Tank Farm, Rev. 1b, prepared by Fluor Daniel Northwest, Inc.,
Richland, Washington for Lockheed Hanford Corporation, Richland, Washington.

HNF-SD-WM-ER-320, 1997, Supporting Document for the Historical Tank Content Estimate for T-
Tank Farm, Rev. 1, prepared by Fluor Daniel Northwest, Inc., Richland, Washington for
Lockheed Hanford Corporation, Richland, Washington.
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HNF-SD-WM-ER-321, 1997, Supporting Document for the Historical Tank Content Estimate for TX-
Tank Farm, Rev. 1, prepared by Fluor Daniel Northwest, Inc., Richland, Washington for
Lockheed Hanford Corporation, Richland, Washington.

HNF-SD-WM-ER-325, 1997, Supporting Document for the Historical Tank Content Estimate for U-
Tank Farm, Rev. 1, prepared by Fluor Daniel Northwest, Inc., Richland, Washington for
Lockheed Hanford Corporation, Richland, Washington.

SUPPORTING ANALYSES

HW-37519, 1955, Structural Evaluation Underground Waste Storage Tanks, by E. F. Smith, Hanford
Atomic Products Operation, General Electric Company, Richland, Washington.

This reports presents results of a structural re-evaluation of the then existing 100-Series S8Ts (includes all 100-
Series SSTs except AX which had not been built yet} to determine the limiting values of internal pressure and
effective liquid specific gravity, resulting from waste self-concentration, that would permit maximum utilization of
waste storage capacity. The original design criteria for these tanks did not envision any serious temperature
problems, nor was any consideration given to possible transient internal vapor pressure in the tanks.

To withstand increased long-term hydrostatic loads the circumferential reinforcing steel was permitted to approach
an increased allowable ring-tensile stress of 20,000 Ibf/in”. This is 43% greater than the design ring-tension value of
14,000 Ibf/in® recommended by the Portland Cement Association (PCA), ST-57 (1954). The increased allowable
stress is rationalized on the foliowing bases:

e The increased allowable stress is no more than the usual design stress for steel in other types of concrete
structures and it is within the percentage increase permitted by certain codes in rating existing structures. The
PCA recommended allowable stress for reinforcing steel other than for ring tension was 20,000 Ibf/in” [see
Section 16 of PCA Bulletin ST-57 (1954), Circular Concrete Tanks without Prestressing].

e A lower ring-tension allowable helps to control crack size but there are other considerations, such as the bond
between the concrete and reinforcement, that need to be considered. A lower allowable steel stress may require
larger size bars. Since the bond resistance is a function of the amount of surface contact between the concrete
and steel, the use of larger size bar will result in less surface contact area per unit of cross-sectional steel area
provided. The net result is less bond resistance, which can result in larger cracks.

e  Creep of the concrete with time will tend to reduce the internal shrinkage forces in the concrete. This means
that if the tank is initially under a hydrostatic load of relatively low specific gravity, as the internal shrinkage
forces are reduced due to creep, the specific gravity of the liquid may be increased accordingly. Or
equivalently, the allowable stress may be increased by the corresponding reduction in shrinkage forces. This
mode of operation is consistent with the addition of waste with waste self-concentration, thus allowing
maximum utilization of the waste storage capacity. The corresponding increase in allowable due to the
reduction in shrinkage forces was estimated at 1,500 Ibf/in’.

e  Although it is common practice to ignore the effect of soil pressure assistance in supporting any part of the
hydrostatic loading, it does exist to some degree, except perhaps after a tank has expanded against the soil
during a period of increasing waste temperature and then later shrinks away from the soil during a period of
decreasing temperature. Any soil pressure load that is present will reduce the effect of the hydrostatic loading.
In addition, the passive resistance of the soil will resist ultimate collapse of the wall.

e The average specific gravity of the waste (average weight per unit volume) does not necessarily reflect the true
value causing hydrostatic loading on the wall. Heavy particles in suspension may have but little effect on the
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lateral hydrostatic pressure produced by the liquid. The settling of such solids to the bottom of the tank would
have a similar effect in reducing the apparent specific gravity acting on the wall.

To withstand the transient internal vapor pressure load in combination with the sustained hydrostatic pressure load
the circumferential reinforcing steel was permitted to approach an increased allowable ring-tensile sfress of

27,000 Ibffin>. This is close to the estimated at temperature yield point (approximately 30,000 Ibf/in’) for the
reinforcing steel. The higher allowable with the transient pressure loading included was justified in analog with the
usual practice of permitting an increased allowable approaching yield for wind or earthquake type transient loading
in other structures. In addition, it was opinioned that this stress would not likely be reached because the transient
vapor pressures are present at a time when the passive resistance of the soil is bearing on the tank wall due to radial
expansion of the tank from the increasing elevated temperature of the stored waste.

The ring-tension stress was shown to be controlling and its magnitude is reduced by the beneficial beam-action
resistance to the hydrostatic load as a result of the rigid nature of the concrete wall of the tank. The effectiveness of
the beam action is affected by the actual boundary conditions of the cylindrical tank wall at the upper haunch and at
the wall-to-foundation interface. Because the wall-to-foundation interface is in reality some where between hinged
and fixed, the maximum ring tension occurs not at the bottom where the hydrostatic pressure is greatest but at some
other point in the wall and at a reduced magnitude. '

Although the details of the calculations are not provided in the summary report, they rely on the methodology of
PCA ST-57. The resulting maximum effective specific gravity with simultaneous allowable transient internal vapor
pressure for liquid waste at elevated temperature is summarized below for each of the existing tank farm types at
their corresponding full waste volume capacity.

Table A-4. Recommended Limiting Values of Effective Waste Specific Gravity and Transient Vapor
Pressure for Existing 100-Series SSTs to Achieve Maximum Utilization of Waste Storage Capacity.

Original Design Recommended Limiting Values
Storage Transient Transient
Tank Farm Volume Specific Specific
(Kgal) Gravity Vapor Brcssure Gravity Vapor P'ressure
(psig) (psig)
B,BX,C,T,U 530 1.2 1.9 25
BY, S, TX, TY 758 1.25 0 1.2 1.8
5X 1,000 1.35 1.5 4.8
A 1,000 2.0 22 6.9

In the calculation, a conservative thermal gradient of 23 °F/ft of wall thickness was assumed. However, the
magnitude of the assumed maximum elevated temperature of the waste for each tank type was not given in the
report but is assumed to be greater than the original design basis (WHC-SD-WM-TI-648) of 220 °F for the non-
boiling waste tvpe tanks (B, BX, C, T, U, BY, 8, TX, and TY) and 250 °F for tanks (SX and A) designed to
accommodate self-boiling waste.

If the actual specific gravity is less, an increased transient vapor pressure would be permitted up to a limit of 10 psig
beyond which the dome of the tank would be in jeopardy. It was recognized that there are uncertainties in the
estimated limiting values, both pro and con. The use of higher allowable ring-tensile stress does permit more and
wider cracks than would be permitted with the usual lower design allowable stress. However, the limiting values
given were believed to be sufficient to ensure that the structural stability of the tank is not endangered. Although
actual structural collapse due to hydrostatic head is difficult to conceive, it was believed that the limiting values
presented cannot be exceeded without endangering the integrity of the concrete structure due to excessive crack
openings, thus permitting leakage through wide cracks in the concrete if the steel liner should leak.

HW-47087, 1957, Waste Tank Temperature Studies, by M. W. Cook and J. M. Gerhart, Hanford Atomic
Products Operation, General Electric Company, Richland, Washington.

This report provides the results of waste tank temperature studies for a proposed SST designed for the storage of
high-heat self-boiling waste. Although waste entering a tank is relatively cool, in the high-heat waste tanks
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designed for storage of self-boiling waste, the temperature rises rather rapidly to the boiling point due to radioactive
decay as filling proceeds and then the temperature continues to rise as self-concentration increases the boiling point
of the waste, The increase in temperature during filling and subsequent long term storage results in transient and
steady-state thermal gradients along and through the wall that induced thermal stresses in the concrete of the tank
structure.

Although the reported results were for a proposed 1.25-Mgal SST design geometry that was never built and for
specific operating conditions, the report does provide an overview of the importance of thermal related issues for the
waste storage tanks and insights as to the magnitude of temperatures and temperature gradients to be expected in the
tank concrete structure. Both transient and steady-state thermal conditions were addressed. Note that the thickness
of the concrete wall for the proposed tank design was 40 inches in the lower 2/3-section of the vertical wall as
compared to 24 inches in subsequent one-Mgal S58Ts (SX, A, and AX) that were built for the storage of self-boiling
waste.

Although it was recognized that there is uncertainty in both the concrete and soil thermal properties, with the largest
uncertainty in the soil properties, the thermal properties of the concrete and soil were assumed to be equatl for
simplicity. This simplification leads to higher thermal gradients than would be predicted for a more typical dry soil
condition where the thermal conductivity of the soil is less than that of the concrete. The heat transfer solution was
facilitated by dividing the problem into three time periods. An early transient time period during which the waste
temperature increased from ambient to boiling; an intermediate transient time period during which the temperature
in the tank, the tank wall, and the surrounding soil change from the initial boiling conditions and approach steady
state; and finally, the steady state period where temperature does not vary with time anywhere within the tank and
the surrounding soil. For the early transient time period, an analytical solution for a semi infinite slab was assumed
to apply. A resistive network analogue (see HW-47088) was constructed and used to obtain the steady-state
solution. The solution for the intermediate time period was obtained through an adaptation of the well known
Schmidt graphical method.

The results showed that the temperature gradients reach maximum values just as the boiling begins and then
decrease gradually as steady state is approached, except at locations that were previously immersed in steam and
were then exposed to the higher temperature of the waste solution as the liquid level rises. Dilution of the waste was
shown to be a viable means for minimizing temperature gradients, especially during the early part of the tank life.

HW-47088, 1957, The Design and Application of a Heat Transfer Analogue for Radially Symmetrical
Problems, by M. W. Cook, Hanford Atomic Products Operation, General Electric Company,
Richland, Washington.

This report describes the design, construction, and trial application of an electrical analogue solution method for
estimating the steady-state temperature field in a SST designed for the storage of high-heat self-boiling waste. An
electrically conductive paper was used to construct the electrical analogue model with approximately 3,000
individual resistance elements. The results from the application of the electrical analogue solution model for a
proposed tank design are reported in HW-47087.

HW-57274, 1958, Instability of Steel Bottoms in Waste Storage Tanks, by L. E Brownell, General
Electric-Hanford Atomic Products Operation, Richland, Washington.

Reports results of steel tank liner bottom buckling study. The bottom of 241-SX-113 upwardly dished to a height of
4 feet in June 1958 and then gradually returned to a horizontal position within the month. The report presents a
structural theory for the buckling and presents proposed design changes.
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HW-59658, 1959, Heat Transfer Study for Self-Boiling Radioactive Wastes, by H. W. Stivers and
G. R. Taylor, Hanford Atomic Products Operation, General Electric Company, Richland,
Washington.

The purpose of this study was to determine the sensitivity of heat transfer parameters on the resulting thermal
gradient across the side wall of existing Hanford Mgal SSTs (A and SX) designed for the storage of self-boiling
waste, as a function of temperature rise of the stored wastes from ambient ground temperature (70 °F) to boiling
{230 °F). Results are summarized in figures for the range of variations in the thermal parameters considered. The
thermal parameters considered include the thermal conductivity of the soil, the rate of rise of the liquid waste
temperature, the soil temperature seven feet from the wall, the film coefficient of heat conduction of the stored
waste, the effect of various insulating materials, and the effect of incremental rate of temperature rise.

The results of this study were recommended as guidance for revising the then current operating procedures for
existing tanks storing self-boiling waste and as guidance in future designs for selecting insulating media between the
steel liner and the concrete wall. It was also recommended that new tanks incorporate replaceable temperature
elements within the extreme wall surfaces as an aid in verifying the predicted results.

HW-59919, 1959, Limitations for Existing Storage Tanks for Radioactive Wastes from Separation
Plants, by E. Doud and H. W. Stivers, Hanford Atomic Products Operation, General Electric
Company, Richland, Washington.

Safe load curves were established from stress analyses conducted in accordance with PCA Bulletins ST-32 (1953)
and -57 (1954) and the ACI-318-56 (1956) design codes. However, the reinforcing steel allowable stress in ring
tension was increased from the normal 10,000 to 12,000 Ibf/in’ typically used in cylindrical concrete storage tanks
t016,000 Ibf/in’, which is significantly less than the 20,000 Ibf/in® assumed in HW-37519 {1955). A maximum
through wall thermal gradient of 23 °F/ft of wall thickness was assumed which required that the average heat-up rate
not exceed 2 °F/day, as was assumed in HW-37519. In addition, the maximum incremental increase in temperature
should not exceed 40 °F at any one time, although this increment could be fast. A minimum time interval of four
weeks is required to permit the outer temperature of the wall to approach the temperature of the inner surface for
this maximum increment in temperature. For the self-boiling tanks the resulting transient vapor pressure was
equated to an equivalent static pressure with a dynamic load factor of one (slow vapor pressure loading) and was
assumed to be 15 to 30 percent of the hydrostatic head of the contained waste. The results from HW-59919 were
more restrictive than obtained from HW-37519. As an example of the results from the safe load curves for the
maximum expected waste specific gravity and vapor pressure indicated, HW-59919 gave the following allowable
liquid levels which are significantly less than the full capacity liquid levels.

Table A-5. Allowable Liquid Levels (in.) for Indicated Maximum Expected
Waste Specific Gravity and Vapor Pressure.

Max. Liquid Level (in.)
Storage Vapor Ref
Tanks Volume Waste Type SpG Pressure eterence
(Kgal) (psig) Allowed Full.
Capacity
A 1,000 Self-boiling 1.37 3.0 258 365
SX 1,000 Self-boiling 1.68 2.5 192 365
BY,S TX, TY 758 Non-boiling 1.8 0 180 281
B.BX,C,T,U 530 Non-boiling 1.8 0 168 189

Letter, 1961, Live Load on 241 Waste Tanks (intemal letter E. F. Smith to H. W. Stivers, December 1),
Hanford Atomic Products Operation, General Electric Company, Richland, Washington.

Basis letter for live load limits specified in SD-RE-TI-035 (1985).
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Letter, 1962, Live Load on 241-Waste Tanks (internal letter E. F. Smith to H. W. Stivers, January 4),
Hanford Atomic Products Operation, General Electric Company, Richland, Washington.

Basis letter for live load limits specified in SD-RE-TI-033 (1985).

RL-UPOQO-12, 1965, Structural Evaluation of Existing 241 Waste Storage Tanks for Waste Solidification
Program, by E. F. Smith, Hanford Atomic Products Operation, General Electric Company,
Richland, Washington.

RL-UPO-12 applied the same empirical methods from PCA ST-57 (1954) as used in HW-59919 (16 ksi ring-tension
allowable working stress for reinforcement steel) but assumed that the vapor pressure above the liquid was no
greater than atmospheric. Vapor pressures greater than atmospheric require additional reductions in the allowable
liquid depths. In addition, the effect of the through wall thermal gradient under steady-state storage (10 °F/ft} and
transient fill {20 °F/ft) conditions was considered. The results are summarized below in Table A-6.

Table A-6. Allowable Liquid Levels (in.) as a Function of WasteSpecific Gravity
and Through Wall Thermal Gradient.

Allowable Liquid Depth (in.) for
Tank Farm Storage Volume $pG Through Wali Gradient
(Kgal)
Steady State Transient Fill
(10 °F/ft) (20 °F/ft)

A 1,000 1.3 Full Full
(3651in.) 1.6 Full Full

1.9 Full 348

22 319 300

2.5 280 2064

AX 1,000 i.3 Full Full
(365 in.) .6 Full Full

19 Full Full

22 Full Full

2.3 350 333

SX 1,000 1.3 Full 348
{365in.) 1.6 313 285

1.9 265 242

22 230 210

2.5 204 187

BY. S, TX, 758 I.3 236 228
TY {281 in.) 1.6 212 204
19 192 183

22 174 165

2.5 159 152

B,BX.C, T, 530 1.3 Full Full
U (189in.) 1.6 192 186
1.9 170 168

22 158 156

2.5 150 147

These results are clearly more restrictive than the limits recommended in SD-RE-TI-012 (1983), i.e., tank filled to
capacity with bulk liquid specific gravity of 2.0,

ARH-78, 1967, PUREX TK-105-A Waste Storage Tank Liner Instability and Implications on Waste
Containment and Control, S. J. Beard, P. Hatch, G. Jansen, and E. C. Watson, Jr,
Atlantic Richfield Hanford Company, Richland, Washington.
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HN-197, 1968, Report of Study of Hanford Waste Tank Structures, prepared by Holmes & Narver, Inc.,
Los Angeles, California for Atlantic Richfield Hanford Company, Richland, Washington.

This report documents the results of an independent third party review of all previous and then current studies
pertaining to existing and proposed high-level waste storage tanks at Hanford (see HN-197 for list of documents
reviewed, much of which consisted of letter reports of preliminary results). The scope of work included:

1. Review work performed by Illinois Institute of Technology (IIT) and consultants, Professor. Eben Vey covering
“Investigation of Earth Pressures and Settlements of Waste Tank Structures” (see ISO-R-83. 1967) and
Professor K. P. Milbradt covering “Strength and Stress Analysis of Waste Tank Structures” (results reported
latter under ARH-R-45, 1969 and ARH-120, 1972).

2. Review effect of storage conditions — chemical composition, solids content, specific gravity, pressure, age,
environmental effects, temperature control, filling, and agitation on the intergity of the tank structure.

3. Review of the application of heat transfer principles to the known and assumed waste storage conditions that
have been used to establish tank temperature limits.

4. Analysis of the application of theory, assumptions, interpretations of data, and conclusions on the approach,
method, state of stress, and expected tank condition for a typical tank in the existing 241-A and 241-AX Tank
Farms.

5. Analysis of the application of theory, assumptions, interpretations of data, and conclusions on the approach to
the design of the new double-shell 241-AY Tank Farm.

6. Perform an independent computer analysis of one set of load parameters and other associated boundary
conditions as furnished by IIT, and conclusion on the validity of results obtained from the IIT program.

7. Perform a preliminary study of selected seismic actions on the AY-inner tank based on horizontal ground
motions corresponding to the average spectra given in TID-7024 (1963), Nuclear Reactors and Earthquakes,
scaled to a maximum ground acceleration of 0.25 g.

In general, the conclusion was that the soil and thermal study provided reasonable input values for the computer
analysis but that both were subject to limitations. The computer analysis of the structures was performed in
accordance with accepted practice but it is subject to limitations. The cylindrical wali-to-slab footing region is a
critical region in the stress analysis but the predicted temperature and the soil loading in this region has the greatest
uncertainty. However, although high stresses in the wall-to-slab region will lead to wider cracks in this region they
are less important for maintaining the stability of the structure because they are thermal induced. Overstress in the
haunch region of the dome, however, is of concern because these stresses are primarily due to gravity loads rather
than thermal loads.

Accepted design practice for the design of concrete shell structures at that time was provided in “Concrete Shell
Structures, Practice and Commentary” — Report by ACI Commiittee 334, Proceedings, American Concrete Institute,
Vol. 61, No. 9, September 1964. This report includes the following:

1. For elastic analysis, concrete may be assumed uncracked, homogeneous, and isotropic. Poisson’s ratio may be
assumed equal to zero, ‘

2. Elastic behavior is the commonly accepted basis for determining stresses, displacements, and stability of thin
shell structures. This type of analysis is satisfactory for design purposes but not necessarily sufficient to predict
the actual stress at a specific point in the structure.

3. Anultimate strength analysis may be used only as a check on the adequacy of the design. It is not to be used as
a sole criterion for design except where it can be proven to be applicable.

4. The principle tensile stresses shall be resisted entirely by reinforcement.

On the basis of available information and design procedures available when the 241-A Tank Farm was designed in
1953 and when the 241-AX Tank Farm was designed in 1963, the approach appears reasonable and consistent, and
there is no basis on which to criticize the theory and the design.

However, these tanks have been subjected to temperatures greater than the orviginal design temperature of 250 °F

fsee Table 2). There is a nominal margin of safety of at least 60 percent above the design stress in steel or concrete
construction and the thermal induced stresses are only a part of the total stress resisted by the structure. Hence,
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some increase in temperature and resulting thermal gradients may be accommodated provided that the higher
temperatures do not significantly degrade the strength properties of the concrete. The result will be an increase in
cracking and crack width in the concrete, but the presence of cracks are expected in concrete and do not necessarily
imply a loss of load carrying capacity. However, more detailed analysis and/or testing may be required to more
accurately assess the residual load capacity of those tanks that have operated significantly outside their original
design conditions.

ARH-R-45, 1969, Interim Summary Report, Stress and Strength Analysis for Waste Tank

Structures at Hanford Washington, K. P. Milbrandt, Illinois Institute of Technology,
Atlantic Richfield Hanford Company, Richland, Washington.

This report documents the results of elastic, thin shell, isotropic analyses for the A, AX, SX, BY, and BX tank
configurations. The initiation of this study was motivated by the desire to fill the tanks to greater depths by utilizing
the soil pressure to counteract the hydrostatic head and by a desire to determine the reusability of the waste tanks.
The original design of the reinforced concrete shells was based on a membrane solution, which is acceptable, except
that temperature loading was not considered in the design process. Furthermore, the base slab and footing were
designed without total knowledge of the soil or temperature loading. These load parameters were ignored in part
due to the state of knowledge at the time of design.

The main objective of ARH-R-45 was to define the states of stress and potential for leakage in the reinforced

concrete SSTs as created by the soil, liquid head, vapor pressures, and temperature. Operating data on tank heating
rates were used in the analysis. The load parameters considered are summarized in Table A-7.

Table A-7. Load Parameters Considered in ARH-R-45 Single-Shell Tank Analysis.

Soil Waste Temperature (°F) Active Reactive Soil
o Load Cover Sludge Soil Pressure from
5§ ; Depth Bottom to To; Comment
= Case Depth Lgve] Spectlﬁc Surfacf: of Vapor Bottom of (‘?[:) Pressure of Wall P
. m (in) (?rav:ly Liquid Sludge Coef. (K,) (Ibin®)
A 1 160 1.3 222 250
2 7 336 1.3 222 212 300 25 1/3 11to6
4 312 1.28 221 300
AX 1 348 1.5 230 300 10to 6
4 252 1.2 218 300 10to 6
5 348 1.5 230 350 1/3 12t0 8
Probable max.
5.1 348 1.5 230 350 301026 reactive soil pressure
5.2 6.5 348 1.5 230 212 150 05 0 0 Free standing tank
5.3 348 1.5 230 350 Axial stiffness
54 348 1.5 230 350 decreased form
1/3 12t08 3x10° psi (uncracked)
55 348 1.5 230 350 t0 0.15 x10° psi
{5% steel)
S5X 1 312 1.65 236
1.1 7 387 1.65 236 212 300 3 13 10
2 240 1.5 230
BY 3 276 - 1.8 200 160 200
5 8 276 1.8 230 212 230 3 173 1006
BX 1 192 1.15 100 95 100
2 204 1.15 100 95 100
3 7 204 14 100 82 100 3 173 3
4 204 1.4 140 122 140

Soil density = 110 tbf/ft’.

For the load conditions considered, all but the BX results indicated that a containment compromise is possible with
through-thickness, vertical, tensile fractures in the concrete at the junction between the footing and cylindrical wall.
The presence of such cracks was verified from core samples removed from the footing extension of tanks 241-A-
101, 241-SX-107, and 241-SX-108. However, the structural integrity of the waste tank dome was not predicted to
be impaired. The results indicate a safety factor of 4 based on the soil cover depth listed in Table A-7.
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The reactive soil pressure distribution along the bottom of the slab and footing was investigated; as well as, the
reactive soil pressure along the cylindrical wall as a result of radial thermal expansion of the wall into the soil. A
20,000-psi/in soil modulus for the 24-in. footing width appeared to be the best solution. It limited the highest values
of the soil stress to 75 Ibf/in® and contained the soil pressure to the region under the cylindrical wall.

ARH-R-120, 1972, Final Report: Strength and Stress Analysis for Waste Tank Structures at Hanford,
Washington, prepared by K. P. Milbradt, Department of Civil Engineering, Illinois Institute of
Technology for Atlantic Richfield Hanford Company, Richland, Washington.

Results are presented comparing the analyses and experimental results from ARH-R-47 (1969) at 1.25 times the
working load and at the ultimate load of 241-A tanks. The working load is based on a 7-foot soil overburden above
the dome apex with a soil unit weight of 110 Ibf/ft’. This results in an equivalent uniform load of 958 Ibf/ft’ when
accounting for the non-uniform load from the soil between a horizontal plane at the dome apex and the dome outer
surface. The analysis uses a modified version of ASOLID, a thick shell computer program written by E. Wilson
(University of California, Berkeley). The analysis assumed a 30,000-1bf/in’ yield strength for the model reinforcing
steel. The ultimate load results for the experimental model was 5,400 Ibf/ft’ while the analysis predicted 4,100
Ibf/ft* (4.3 times the soil working load). The discrepancy was attributed to a potentially unknown increase in the
concrete compressive strength when the concrete structure was exposed to steamn during a thermal test prior to the
ultimate load test. '

Stress results for the prototype 241-A waste tank were also presented for static working and ultimate loads. A load
factor against ultimate collapse of 6.2 times the soil load over the tank dome (no change in lateral load on the
cylindrical wall) was predicted. The analysis assumed a best-estimate yield strength of 50,000 Ibf/in” for the ASTM
Al5 reinforcing steel which has a specified minimum yield strength of 40,000 Ibf/in’. In the analysis and the
experimental model, the bottom slab of the tank was not included. It is possible that the footing may possess a
lower ultimate load capacity than indicated by the model or the analysis. Generally, the ultimate load design criteria
of AISC and ACI lead to load factors of 1.7 to 2.0 against collapse for normal loading.

Results for the service or working loads indicate a maximum reinforcing steel stress of 15,000 Ibf/in’ in the outside
meridional steel at the junction of the dome and cylinder. The allowable reinforcing steel stress was taken as 20,000
Ibf/in’ in the meridional and circumferential directions of the reinforcement steel.

Results from a soil-structure interaction seismic analysis using the DYNAX computer program for an OBE
(operations basis earthquake) and DBE (design basis earthquake) level earthquake indicated no additional risk of
containment loss beyond risk associated with static loading only, The peak ground acceleration for the DBE was
reported as 0.187 g in the horizontal direction and 0.25 g in the vertical direction. This is counter to all previous
seismic analyses for the Hanford Site, which usually assumed a peak ground acceleration of 0.25 g in the horizontal
direction and 2/3 of the horizontal in the vertical direction. It is also not clear how or if the hydrodynamic loading
and resulting sloshing of the waste from the seismic ground motion was accounted for in the seismic analysis.

This report lacks sufficient detail as to the load conditions and combinations being evaluated beyond the soil
loading. There does not appear to be any treatment of the thermal loading or creep response of the concrete. In
addition, the seismic analysis does not appear to be adequate. Hence, the results are of limited value.

ARH-2883, 1973, Creep and Cracking Analyses of the 241-BY-112 Reinforced Concrete,
Underground Waste Storage Tank, F. R. Vollert, Atlantic Richfield Hanford Company,
Richland, Washington.

This report summarizes structural analyses to predict how the 241-BY tank structure respends to the 250 °F and
propose 280 °F liquid temperatures that could occur during solidification activities. The analysis evaluated time-
dependent creep, cracking and stresses using the SAFE-CRACK® computer program.

Loads considered were:
e 7 ft of soil cover (120 Ibf/ft))
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e 23 £t (276 in.) of liquid with specific gravity of 1.25
e Thermal distribution resulting from 250 °F liquid and 280 °F liquid
e  Heat-up was 3.7 “F/day to 250 °F and 1.5 °F/day from 250 to 280 °F.

Temperature distributions were predicted by finite element heat transfer analysis using the AMGAB computer
program for an axisymmetric model of the 241-BY-112 SST and surrounding soil with the liquid at a constant
temperature. The maximum thermal gradient up the wall was 7.5 “F/ft.

The material properties for the axisymmetric structural model of the tank (steel liner and base slab not modeled)

were:
Concrete modulus of elasticity 3.0 x 10° Ibffin’
Steel modulus of elasticity 30.0 x 10° Ibf/in®
Concrete coefficient of thermal expansion 6.0 x 10°° in/in-"F
Steel coefficient of thermal expansion 6.0 x 10 in/in-°F
Concrete Poisson’s ratio 0.16
Steel Poisson’s ratio 0.3
Concrete uniaxial tensile strength 300 Ibf/in®
Concrete compressive strength 3,000 Ibf/in®
Reinforcing steel yield strength 33,000 Ibf/in

No degradation in concrete strength or modulus with time at temperature was considered. This was justified on the
basis that concerete compressive strength increases beyond its 28-day strength with age. The expected decrease in
strength at the temperatures being evaluated was estimated at 10 percent, which was apparently assumed to be
within the expected increase in strength with age before the application of the elevated temperatures being
considered.

The concrete-creep relation in the SAFE-CRACK.® program was based on experimental data to a maximum
temperature of 200 °F. As there was no basis for extrapolation to higher temperatures, the program used the 200 °F
data for temperatures greater than 200 °F. This was justified as not invalidating the analysis because the expected
increase in the creep with increasing temperature would bring the deflected shape of the structure closer to the
original shape before thermal expansion. Concrete creep for the length of time associated with these analyses would
nearly halt. In addition, the amount of and nature of the reinforcement steel in the 241-BY-112 structure would
limit the creep response.

In the analysis, creep and cracking nearly ceased before the 1,900 days of total time for the analysis. Most of the
concrete cracking occurs in the lower wall portion of the tank, which is sensitive to the assumed fixity of the wall-
to-base slab connection. In the finite element model, the base of the wall was modeled as fixed. This
conservatively neglected the thermal expansion of the base of the wall as the base slab radially expands against the
frictional drag of the soil with increasing temperature. Hence, the extent of the predicted cracking in the wall was
considered conservative.

Although cracks were predicted to develop along the lower region of the wall and in the dome haunch region, the
conclusion was that the tank stresses were acceptable for a 280 °F liquid waste temperature. The predicted cracking
was sufficient that the concrete structure could not be relied on to maintain containment of the liquid if the steel
liner were to leak.

ARH-C-11, 1976, Thermal-Creep and Ultimate Load Analysis of 241-AX Structure, prepared by
Y. R. Rashid, ANATECH Research Corporation, San Diego, Califorma for Atlantic Richfield
Hanford Company, Richland, Washington.

The purpose of this analysis was to evaluate the existing million gallon AX Tank structures originally constructed
between 1963 and 1964 to a new temperature history that will involve heating up to a temperature of 350 °F.
Previous operation included temperatures up to 250 °F with several heating and cooling cycles possible. The new
analysis considered a maximum heating rate of 2.85 °F/day from 65 °F to a final temperature distribution that varied
from 230 °F on some regions of the dome outer surface to 350 °F at the tank base. The previous operational history
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was ignored. In addition to the new thermal loading, the structure was assumed subject to an overburden soil cover
of § feet at a unit weight of 115 Ibf/ft’ and a live load of 100 tons over a 30-foot diameter area at the crown of the
tank. A lateral earth pressure coefficient of 0.4 was assumed. The specific gravity of the waste was taken as 2.0.
Although the tank concrete structure was built with the cylindrical wall fixed to the basemat, the base slab was not
explicitly modeled but its behavior was simulated. A roller-support condition was applied at the base of the tank
cylindrical wall and the resulting free expansion of the base slab with simulated soil resistance was applied at the
base of the cylindrical wall.

The stiffness properties of concrete had been shown to change at a constant sustained temperature of 350 °F based
on initial 1975 PCA report, Elastic and Strength Properties of Hanford Concrete Mixes at Room and Elevated
Temperatures, later released as RHO-C-28 in 1979. A conservative interpretation of this limited data was applied to
extend this effect to the creep, ultimate strength, and cracking properties of the concrete. The SAFE-CRACK®
built-in creep properties, modulus and ultimate strength were modified through a linear time shift factor. The details
of the built-in creep properties were not provided in ARH-C-11.

The thermal-creep analysis covered an evaluation period of 2,000 days in the following sequence: initial mechanical
loading at time zero, 100-day heat-up period, steady-state thermal condition to 2,000 days followed by an increase
of the mechanical loading (overburden + live load) to up to 500% of its initial value. The end of the 2,000-day
period established the stationary creep and cracking condition of the structure. The last loading phase determines
the residual safety factor of the structure. The following material properties were used in the analysis using the
SAFE-CRACK® computer program.

Table A-8. Material Properties Used in Thermal-Creep andUltimate Load Analysis of AX Tanks.

Elastic Yield Poisson’s Coeff. of Thermal | Compressive Cracking
Component Modulus § Strength Ratio Expansion Strength Strength
(10° psi) (ksi) (10°° in/in-"F) (ksi) (psi)
Liner 30 31 0.3 6.6
Reinforcement 30 40 6.6
28 days 3.5 0.15 6.6 4 400
Concrete
10-years
at 350 °F 2.15 0.15 6.6 245 245

Note that the 50% mismatch in thermal expansion between Hanford concrete and steel (see RHO-CD-1172, 1981}
was not considered. A 39% reduction in the concrete modulus, compressive strength, and cracking strength was
assumed for concrete at a sustained temperature of 350 °F. A more recent re-assessment of the Hanford concrete
test data from RHO-C-28 (1979) indicated that the reduction in the concrete strength af a sustained temperature of
350 °F was approximately 35%, but that the reduction in modulus was approximately 53% (WHC-SD-WM-DA-153
1994 and WHC-SD-WM-DA-207, 1995). The results from the more recent re-assessment are more in line with the
lower bound predictions given in BNL-52384 (1993) which were based on a broader database. At elevated
temperatures a direct result of the decrease in strength and modulus is a reduction in the load carrying capacity
and the induced thermal loads, respectively. Hence, the ARH-C-11 analysis is conservative relative to the use of the
lower bound modulus. However, it must be recognized that there is a large scatter band for the residual modulus
and compressive strength of concrete with increasing temperature. More rationally the response to thermal
gradients may be bracketed by comparing the response between the upper bound strength and modulus and the
lower bound strength and modulus relations, such as given in Figures | and 2 of BNL-52384 (1993).

The predicted peak stresses in the concrete and steel and the time at which they occurred are summarized in
Table A-9.
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Table A-9. SAFE-CRACK® Predicted Peak Stresses in AX Tank Structure for 2,000 Day
Thermal-Creep Analysis with 350 °F Sustained Peak Temperature.

Time
CSOTIIC)::::I]] ¢ Location Sg)essi;* ?rt;f)s: Occurred
(days)
Concrete Cvlinder 925
Liner 31’):; -29,400 hoop 2,000
Reinforcement 29,000

*Tension is positive.

At 2,000 days the thermal-creep analysis predicted some cracking in the haunched portion of the dome and in the
lower portion of the wall. In the haunch area of the tank, radial cracks were predicted due to high tensile hoop
stresses. The cracks in the lower portion of the cylindrical wall were meridional cracks caused by high tensile
stresses in the R-Z plane.

The 10-year ultimate strength was reached at a load factor of 3.5 on the 8-foot soil overburden plus 100-ton
concentrated load. The effected region was confined to a small region of the tank haunch which was believed to not
substantially influence the overall stability of the structure. The effect of any prior thermal cycling was not
addressed in this analysis.

ARH-C-19, 1977, Analysis and Evaluation of the 241-U Concrete Waste Tank with Added Holes in
Roof, V. B. Watwood, Atlantic Richfield Hanford Company, Richland, Washington.

RHO-R-6, 1978, Analysis of Underground Waste Storage Tanks 241-AX at Hanford, Washington,
prepared by URS/John A. Blume & Associates, Engineers, San Francisco, California for Vitro
Engineering, Richland, Washington.

This document reports the results of analyses to assess the ability of the AX tanks after 14 years of service to
structurally withstand all credible loading conditions and to maintain leak integrity during their use. Results from a
seismic analytical study, including hydrodynamic loads, were combined with a thermal-creep analysis (ARH-C-11,
1976) to assess the overall adequacy of the structure. The seismic evaluation was performed for a 0.25-g peak
horizontal ground motion that was developed in 1971 for the Safe Shutdown Earthquake (SSE) evaluation of the
Fast Flux Test Facility (FFTF). The seismic motion in the vertical direction was taken as two-thirds of the
horizontal.

There are four AX tanks in a 2x2 square array within the AX Tank Farm. The tanks are 49 feet high with an
overburden soil height of approximately 7 feet. The outside diameter of each tank is 80 feet and there is an
approximate minimum of 22-ft clear seperation between the walls of adjacent tanks.

The soil-structure interaction for an idealized isolated single tank and the surrounding soil were modeled as an
assemblage of axisymmetric, thin, conical shell and toroidal solid finite elements. Thus, any tank-to-tank
interaction and non-axisymmetric effects were neglected. Coupling between the sloshing liquid motion and the tank
motion was assumed to be negligible because of the large frequency difference of the two motions, thus allowing
separate calculation of each. A time history, equivalent linear, dynamical analysis was used in the soil-tank seismic
interaction analysis through application of the AXIDYN computer program. The FLUSH computer program was
used in the deconvolution analysis to obtain the base motion for the tank that envelopes the free-field ground
motion. A quasi-static approach similar to that suggested by Housner was used to determine the hydrodynamic
induced pressures from the sloshing fluid.

The concrete elastic and stiffness properties used in the seismic analysis were determined by considering the pattern
of cracks and the reduction in elastic properties predicted from the thermal-creep analysis (ARH-C-11). The results
from the seismic analysis were compared to the reserve capacity of the structure as estimated from the nonlinear
thermal-creep and ultimate load analysis reported in ARH-C-11 (1976).
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Although the resulting stresses from the seismic analysis were shown to be within the reserve capacity of the
structure, as established from the thermal-creep analysis, the report states that because of a number of simplifying
assumptions it is difficult to evaluate fully the seismic adequacy of the AX tanks for the postulated SSE motion.
Some simplifying assumptions were unavoidable because of limitation in the then state of the art. Other
idealizations, made necessary by the scope of work in this preliminary study, were believed to be conservative,
except for the case of neglecting the influence of the adjacent tanks, which might result in amplified responses.
Questions of uncertainties in the hydrodynamic analysis also need to be resolved to substantiate the reasonableness
of the SEE-induced hydrodynamic loads utilized in the combined analysis. It was also suggested that the actual
thermal loading history of the tanks be considered in the thermal-creep analysis, that actual concrete properties at
elevated temperature be used, and that possible consequences of uncertainties associated with the material properties
be addressed.

Some of the above uncertainties were addressed in the seismic analysis of the C106 tank (WHC-SD-W320-ANAL-
002, 1995). The effect of tank-to-tank interaction was found not to be significant. This is inline with BNL-52361
(1995} which indicated that tank-to-tank interaction effects are not expected to be significant unless the spacing
between tanks is less than one-half the tank radius. For the 100-Series S5Ts the tank-to-tank spacing is 23 feet
which is greater than one-half the tank radius (38.5/2 = 19.25 feet).

RHO-CD-638, 1979, Engineering Study on Tanks 105-C and 106-C for Long Term Structural Integrity,
S. S. Bath, G. D. Campbell, and D. W. Everly, Rockwell Hanford Operations, Richland,
Washington.

This report provides background and data required for the justification of a program to develop a passive cooling
method for the high-heat generating Tanks 241-C-105 and -106. The report includes a discussion of tank structural
integrity, the technically feasible alternatives for the stabilization of Tanks 241-C-105 and -106, and the reliability
of the data used. The report draws on existing data from the then ongoing test program conducted by the Portland
Cement Association to characterize the effect of long-term elevated temperature on the strength of Hanford-mix
concrete and the ARH-C-11 (1979) structural analysis in establishing a maximum tank temperature limit of 350 °F.

RHO-SA-108, 1979, Structural Evaluation of Existing Underground Reinforced Concrete Tanks for
Radioactive Waste Storage, F.R. Vollert, Rockwell Hanford Operations, Richland, Washington.

Presents results of nonlinear, time-dependent creep and ultimate load analysis of 241-U Farm Tanks for a soil cover
depth of 7 feet at the dome apex, a unit soil weight of 115 Ibf/ft’, and a maximum waste temperature of 350 °F. The
temperature profile was based on a heat transfer analysis with a salt cake heat generation of 0.40 Btwhr-ft* and a
soil conductivity of 0.20 Btwhr-fi-°F. The creep analysis was conducted for a time period of 10 years. The creep
and cracking was stationary for the given conditions at the end of this period. At the end of this creep period the soil
load above the dome was factored in the subsequent ultimate load analysis. The approximate compressive strength
of the concrete cylindrical wall, assumed to be 1,900 1bf/in® (compared to 3,000 Ibf/in? 28-day specified
compressive strength) for the age and temperature conditions based on experimental data, was reached at a factored
soil height of approximately 20 feet.

Shippell, R. 1., Jr., G. H. Beeman, and C. A. Williams, August 1980, Continued Analysis of the Load-
Displacement Behavior Study of the 104-SX Tank on the 241-SX Tank Farm, Hanford,
Washington, Westinghouse Hanford Company, Richland, Washington.

RHO-CD-1485, 1981, Description of Potential Failure Modes for Single-Shell Waste Tanks,
J. V. Egger, Rockwell International, Richland, Washington.

This report describes various conditions that could lead to the failure of Hanford single-shell high-level waste
storage tanks. The report also includes an extensive bibliography of studies or information related to single-shell
tanks. The report distinguishes between two types of “failures,” structural and functional. Structural failure is
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defined as the inability of the waste tank to carry loads. Functional failure is defined as the inability of the waste
tank to contain or isolate the high-level waste in the tank from the surrounding environment.

Letter, 1982, Vapor Pressure, Single-Shell Tanks (internal letter 65460-82-263 C. DeFigh-Price to
D. W. Nelson, June 24), Rockwell Hanford Operations, Richland, Washington (see SD-RE-TI-
035, Rev. 1, 1985).

SD-RE-TI-037, 1982, Tank 241-A-106 Steady-State Heat Transfer Analysis, Rev. 0, by K. E. Bruce,
Rockwell Hanford Operations, Richland, Washington.

This report documents the results of a steady-state heat transfer analysis of Tank 241-A-106 for a waste-sludge peak
temperature of 600 °F. The results were used to characterize the temperature distribution in the tank concrete
structure for input to structural analysis that is documented in SD-RE-TI-012. This waste sludge peak temperature
bounds all recorded SST temperature data. There are five SSTs with recorded waste temperatures in excess of 350
°F (see Table 2} and they are listed as follows:

Table A-10. Single-Shell Tanks with Recorded Waste Temperatures in Excess of 350 °F.

Waste Peak
Tank 241- Temperature
°C (°F)

A-101 204 (399)
A-102 _ 216 (420)
A-104 221 {430)
A-106 312 (594)
8X-107 199 (390)

The maximum waste sludge temperature of 594 °F in Tank 241-A-106 was recorded for only one day (May 15,
1963). However, the maximum sludge temperature averaged 440 °F for over 30 months and greater than 530 °F for
approximately one month during which an essentially steady-state condition would have developed. Thus, the 600
°F steady-state heat transfer simulation provides reasonable, slightly conservative, thermal condition for a worst case
structural analysis.

The steady-state thermal condition of the tank structure was predicted through an axisymmetric HEATINGS
computer model for the following modeling conditions and assumptions:

e  The axisymmetric steady-state heat transfer model simulation includes the waste sludge, supernate, vapor space,
concrete tank, and surrounding soil.

e  The heat generating bottom sludge layer was estimated to be 3.6 ft deep (118 Kgal) covered by a 24.4-ft (806
Kgal) layer of liquid supernate.

o Effect of steel liner was neglected because it is thin, has a high thermal conductivity (23 Btw'h-fi-°F), and hence
would not significantly affect the results of the steady-state heat transfer solution. The effect of the liner
becomes more important under extreme thermal transient conditions.

e  The vapor space and supernate was defined to be at a constant {isothermal) temperature of 250 °F because of
constant temperature boiling in the supernate. Since a steady-state condition is assumed, the inside surface of
the concrete in contact with the vapor space and supernate is taken to be at 250 °F. This defined isothermal
condition assumes sufficient steam loss through the vent system.

e  Although steamn was being vented, the air ventilating exhauster system was assumed to be off.
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e  Heat transfer through the waste sludge, structural concrete, and soil was assumed to be by conduction only.
The thermal conductivity of the soil and concrete were taken as 0.25 and 0.54 Btu/h-ft-°F, respectively. 7This is
a departure from earlier SST thermal analyses (HW-47087) which conservatively assumed that the thermal
conductivity of the soil and concrete were equal in order to simplify the calculation. The thermal conductivity
of soil depends on the soil type and moisture content. For sand, the thermal conductivity ranges from 0.19
(dry) to .49 Btu/h-ft-°F (10-wt. percent water). For 200 East Area soil with 2 to 5% water a best estimate
value of 0.33 Btu/h-fi-°F was given in HW-47087. The 0.25 Btu/h-ft-°F assumed in SD-RE-TI-037 appears to
be a reasonable estimate for the soil thermal conductivity.

e  The thickness of the vertical cylindrical wall of the tank was taken to be 1.25 ft over the full height of the wall
in the heat transfer model. The actual thickness is 2 ft for 17 ft above the tank bottom, slopes to 1.25 fit over a
6 fi height, and then remains constant at 1.25 ft for 9.5 ft where the wall reaches the dome haunch (see drawing

H-2-55911).

e  An adiabatic boundary in the soil was set at a radial distance of 51 ft from the center of the tank to simulate a
tank in the middle of a large array of tanks at the same thermal condition. However, because the 241-A-106
tank is on the corner of a small two-by-three array of 6 tanks at different thermal conditions, this violates the
axisymmetric assumption. The axisymmetric idealization should result in an over prediction of the maximum
temperature in the concrete wall but an under prediction of the maximum thermal gradient. However, the under
prediction of the thermal gradient is somewhat offset by the higher assumed steady-state sludge peak
temperature of 600 °F compared to the actual temperature history of Tank 241-A-106, as discussed above.

e Forced convection heat transfer at the earth’s surface was specified with a convection heat transfer coefficient
of 2.0 Btwh-ft*-°F and an ambient air temperature of 70 °F.

*  An isothermal temperature boundary was set 200 ft below the surface at 55 °F.

The recommend input to the structural analysis corresponded to the steady-state heat transfer solution for an
assumed wet sludge layer. Studies had indicated that for wet sludge the thermal conductivity ranges from 0.8 to 1.0
Btwh-ft-°F. In the recommended case for structural analysis, a sludge thermal conductivity of 1.0 Bnw/h-ft-°F was
assumed. The heat generation rate was determined to be 868,000 Btu/h to achieve a steady-state peak temperature
of 600 °F in the sludge at the center of the tank, The maximum concrete wall temperature was predicted as 511 °F
on the inside surface just above the footing. Along the inside surface of the wall, the temperature decreases to 452
°F at mid-height of the 3.6-ft thick sludge layer and decreases to a 250 °F isothermal temperature at the sludge-to-
liquid interface. Thus, the maximum change in temperature vertically along the inside surface of the wall is
predicted as (452 °F - 250°F)/1.8 ft = 112 °F/ft over the top 1.8 ft of sludge. At the sludge-to-liquid interface level,
the inside surface of the wall goes from 250 °F to 280 °F at 0.62 fi into the wall and to 297 °F at the outer surface of
the 1.25 ft wall. This corresponds to a linearized thermal gradient of (280 °F — 250 °F)/0.62 ft = 47 °F/ft and (297 °F
- 250°F)/1.25 ft = 37 °F/ft, respectively.

The predicted temperature distribution throughout the tank steady-state heat transfer model was then applied to the
structural evaluation model of Tank 241-A-106 with stress results given in SD-RE-TI-012.

SD-RE-TI-012, 1983, Single-Shell Waste Tank Load Sensitivity Study, Rev. A-0, prepared by
A. L. Ramble, Rockwell Hanford Operations, Richland, Washington.

This document is the basis document for SST structural related operating limits. The report presents the results of
structural analyses of the four sizes (550, 758, and 1,000 Kgal 100-Series and 55 Kgal 200-Series) of SSTs to assess
their sensitivity to various service loads and to estimate their reserve capacities. The service loads included soil
loads, equipment loads, hydrostatic loads, and elevated temperatures. A worst case thermal load was considered for
the A-tank thermal-creep analysis based on the thermal history data of the 241-A-106 tank in which the sludge layer
approached 600 °F in the early 19607s.

A load sensitivity analysis was conducted for the 550- and 1,000-Kgal 100-Series and the 55-Kgal 200-Series S5Ts.

The tank concrete structure (excluding steel liner) and surrounding soil were modeled by elastic, axisymmetric,
isotropic finite elements with the general purpose ANSYS? finite element computer program. A transformed
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modulus technique was applied to represent the composite mechanical properties of the reinforced concrete. As
such the strength in tension and in compression are equal and the section is restrained to remain elastic thus
preventing cracking and any redistribution of the load. Table A-11 summarizes the loads and load combinations
that were considered in the load sensitivity analysis.

Table A-11. Load Sensitivity Elastic-Analysis Load Conditions.

Tank
Load condition ‘K(;(;? 550 Kgal 55 Kgal
Dead Self weight of structure
Hydrostatic Liquid level (in.) 360 192 300
2 | load Specific gravity 1.7 2.0 1.7
210 Diameter (ft) of circular arca 30 30
§ Live load (LL) Concentrated load (tons) 50 50 None
@ | Thermal load RHO-LD-171 (Btwh) 50 50 None
. Unit weight (Ibf/ft) 115 115 115
Soil load Depth (h) to dome apex (ft) 6 73 11
! | Base load Base load
2 | Base with LL=100 tons Empty tank, h=11 ft
3 | Base with LL=200 tons Empty tank, h=30 ft
ﬂé 4 | Empty tank, ambient temp.
O | 5| Base with h=15 ft
8 6] Base with h=30 ft
= | 7| Empty tank, ambient temp.,
h=15 ft
8 | Empty tank, ambient temp.,
h=30 ft

The results from the linear elastic sensitivity analysis indicated essentially identical results for the 1,000 and 550
Kgal tanks. Thus, it was concluded that these results bracket the 758 Kgal tanks. The results were fairly insensitive
to the hydrostatic and live loads. The soil and thermal loading have the greatest effect.

In addition to the load sensitivity study, local and global analyses were conducted.
Analysis Method

s Local
Footing analysis: hand calculation, dead loads (soil and concrete) only for 100-Series tanks, 100 Ibf/ft’ live load
was included for the 200-Series (55 Kgal) tanks.

e (lobal
Tank analysis: thermal creep and ultimate load analysis and seismic finite-element analysis for 100-Series
tanks. The following material properties were used in these analyses.

Table A-12. Material Properties Used in Thermal Creep and Ultimate Load Analyses.
Reinforcing Steel

Yield strength (Ibf/in’) 40,000
Ultimate strength (Ibf/in’) 70,000
Modulus of elasticity (10° Ibf/in?) 29
Poisson’s ratio 0.3
Coefficient of linear expansion (10" in/in-°F) 6.5
Concrete

Compressive strength (Ibf/in’) 3,200
Splitting tensile strength ([bf/in®) 480
Modulus of elasticity (10 Ibffin®) 2.3
Poisson’s ratio 0.22
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Coefficient of linear expansion (10°¢ in/in-F) 3.86
Soit

Specific weight (1bf/ft3) 115
Lateral pressure coefficient 0.4

Liquid Waste
Specific gravity 2.0

Acceptance Criteria

In the footing analysis, ACI 318-77 with assumed in-situ compressive strength and rebar yield strength of 3,000 and
40,000 Ibffin®, respectively and with 1.5 dead load and 1.7 live load factors.

In the thermal creep and ultimate load analysis, ACI 359-80 with assumed in-situ compressive strength and rebar
yield strength of 3,200 and 40,000 Ibf/in’, respectively. The in-situ compressive strength of 3,200 Ibf/in’ was based
on a statistical analysis of the results from the comprehensive laboratory test program (RHO-C-22, 1978), as well as,
from core sample data from the PURX building structure and tank core samples from 241-SX-115 (RHO-RE-CR-2,
1982). However, only data for temperatures up to 250 °F were used in determining the 3,200 Ibflin’ compressive
strength value. This value is not justified for the evaluation of tanks exposed to temperatures from 300 to 600 °F
such as the Mgal SX, A, and AX ranks (see Table 2). A more appropriate approach would have been to consider the
range of strength and modulus reduction with temperature as given in Figures | and 2 of BNL-52384 (1993).

Results for 200-Series Tanks

Maximum soil depth = 17 ft 5 inches on basis of footing analysis.
Roof slab can carry 11 ft of soil plus 100-Ibf/f live load.

Results for 100-Series Tanks

All tanks evaluated were found to be fairly insensitive to changes in the equipment or hydrostatic loads. The critical
section for all tanks was the footing with the tank empty.

However, the analysis of the footings was based on hand calculations which did not consider the effect of the lateral
soil pressure (assumed tank wall was hinged at footing) and the extent of the effective footing width included in the
analysis appeared to be arbitrary due to the changing thickness of the bottom slab which acts as the footing.
Although in all cases the rebar continues through from the footing into the cylindrical wall, providing a degree of
moment transfer between the wall and the footing, the analysis assumes no moment transfer. Clearly, an
assumption of total fixity would be overly conservative but the assumption of no fixity is unconservative. This
assumption is somewhat offSet by the conservative scaling used to determine the maximum allowable soil cover
height to just meet the ACI 318 criteria which includes a dead load factor of 1.4. That is, in determining the
allowable soil height above the dome apex, the total dead load (including the weight of the concrete plus the weight
of the soil between the dome outer surface and a horizontal plane at the apex plus 7 feetf of soil cover) was scaled
rather than just the contribution from the 7-foot soil cover. Note that, the footing evaluations did not include any
live load contribution, although it is a small percentage of the total load acting on the footing. Another potential
unconservative assumption was that the soil unit weight was assumed 1o be 115 Ibflift’. More recent field
measurements of the backfill soil over double-shell tanks (DSTs) has resulted in in- situ soil unit weights ranging
from 110 to 122 IbfifY’ assuming an average 4 percent moisture content by weight (WHC-SD-WM-SOIL-001, 1994).
A bounding value of 125 Ibfift’ has been imposed in dome load control evaluations of the DSTs where in-situ data is
not available (HNF-IP-1266, 1997). There is a lack of specific soil density data for the S5Ts.

In addition, the footing and lower wall region of many of the S5Ts may be extensively cracked due to high thermal
loads experienced over time from the stored waste. This cracking would reduce the effectiveness of the concrete to
act as a secondary leakage barrier in the event of leakage from the steel liner. Currently, no waste additions and no
soil additions are allowed for SSTs (HNF-SD-WM-TSR-006, [998). However, a potential failure of the footing
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region does not necessarily lead fo a global structural failure of the tank and many of the tanks have already leaked
to the soil. A rigorous analysis of the footing would require a more detailed system model of the tank and its
interaction with the surrounding soil. A proper modeling of the soil-structure interaction is difficult because of the
complex behavior of soils and the lack of specific soil data, which would require realistic bounding soil properties

to be considered.

With the above uncertainties in mind, the reported maximum alflowable soil cover for the SSTs are summarized in
Table A-13.

Table A-13. 100-Series Single-Shell Tank Maximum Allowable Soil Cover Height
Based on Footing Analysis with 3,000 Ibf/in®* Concrete Compressive Strength.

ACI Code
Storage Based
Tank Volume .
(Kgal) A]]ovffable Soil
Height (#)
B,BX,C,T,U 550 10.58
BY,S, TX, TY 758 12.5
SX 1,000 10.25
A 1,000 10.16
AX 1,000 16.0

Results from the thermal-creep and ultimate load analyses are summarized in Table A-14. In this case, the
maximum soil height is based on dome failure or the maximum value at the end of the analysis. The duration of the

creep analysis, the maximum wallt temperature, heat-up rate, concrete compressive strength at failure load, and finite

element computer program used in the analysis are identified in Table A-14.

Table A-14. 100-Series (75-ft Diameter) SST Thermal-Creep and Ultimate Load Analyses

Input Data and Results.
Soil depth at crown Analysis Parameters
(ft)
E Storage Calculated Maxi c Concretg
. . aximum ompressive
&= | Volume Maximum at Time wall Heat-Up Strength at Finite Element
g As- Ultimate LB
= (Kgal) . ) Period Tem Rate Critical Reference Program
& Built | Capacity or (days) °Fp. (°F/day) Section g
at End of CF) R
Analysis (ksi)
BX | 530 7 20 33 387 21.1 32 (SB;;;];'TI'OIZ SAFE-CRACK®
u | s 7 20 3,650 315 4.9 1.9 ﬁ';%'f“os SAFE-CRACK*
BY | 7s8 7 N/A 900 250 3.7 3.0 31’9"7"3‘)2883 SAFE-CRACK®
SD-RE-TI-012 | SAFE-CRACK"
sx | 1000 | 6 27 3,752 187 10.4 3.0 J .
(1983) NONSAP-C*
AX | 1000 | 8 29 2,000 350 2.9 2.45 ﬁ%.},]é)c' I SAFE-CRACK*
A | 1000 | 6 20 15 511 484 ; EBQIE)E'TI‘OIZ SAFE-CRACK*

Maximum wall temperature occurred at bottom section of tank wall. Failure predicted at transition of wall to upper haunch.

From the above it was concluded that all 100-Series tanks have adequate structural capacity to resist the applied soil

and thermal loads. Note that the calculated maximum soil depths in Table A-14 are the soil depths at maximum
capacity and as such do not include any safety factor. A safety factor of at least 1.56 [ACI dead load factor (1.4)
divided by ACI ¢-factor (0.9} on bending moment capacity] is recommended.
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Results from the seismic analysis of the AX tank (RHO-R-6, 1978) to 0.25 g when combined with results from the
thermal-creep analysis did not exceed the reserve strength capacity of the tank. Hence, it was concluded that the
100-Series tanks are capable of supporting the specified soil, thermal, and seismic loads.

Based on the above results the following operating and design limits were proposed for all SSTs.

Table A-15. Recommend Operating and Design Limits for All Single-Shell Tanks.

100-Series (75-ft Diameter)

200-Series (20-ft Diameter)

Maximum soil cover depth (ft)

10

12

Live load

100 tons over 10-ft radius area

50 tons over 10-ft radius area

Hydrostatic

Filled to full storage capacity
at 2.0 specific gravity

Filled to full storage capacity
at 2.0 specific gravity

Maximum concrete Wall at base 380

tcmpcrature CF) Dome 250 N/A (these tanks have never
Maximum heat-up/cool-down rate 20 b biected to elevated
(F/day) t een su t_]ect to ?[‘ egflat3
Thermal gradients No change emperatures, sce Table 3)
Vapor pressure No change

Seismic 0.25¢ 025g

WHC-SD-WM-DA-062, 1990, Analytical Assessment of Single-Shell Tanks 241-B-110 and 241-U-110
for Addition of Two 2-inch Risers, Rev. 0, J. A. Ryan, Westinghouse Hanford Company,
Richland, Washington.

WHC-EP-0347, 1991, Summary of Single-Shell Tank Waste Stability, G. L. Borsheim and N. W. Kirch,
Westinghouse Hanford Company, Richland, Washington.

Bandyopadhyay, K. K., 1993, 4 Review of the Technical Bases of Temperature Limits for High-Level
' Waste Storage Tanks at Hanford, Brookhaven National Laboratory, Upton, New York.

WHC-SD-W340-ES-001, 1993, Project W-340 Manipulator Retrieval System Tank 241-C-106,
D. A. Wallace, Westinghouse Hanford Company, Richland, Washington.

WHC-EP-0772, 1994, Characterization of the Corrosion Behavior of the Carbon Steel Liner in Hanford
Site Single-Shell Tanks, Rev. 0, by R. P. Anantatmula, E. B. Schwenk (WHC), and M. J.
Danielson (PNNL), Westinghouse Hanford Company, Richland, Washington.

WHC-SD-WM-DA-150, 1994, Structural Sensitivity Evaluation of Single- and Double-Shell Waste
Storage Tanks for Accelerated Safety Analysis - Phase I, Rev. 0, by W. W. Chen, W. S. Peterson,
L. L. Hyde, C. J. Moore, and T. W. Fisher, Westinghouse Hanford Company, Richland,
Washington.

This sensitivity analysis of the 100-Series S8Ts and DSTs addressed the effect on tank stresses of varying individual
load parameters from a reference load condition. Inelastic analysis methods were utilized to account for concrete
cracking and the resulting load/stress redistribution. The ANSYS® general purpose finite-element computer
program was used with an updated concrete constitutive model. Generic finite-element tank models were developed
for the 550-, 758-, and 1,000-Kgal SSTs based on the design-detail comparison given in WHC-SD-WM-TI-598
{1994). The range of loads selected for the sensitivity analysis was based on WHC-SD-WM-ES-286 (1994).
Seismic loads were not addressed in WHC-SD-WM-DA-150. Uncertainties in concrete properties with increasing
temperature and uncertainties in soil properties were discussed also.
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Because the sensitivity analysis conducted in WHC-SD-WM-DA-150 is based on nonlinear analyses, the results
from one load condition cannot be scaled and combined with another load condition to determine combined load
stress results. Although the results of WHC-SD-WM-DA-150 can not be used directly for structural qualification of
the tanks, the results do provide valuable insights into the sensitivities of the analytical model assumptions and load
parameters considered. A summary of the WHC-SD-WM-DA-150 results is provided in WHC-SD-WM-SARR-012
(1994).

WHC-SD-WM-ES-286, 1994, Single- and Double-Shell Tanks Load Report for Accelerated Safety
Analysis, Rev. 0, by D. L. Becker, Westinghouse Hanford Company, Richland, Washington.

This document identifies the loading parameters used in the original analyses and operational documents for the
SS8Ts and DSTs. This document provides the basis for the range of loads considered in the sensitivity analysis
completed in WHC-SD-WM-DA-150 (1994} and summarized in WHC-SD-WM-SARR-012 (1994).

WHC-SD-WM-SARR-012, 1994, Accelerated Safety Analyses - Structural Analyses Phase I -
Structural Sensitivity Evaluations of Single- and Double-Shell Waste Storage Tanks, Rev. 1,
D. L. Becker and L. L. Hyde, Westinghouse Hanford Company, Richland, Washington.

This report summarizes the results of the sensitivity analysis of the S8Ts and DSTs given in WHC-SD-WM-DA-
150 (1994). The tank stresses were tabulated by tank region and by individual load application within a load set.
However, Code-based load combinations were not made for comparison to allowable Code-based limits in this
Phase-I effort. The maximum tabulated stresses reported were taken from a group of finite elements within various
tank regions, The tabulated stresses lack specific finite-element identification, location, and stress orientation,
which would preclude accurate combination of the tabulated results. In addition, because the sensitivity analysis
results are based on nonlinear concrete constitutive relations, the results from one load case cannot be scaled and
combined with the results of another load case for comparison to Code-based allowable stress resultants. The range
of analysis variables considered in the Phase-I effort for the SSTs is summanized in the table below,

y: . | Range -
Soil Depth (at dome apex) Stol0fi
Soil Density 101 to 130 Ibf/ft’
Soil Lateral Pressure (Rankine) Coefficient 0.5
Soil Subgrade Modulus 400 Ibf/in/in’
Waste Specific Gravity 1to2
Waste Depth Empty to Full
Waste Temperature ' 70 to 350 °F
Vapor Pressure -15 to +60 in. w.g.
Uniform Live Load 0 to 100 Ibf/ft*
Concentrated Live Load 0 to 100 tons
Creep Time 0 years

The soil stiffness assumed in the tank models was shown to greatly affect the foundation stress results. Further
investigation was recommended to establish the appropriate soil stiffness for the tank models.

In the Phase-I analyses the temperature of the tank wall below the waste was assumed to be at the maximum waste
temperature. The tank dome was assumed to be at the temperature of the vapor space above the waste. The
temperature of the tank wall between the top surface of the waste and the dome was linearly transitioned over a 6-ft
height of the wall. Although separate heat transfer analyses were conducted to investigate through-wall temperature
gradients, the results were not applied to the tank stress analysis models. That is, the temperature through the wall
was assumed constant in the tank stress analysis models. Hence, the effect of heat-up/cool-down rates on the tank
stresses was not investigated in this Phase-I effort. In addition, creep and cyclic load effects were not considered in
the sensitivity analysis of the SSTs.
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Despite these limitations in the Phase-] effort, no changes in the then current operating limits were recommended,
except that a maximum heat-up/cool-down rate of 3 °F/day was recommended not to be exceeded. Additional
analysis was recommended, including qualification Code-based evaluations for both the SSTs and DSTs, which
include realistic thermal conditions. Some additional analysis was conducted for DSTs but not for SSTs.

WHC-SD-WM-TI-598, 1994, Single- and Double-Shell Waste Tank Design Comparisons at Hanford,
Washington, Rev. 0, T. W. Fisher, and D. J. Shank, Westinghouse Hanford Company, Richland,
Washington.

The purpose of this report was to determine a technical basis for grouping similar tank designs for “generic” tank
analyses of the S5Ts and DST's in support of the accelerated safety analysis effort (WHC-SD-WM-DA-150, 1994).

WHC-SD-WM-TI-623, 1994, Static Internal Pressure Capacity of Hanford Single-Shell Waste Tanks,
Rev. 0, prepared by ADVENT Engineering Services, Inc. for Westinghouse Hanford Company,
Richland, Washington.

This report decuments the results of a structural analysis to estimate the static internal pressure capacity for the
onset to failure of two sizes (553 and 1,000 Kgal) of generic Hanford Site SSTs. The onset-to-failure pressure was
estimated through a nonlinear axisymmetric finite-element analysis of each tank under in-situ loading plus an
internal static pressurg, The resulting static onset-to-failure pressure was estimated at 14 and 11.6 psig for the 553
and 1,000 Kgal SST, respectively. These internal static pressures represent structural instability failure pressures.
Permanent structural damage will likely occur before the onset-to-failure pressures are reached.

Thermal loading history and resulting potential degradation of concrete modulus and compressive strength with
increasing temperature were not considered. Transient internal pressure loading with potential blow down through
opening cracks in the concrete dome structures and resulting dynamic response of the tank structure also were not
considered,

The ABAQUS® general purpose finite element computer program was used with the ANACAP-U® concrete
constitutive model. A generic model bounding the construction details of each size of tank was used. The finite
element model included the concrete vault, steel liner plus stiffener rings, and the surrounding soil. The minimum
specified 28-day compressive strength of 3,000 Ibf/in® was used in the nonlinear concrete material constitutive
model. True elastic-plastic stress-strain curves were used for the tank steel liner (ASTM 283) and rebar
reinforcement (Al5, Grade 40). The surrounding soil was modeled with a Drucker-Prager elastic, perfectly plastic
material constitutive model. A soil overburden depth of 7 feet at the dome apex with a soil density of 110 1b/ft’ and
a Rankine lateral soil pressure coefficient of 0.26 were assumed. Compression only elements were used to interface
between the steel liner and the concrete and between the concrete and the soil elements. Hydrostatic pressure from
the waste was applied assuming a uniform specific gravity of 1.7 with a waste depth of 363 inches for the 1,000
Kgal generic tank. For the 553 Kgal generic tank, a waste specific gravity of 2.0 was assumed for the waste from 0
to 35 inches and a specific gravity of 1.0 was assumed for the waste from 35 to 204 inches.

WHC-SD-W320-ANAL-001, 1995, Tank 241-C-106 Structural Integrity Evaluation for In situ
Conditions, L. J. Julyk et al., Rev. 0 and 0A, Westinghouse Hanford Company, Richland,
Washington.

This study evaluates the structural integrity of the high-heat 241-C-106 tank for its loading history to ACI 349
acceptance criteria and its reserve capacity to ultimate load under increasing uniform and concentrated load. The
evaluation included a review of the related design documents; a simulation of the thermal and fill-and-drain history;
application of concrete degradation relations with time-at-elevated temperature based on extensive test program for
Hanford-mix concrete, and a design-by-analysis evaluation methedology. An American Concrete Institute (ACI)
factored-load code check, thermal-creep analysis, and ultimate load analysis were conducted.

In Rev. 0 of the analysis the soil overburden was taken as 7 ft with an assumed unit weight 110 Ibfft’. This is in
comparison to the actual soil overburden of 5 ft 7 in. and a backfill soil density of 100 Ibf/ft’ indicated on the design
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drawings. A 100-ton concentrated live load. The concentrated live load was applied at ground level over a 10-ft
circular area at the center of the tank.

In Rev. OA the soil overburden was reduced to its actual value of 5 ft 7 in. with an assumed unit weight 125 Ibf/ft’ since
recent measurements for backfiil over double-shell tanks indicated higher values. The DST soil density data appeared
to be bounded by 125 Ibf/ft’. A uniform load of 40 Ibf/f* for snow and volcanic ashfall and a vapor pressure load of -
15 in. water gauge (w.g.) for active ventilation were also introduced.

The general purpose ABAQUS® finite-element computer program was used with a user defined nonlinear concrete
material constitutive model (ANACAP-U®) supplied by ANATECH Research, Inc. The ultimate load analysis
methodology was benchmarked through a simulation of the 1:10 scale model test of the 241-A-105 tank that was
reported in ARH-R-47 (1969). In the test, the uniform dome load at failure was reported as 5,400 Ibf/ft” as
compared to a calculated failure load of 3,900 1bf/fi>. This discrepancy may be the result of the exposure of the test
model to steam during the thermal test, prior to the ultimate load test. This may have resulted in an increase in the
concrete compressive strength as discussed in ARH-R-120 (1972). However, this cannot be verified because no
strength tests were conducted after the thermal test.

Although the C106 tank was not designed for self-boiling waste, historical records indicated that the tank had
experienced temperature excursions in excess of boiling requiring water additions to control the temperature. An
upper-bound thermal history for the C106 tank was generated based on available data for the tank. The resulting
calculated time dependent temperature distribution in the concrete from the heat transfer analysis was applied to the
structural analysis along with the corresponding fill and drain load history. Peak temperatures up to 310 °F were
predicted to occur in 1979 at the center of the bottom concrete slab with corresponding temperatures in the dome
near 220 °F. Because the temperatures anywhere in the concrete did not exceed 150 °F for at least 15 years after
construction, the concrete strength was assumed to be higher due to aging than the initial 28-day minimum specified
value of 3,000 Ibf/in®. The lower-bound 95% confidence band relation for concrete and modulus degradation with
time at temperature, developed from the analysis of the test data reported in PNL-7779 (1988), was used in the
thermal-creep analysis of the C106 tank for the upper-bound thermal history. To address the observed mismatch in
thermal expansion between Hanford-mix concrete and the reinforcing steel a lower bound value of 1.6 x 10 and 6.5
x 107 in/in-°F was selected for the concrete and the steel, respectively. At the end of the thermal-creep analysis the
structure was evaluated to the ACI 349 criteria and found acceptable. Then the soil load was increased until failure
of the concrete structure was predicted to estimate the reserve capacity of the structure. A minimum safety factor of
4.8 was predicted with the revised Rev. 0A loading.

Report No. 941101-001, 1994, Review and Parametric Studies for Tank 241-C-106 Dome Structure,
Rev. 0, prepared by A. Ghose, ARES Corporation for Westinghouse Hanford Company,
Richland, Washington.

This document reports the results of a study to evaluate the effect of potential cracks or groves observed in a 1994
remote video inspection of the under side of the C106 tank dome. The indicated “irregularities” were believed to be
the result of minor amounts of shifting or sagging of the trapezoidal plyform sheets that were used in the
construction of the tank, and do not represent any compromise in the as-designed structural strength of the tank.
However, in view of possible concerns about the potential loss of concrete section, or crack initiation at the location
of these groves, a series of parametric structural evaluations of the tank were performed. The ADINA® finite
element computer program, which has been used to analyze a wide variety of reinforced concrete structures, was
used in this evaluation of the C106 tank.

An ADINA® model of the 1:10-scale expermental model of Tank 241-A-105 (ARH-R-47, 1969) was used to
benchmark the ADINA® program. The ultimate load results for the experimental model was 5,400 Ibf/ft* while the
ADINA® analysis of the scale-model test predicted an ultimate load of 4,644 Ibf/ft’, The load-deflection curve from
the ANDIA® model showed good agreement with the test data under increasing load. Thus, it was concluded that
the ADINA® constitutive model for concrete, its post-yield post-crushing capability, and the rebar post-yield model
can accurately represent the structural behavior of a reinforced concrete tank structure such as C106.
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The subsequent analysis of the C106 tank for normal and seismic loads with and without groves in the dome,
applied the degraded concrete properties from temperature history as developed in WHC-SD-W320-ANAL-001
(1995). Tt was concluded that the dome surface irregularities observed during the 1994 video inspection have no
significant impact on the as-designed structural integrity of the tank.

WHC-SD-W320-ANAL-002, 1995, Seismic Evaluation of Tank 241C106 in Support of Retrieval
Activities, D. A. Wallace, et al., Rev. 0 and 0A, Westinghouse Hanford Company, Richland,
Washington.

This report documents the seismic analysis of the high-heat 241-C-106 tank and the structural evaluation for the
combination of seismic plus in situ loading history as determined in WHC-SD-W320-ANAL-001 (1995). A
comprehensive analysis was performed using the state-of-art three-dimensional SASSI computer program to model the
soil-structure interaction. The effect of adjacent tank-to-tank interaction was also evaluated. Figure A-1 shows some
of the important parameters of the 241-C-106 tank. Rev. 0 and 0A were for an assumed soil overburden unit weight of
110 and 125 Ibf/ft’, respectively. ACI 349-90 requirements were satisfied in all cases. Highlights of the analysis and
the results are summarized below.

Figure A-1. 530-Kgal Single-Shell Tank 241-C-106 Located in 200 East Area of Hanford Site.
Soll surface
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REVISION 0 (ASSUMED SOIL OVERBURDEN UNIT WEIGHT OF 110 LBF/FT*

SEISMIC ANALYSIS
Seismic Excitation

* Non-reactor Safety Class 1 (high-hazard) structure

e  Newmark-Hall response spectra corresponding to 7% damping anchored at .20 g horizontal peak ground
acceleration (Hanford Plant Standard HPS-SDC 4.1, Rev, 12, 1993).

e  Applied synthetic acceleration time histories (Weiner and Rohay 1992) corresponding to spectra with acceleration
amplitudes scaled by a factor of 1.08 (ASCE 4-86 and NUREG-0800} to ensure enveloping of the design response
spectra.

e  Soil-structure Interaction (SSI) analysis assumes that horizontal ground motion is due entirely to vertically
propagating shear waves.

Vertical control motion set at 2/3 of horizontal (ASCE 4-86 and UCRL-15910).
SSI analysis assumes that vertical ground motion is due entirely to vertically propagating compression waves.

Peak responses from the three orthogonal excitation directions are combined via square root of sum of squares
(SRSS).
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e Inelastic demand-capacity ratio F,, is taken as 1.0 (UCRL-15910 approach is used in current version of
HPS-SDC-4.1).

3-D SASSI (Lysmer et al. 1991) Finite-Element Models

e Single tank horizontal excitation 1/4-model with vertical plane of symmetry parallel to excitation
direction and vertical plane of anti-symmetry perpendicular to
excitation direction (anti-symmetry verified against 1/2-model)

e  Single tank vertical excitation 1/4-model symmetry

e  Tank-to-tank interaction horizontal excitation  1/2-model symmetry with anti-symmetry plane between tanks (no
: significant difference between model with and without soil
extended to anti-symmetry plane)

Tank Structural Model
e Isotropic elastic shell elements
e  Transformed reinforced concrete section properties
- Best-estimate properties based on predicted best-estimate in situ state at end of 55 years of service
- Rebar (meridional)
- Section cracking
- Material degradation with time and temperature
- Lower-bound properties (soff tank model) based on assumed wide-spread cracking with concrete modulus
equal to 87% of best-estimate values (based on square root of ratio of lower-bound to best-estimate
compressive strength)
e Damping for concrete specified as 7% of critical damping in accordance with BNL 52361 for response level 2
reinforced concrete structure (demand-to-code allowable ratio in range of 0.5 to 1.0).
e  Hydrodynamic effect of waste from horizontal seismic excitation
- For SST, effect of hydrodynamic wall pressures may counteract response from dynamic earth pressure
(depending on phasing)
- BNL 52361 recommends conservatively to consider the two opposing wall pressures separately
- Waste modeled as lumped masses
- Only impulsive effect is considered via cosine tributary mass distribution (lumped mass goes to zero as angle
between excitation directicn and tank node approaches 90°).
- Convective sloshing mode neglected
- Convective component for invisid liquid is generally small relative to impulsive component (BNL 52361)
- Waste is primarily viscous sludge {expected to produce lower sloshing and greater mass participation in the
impulsive mode [BNL 52361]).
- Tank less than half full, eliminates possibility that slosh height would impact dome.
e  Hydrodynamic effect of waste from vertical seismic excitation
- Increased density of tank base material
- Hydrodynamic pressure on tank wall neglected
Steel liner not modeled (not attached to concrete).
Near-field soil included in structural model with properties taken equal to corresponding free-field properties.

Pits and Risers
e  Tank C106 has three reinforced concrete pits located above the tank dome separated by a layer of soil.
- Steel pipe risers span vertically from the tank dome to the floor of each pit.
- Top end of each riser is coupled with the pit floor in horizontal direction only.
e  Risers and crude representations of the pits are added to the model to:
- Assess seismically induced riser response for use in structural evaluation of risers.
- Calculate pit-floor response spectra for use in evaluation of allowable loads for pit floors.

Soil Properties
e  Grout Vault soil test data (Dames & Moore 1988)
- Best-estimate properties
"~ Upper-bound properties = (1 + C,) best-estimate properties
- Lower-bound properties = best-estimate properties / (1 + C,)
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If C, cannot be determined in a probabilistic manner, ASCE 4-86 requires a C, value not less than 0.5

C, taken as 1.0 because site specific properties were not available (BNL 52361 and NUREG-0800, Standard
Review Plan). This may be overly conservative per EPRI NP-7395, Guidelines for Soil-Structure Interaction
Analysis, pg 3-2.

- Upper-bound properties = 200% best-estimate properties

- Lower-bound properties = 50% best-estimate properties

Strain dependent shear modulus and damping (Seed and Idriss 1970) determined in SASSI/SHAKE

- Moduli are adjusted to respective bounding condition before SHAKE is run

- Control motion is specified at outcrop of first competent soil layer (shear wave velocnty greater than 750 fi/s)
- Upper-bound shear modulus degradation curve

- Lower-bound damping curve

Poisson's ratio taken as constant equal to 0.44 based on wave speed data at depths greater than 9 fi (data at
shallower depths appeared suspect).

Soil damping calculated by SASSI/SHAKE range from 1 to 4%.

Bounding conditions of soil properties and tank stiffness need not be considered in combination (BNL 52361)
- Best-estimate soil properties are used with soff tank model (BNL 52361)

- Upper-bound tank stiffness is not considered as a separate case.

SEISMIC RESPONSE RESULTS

Soil Properties Variation

Lower-bound soil properties control in moment respense.
Lower-bound soil properties control in axial load response except for meridional axial load in wall and dome
region where upper-bound soil properties control.

Controlling Soil Properties and
Percent Change in Maximum Response Relative to Response with Best-Estimate Soil Properties
for Horizontal Excitation without Tank-to-Tank Interaction

Meridional Circumferential
Axial Moment Axial Moment
Base L-B(+30%) L-B(+21%) L-B(+20%) L-B(+39%)
Wall U-B(+8%) L-B(+45%) L-B(+103%) L-B{+48%)
Dome U-B(+46%) L-B(+5%) L-B(+83%) L-B{+1%)

U-B is upper-bound soil properties
B-E is best-estimate soil properties
L-B is lower-bound soil properties

Tank-to-Tank Interaction (T'TI)

The effect of TTI is relatively small but varies with location.

Magnitude of peak response with TTI is significantly greater with lower-bound scil properties except for

response of

- meridional axial load in wall (+10%) and dome (+18%) and

- circumferential moment in base (+7%) and dome (+12%) where response with best-estimate soil properties
are slightly greater relative to response with lower-bound soil properties.
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Percent Change in Maximum Response with TTI Relative to Response without TTI
for Horizontal Excitation and Lower-Bound Soil Properties

Meridional Circumferential
Axial Moment Axial Moment
Base +7% -4% +4% +22%
Wall +15% +3% +8% +6%
Dome +20% +21% +45% +1%

Tank Stiffness Variation

Best-estimate tank stiffness is controlling,

Meridional axial load response is

- 3-times larger in the base for the best-estimate tank stiffness and

- 50% and 129% larger in the wall and dome, respectively, for the lower-bound tank stiffness.
Circumferential axial load response is 5- to 6.5-times larger for the best-estimate tank stiffness.

Peak bending response in the base is 66% and 49% larger in the meridional and circumferential directions,
respectively, for lower-bound tank stiffhess.

Peak bending response in wall and dome is 3- to 4-times larger for the best-estimate tank stiffness.

Percent Change in Maximum Response with Lower-Bound Tank Stiffness
Relative to Response with Best-Estimate Tank Stiffness
for Horizontal Excitation and Best-Estimate Soil Properties

Meridional Circumferential
Axial Moment Axial Moment
Base -69% +66% -85% +49%
Wall +50% -714% -83% -76%
Dome +129% -64% -81% -73%

Horizontal versus Vertical Excitation

Greatest effect of vertical excitation relative to horizontal is in dome

- Meridional bending response increased by 70%

- Circumferential bending response increased by 220%

- Axial load response increased by factor from 7 to 20

Response spectra amplification at dome apex from horizontal excitation is negligible.

Response spectra amplification at dome apex from vertical excitation is considerable for

- Frequencies greater than 4 Hz with peak of 1.0 g at ~12 Hz for best-estimate soil properties (without 100-
ton mass at soil surface) and

- Frequencies greater than 3 Hz with peak of 1.8 g at ~9 Hz for lower-bound soil properties (with 100-ton
mass at soil surface).

- All response spectra calculated for 7% damping.
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Percent Change in Maximum Response for Vertical Seismic Excitation
Relative to Response from Horizontal Excitation and Lower-Bound Soil Properties

Meridional Circumferential
Axial Moment Axial Moment
Base +15% +50% -56% -10%
Wall +267% -57% -17% -69%
Dome +2000% +70% +750% +200%

Effect of Remediation 100-ton Live Load Mass

e 100-ton equipment mass applied at soil surface at dome apex.

Vertical seismic excitation

Lower-bound soil properties

Effect is minor in tank base (+1%) and wall (+15%)

Effect on dome:

- Bending is minor (+15%) except for circumferential moment near dome apex where demand increases by a
factor of 7.5

- Axial load response increased by 65%

Effect of Waste for Horizontal Excitation
e  Axial forces sometimes larger for empty tank
e  Moments are generally larger when waste is considered
o  Method used is approximate and conservative
- Mass is distributed around full circumference
- Inreality, impulsive forces are applied to only one-half the tank wall at any given point in time.

Percent Change in Maximum Response with Waste Relative to Response without Waste

Meridional Circumferential
Comment
Axial Moment Axial Moment
Base +18% +34% -4% +36% Increases with distance from center
Wall -15% +50% -11% +80% Varies along wall height
Dome -14% ~0% ~0% ~0% Small effect

Seismic versus Nonseismic Response
e  SRSS of horizontal and vertical excitation seismic response loads includes effect of
- Tank-to-tank interaction
- Impulsive hydrodynamic waste effect
- 100-ton mass load at soil surface directly over dome apex.
e  Unfactored nonseismic response loads include
- Deadweight of tank
- Hydrostatic waste load
- Lateral earth pressure
- Insitu temperature
- Soil overburden
- 40-lbf/in® distributed live load at soil surface
- 100-ton concentrated live load at soil surface directly over dome apex.
e  Seismic response loads are generally less than unfactored nonseismic response loads except for in-plane shear
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Ratio of SRSS Seismic Response Loads to Total Nonseismic Response Loads
for Lower-Bound Soil Properties

Meridional Circumferential Shear
Axial Moment | Axial | Moment | Transverse* { In-plane
Base 0.42 0.05 0.14 0.05 0.06 154
Wall 0.75 0.75 0.17 0.35 047 18.5
Dome 0.23 0.18 0.23 0.19 0.19 1.57

*Transverse shear stresses were calculated from moment derivatives based on shell equations.

STRUCTURAL EVALUATION RESULTS

Structural Acceptance Crjteria
s Capacity of reinforced concrete tank structure

ACI 349-90

Material properties used in computing code-based capacities are based on 95% exceedance values
estimated from tests of materials used in facility with consideration of degradation of concrete and
reinforcement from long-term exposure to elevated temperature.

Lower-bound in situ concrete compressive strength range from approximately 3,400 Ibf/in’ in tank base to
4,500 Ibffin® in the haunch and dome.

Inelastic demand-capacity ratio F, (URCL-15910) taken conservatively as one.

e  (Capacity of steel risers

ASIC allowable stress design approach
Plastic design capacity factor (BNL 52361) conservatively neglected.

Evaluation
e Reinforced concrete tank structure

Worst-case seismic condition based on:

*  Lower-bound soil properties.

»  Tank-to-tank interaction.

»  Impulsive hydrodynamic waste.

SRSS of horizontal and vertical seismic excitation demands.

Positive and negative values of seismic demands considered.

Sign of nonseismic demands retained.

Seismic combined with nonseismic demands.

Demands compared to capacities at critical tank sections.

»  Moment/axial load interaction (amount of reinforcement for P-M capacity curves was discounted to
account for minimum reinforcement required for in-plane shear demands where required by ACI Code
procedures).

Transverse shear (minimum demand/capacity ratio = 0.82 at bottom of wall).

In-plane shear (sufficient reinforcement available).

Twisting moments (not a concern).

Construction joints (shear friction capacity).

wall Minimum
. demand/capacity
joint .
ratio
Upper 0.6
Lower 0.85

ACI 349 requirements were satisfied.
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*  Seismic load combinations (seismic loads + unfactored nonseismic load combinations) were less
severe than nonseismic load combinations (with load factors).
s Lower wall region critical region.
e  Steel risers
- Only seismic loads considered.
- ASIC requirements were satisfied.

REVISION 0A (ASSUMED SOIL OVERBURDEN UNIT WEIGHT OF 125 LBF/FT*)

The worst case seismic condition from Rev. 0 was re-evaluated for an assumed soil overburden unit weight of

125 Ibf/ft>. The analysis was based on lower-bound soil properties and included tank-to-tank interaction, impulsive
hydrodynamic waste effects, and vertical live load. The seismic demand increase was in the range of 20 to

30 percent and as high as 160 percent at some locations of the structure. The resulting revised seismic response was
then combined with the response to nonseismic loads with increased soil overburden and again compared to ACl
349-90 requirements. Although margins decreased at some locations as a result of the assumed increase in soil
density, all tank locations evaluated maintained an acceptable margin for the worst case conditions.

The results from WHC-SD-W320-ANAL-002 are specific to the 241-C-106 tank but can be considered to envelop the
530 Kgal SSTs (B, C, T, U and BX) since these tanks are of the same design (see Table 1) and the thermal history of
the 241-C-106 tank is bounding for these tanks (see Table 2). However, these resuits cannot be extended to bound
all other SSTs because of design differences and because the thermal history of the 241-C-1006 tank is not
necessarily bounding to the remaining SSTs.

WHC-SD-W320-ANAL-003, 1995, Tank 241C106 Structural Evaluation in Support of Project W320
Retrieval, D. A Wallace, et al., Rev. 0 and 0A, Westinghouse Hanford Company, Richland,
Washington.

WHC-SD-TWR-RPT-002, 1996, Structural Integrity and Potential Failure Modes of the Hanford High-
Level Waste Tanks, Rev. OA, by F. C. Han, Westinghouse Hanford Company, Richland,
Washington.

This report provided a review of the structural integrity analyses of the single- and double-shell tanks and their
potential failure modes under various postulated accident scenarios as a basis for the consequence analyses in the
BIO. The failure modes analysis relies on WHC-SD-TWR-RPT-003 (1996). The evaluation relies on the results
from the existing design support documentation for the tanks. The review of the historical design analyses is
cursory and the failure calculations are generic and have not addressed tank cyclic-thermal degradation.

The report points out the need to establish and maintain the thermal histories of the tanks because of their
importance in evaluations of the current structural integrity of the tanks. Some currently outstanding thermal issues
are identified relating to the fill/drain cycling (heat-up/cocl-down rates) of the tanks. The resulting thermal
gradients under high heat-up/cool-down rates can damage the single-shell tank concrete structure. Analysis models
to date (WHC-SD-WM-DA-150, 1994) have not had the ability to accurately model these thermal transient
conditions. Also there is a need to establish a consistent correlation to model the strength and modulus properties as
a function of time-at-temperature and the creep behavior of the Hanford-mix concrete at elevated temperatures
(WHC-SD-WM-DA-153, 1994).

The report concludes that these tanks are adequate for normal operating loads with current operating restrictions
with considerable safety margin.
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WHC-SD-TWR-RPT-003, 1996, DELPHI Expert Panel Evaluation of Hanford High Level Waste Tank
Failure Modes and Release Quantities, Rev. 0, by F. C. Han, (complied and edited by L. Leach,
independent consultant), Westinghouse Hanford Company, Richland, Washington.

This document describes a qualitative assessment of the failure modes of the tanks under accident conditions. This
report was prepared to support the TWRS BIO. The experts panel concluded that the failure modes associated with
the seismic event are minor in comparison to the off-site release accompanying the failure due to hydrogen
deflagration. However, the seismic event could trigger a hydrogen deflagration.

The conclusions based on the overload/collapse thresholds identified during the proceedings lack the proper
documentation to justify their use as operational limits or as justification to increase tank dome loading above that
which is currently in place.

WHC-SD-WM-TI-775, 1996, Structural Assessment of Accident Loads, Rev. 0, by G. R. Wagenblast,
ICF Kaiser Hanford Company for Westinghouse Hanford Company, Richland, Washington.

This report addresses specific potential accident load conditions for selected Hanford Site underground waste
storage tanks based on failure load analysis. The evaluations are directed primarily to miscellaneous underground
storage and process tank but does consider SSTs and DSTs for selected accidents. All structural assessments were
performed using simplified bounding methods and did not necessarily include the effect of the load history for these
existing tank structures. Thus, the results should be considered as rough estimates of the failure loads for the
accident scenarios considered.

RLCA, 1996, Evaluation of Hanford High Level Waste Tank Failure Modes for Seismic Loading,
prepared by Robert L. Cloud & Associates, Inc., Berkeley, California for U.S. Department of
Energy - RL, Richland, Washington.

This report was an independent review of the seismic failure assumptions provided in the Delphi study (WHC-SD-
TWR-RPT-003, 1996). Additional simplified seismic analyses were performed for both the SSTs and DSTs using
the ANSYS® finite element program and hand calculations based on BNL 52361 (1995). The RLCA analysis
conservatively neglected soil-structure interaction effects but followed the guidelines, methods, and criteria of DOE
Standard DOE-STD-1020-94 (1994), Natural Phenomena Hazards Design and Evaluation Criteria for Department
of Energy Facilities and BNL 52361 (1995), Seismic Design and Evaluation Guidelines for The Department of
Energy High-Level Waste Storage Tanks and Appurtenances. The ground spectral shapes applied were from

Reg. Guide 1.60 rather than HNF-PRC-097 (1997).

The conclusions of the report agreed with the conclusions of the Delphi report. The results of the RLCA analyses
confirm that the SSTs would not fail catastrophically until about 0.8 g. Tank failure would result from a lack of
moment capacity close to the bottom of the concrete tank wall and the lack of hoop tension capacity close to the
base of the liner,
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APPENDIX B

TANK 241-C-102, -104 AND -106 HISTORICAL WASTE LEVELS,
TEMPERATURES, AND DOME ELEVATION SURVEY DATA

Waste level and temperature data obtained from WHC-SD-WM-ER-313 (1996} and dome elevation survey data obtained
from N. I. Scott-Proctor of Technical Operations, Lockheed Martin Hanford Corporation.

B-i



HNF-4712, Rev. 0

This page intentionally left blank.



B-1
B-2
B-3
B-4
B-5
B-6
B-7
B-8
B-9
B-10
B-11
B-12
B-13
B-14
B-15
B-16
B-17
B-18
B-19
B-20
B-21
B-22

B-23

HNF-4712, Rev. 0

LIST OF FIGURES
Tank 241-C-102 Waste and Level History 1946-1995. .. ..o iir it B-1
Tank 241-C-104 Waste and Level History 1946-1995. ..o e sresenenees B-2
Tank 241-C-106 Waste and Level History 1947-1995. ... sceesevenne e B-3
Tank 241-C-102 Thermal History 1974-1995 Thermocouple 1 and 2. .........cooiiiniviniciiincienenne B-4
Tank 241-C-102 Thermal History 1974-1995 Thermocouple 3 and 4. .........ccovvvvvevivvecrecen e B-5
Tank 241-C-102 Thermal History 1974-1995 Thermocouple 5 and 6. ..........coccvcvervvervrecrenrrnenann B-6
Tank 241-C-102 Thermal History 1974-1995 Thermocouple 7 and 8. ........cccovevvrevveivcernrceece B-7
Tank 241-C-102 Thermal History 1974-1995 Thermocouple 9 and 10. .........occoovrviivcinccnenncenn. B-8
Tank 241-C-102 Thermal History 1974-1995 Thermocouple 11, ......coovvvvrveviieniienieeneevens e B-9
Tank 241-C-104 Thermal History 1974-1995 Thermocouple 1 and 2. ........ccccoeoveveceeccieecenene, B-10
Tank 241-C-104 Thermal History 1974-1995 Thermocouple 3 and 4. .........ccoccevvievvvvcnvcrnennen B-11
Tank 241-C-104 Thermal History 1974-1995 Thermocouple 5 and 6. .........coovovvveriivininccrinnen. B-12
Tank 241-C-104 Thermal History 1974-1995 Thermocouple 7and 8. ... B-13
Tank 241-C-104 Thermal History 1974-1995 Thermocouple 9 and 10. .......cococirveinieiviniecnens B-14
Tank 241-C-104 Thermal History 1974-1995 Thermocouple 11 and 12. ......cocovvvvvrvvivrriennnee B-15
Tank 241-C-106 Thermal History 1974-1995 Thermocouple 1 and 2, Riser 8. ..........ccoceniinn B-16
Tank 241-C-106 Thermal History 1974-1995 Thermocouple 3 and 4, Riser 8........c.ccocoiviininen. B-17
Tank 241-C-106 Thermal History 1974-1995 Thermocouple 5 and 6, Riser 8. .......c.ccccccevvnennen. B-18
Tank 241-C-106 Thermal History 1974-1995 Thermocouple 1 and 2, Riser 14. .........ccoeeennens B-19
Tank 241-C-106 Thermal History 1974-1995 Thermocouple 3 and 4, Riser 14..........c.ccecvvenee. B-20
Tank 241-C-106 Thermal History 1974-1995 Thermocouple 5 and 6, Riser 14............ccocncee. B-21
Tank 241-C-106 Thermal History 1974-1995 Thermocouple 7 and 8, Riser 14............ccccenenees B-22
Tank 241-C-106 Thermal History 1974-1995 Thermocouple 9 and 10, Riser 14........................ B-23

B-iii



HNF-4712, Rev. 0

LIST OF FIGURES (CONTINUED)

B-24 Tank 241-C-106 Thermal History 1974-1995 Thermocouple 11 and 12, Riser 14..................... B-24

~ B-25 Tank 241-C-102, -104, and -106 Dome Elevation Survey History 1984-1998. .........ccceivereeene B-25
LIST OF TABLES

B-1 Tank 241-C-102 Dome Elevation Survey Data Log 1984-1998.......ccccovvriviivnenrecreecerenane B-26

B-2 Tank 241-C-104 Dome Elevation Survey Data Log 1984-1997........cccooiiinnniiirccnncrecieen B-27

B-3 Tank 241-C-106 Dome Elevation Survey Data Log 1984-1997........ccccoviirironininiiieccecene B-28

B-iv



-4712, Rev. 0

Figure B-1. Tank 241-C-102 Waste and Level History 1946-1995.
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Figure B-2. Tank 241-C-104 Waste and Level History 1946-1995.
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B-3

Figure B-3. Tank 241-C-106 Waste and Level History 1947-1995.
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Figure B-4. Tank 241-C-102 Thermal History 1974-1995 Thermocouple 1 and 2.
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Data obtained from Surveillance Analysis Computer System (SACS), January 9, 1996.
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Figure B-5. Tank 241-C-102 Thermal History 1974-1995 Thermocouple 3 and 4.
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Data obtained from Surveillance Analysis Computer System (SACS), January 9, 1996.
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. Tank 241-C-102 Thermal History 1974-1995 Thermocouple 5 and 6.
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Data obtained from Surveillance Analysis Computer System (SACS), January 9, 1996.
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Figure B-7. Tank 241-C-102 Thermal History 1974-1995 Thermocouple 7 and 8.
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Data obtained from Surveillance Analysis Computer System (SACS), January 9, 1996.
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Figure B-8. Tank 241-C-102 Thermal History 1974-1995 Thermocouple 9 and 10.
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Data obtained from Surveillance Analysis Computer System (SACS), January 9, 1996.
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Figure B-9. Tank 241-C-102 Thermal History 1974-1995 Thermocouple 11.
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Data obtained from Surveillance Analysis Computer System (SACS), January 9, 1996.
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Figure B-10. Tank 241-C-104 Thermal History 1974-1995 Thermocouple 1 and 2.
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Data obtained from Surveillance Analysis Computer System (SACS), January 9, 1996.
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Figure B-11. Tank 241-C-104 Thermal History 1974-1995 Thermocouple 3 and 4.
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Data obtained from Surveillance Analysis Computer System (SACS), January 9, 1996.
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Figure B-12. Tank 241-C-104 Thermal History 1974-1995 Thermocouple 5 and 6.
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Data obtained from Surveillance Analysis Computer System (SACS), January 9, 1996.
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Figure B-13. Tank 241-C-104 Thermal History 1974-1995 Thermocouple 7 and 8.
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Data obtained from Surveillance Analysis Computer System (SACS), January 9, 1996.
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Figure B-14. Tank 241-C-104 Thermal History 1974-1995 Thermocouple 9 and 10.
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Data obtained from Surveillance Analysis Computer System (SACS), January 9, 1996,
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Figure B-15. Tank 241-C-104 Thermal History 1974-1995 Thermocouple 11 and 12.
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Data obtained from Surveillance Analysis Computer System (SACS), January 9, 1996.
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Figure B-16. Tank 241-C-106 Thermal History 1974-1995 Thermocouple 1 and 2, Riser 8.
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Data obtained from Surveillance Analysis Computer System (SACS), January 9, 1996.
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Figure B-17. Tank 241-C-106 Thermal History 1974-1995 Thermocouple 3 and 4, Riser 8.
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Data obtained from Surveillance Analysis Computer System {SACS), January 9, 1996.
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Figure B-18. Tank 241-C-106 Thermal History 1974-1995 Thermocouple 5 and 6, Riser 8.
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Data obtained from Surveillance Analysis Computer System (SACS), January 9, 1996.
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Figure B-19. Tank 241-C-106 Thermal History 1974-1995 Thermocouple 1 and 2, Riser 14.
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Data obtained from Surveillance Analysis Computer System (SACS), January 9, 1996.
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Figure B-20. Tank 241-C-106 Thermal History 1974-1995 Thermocouple 3 and 4, Riser 14.
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Data obtained from Surveillance Analysis Computer System (SACS), January 9, 1996.
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Figure B-21. Tank 241-C-106 Thermal History 1974-1995 Thermocouple 5 and 6, Riser 14.
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Data obtained from Surveillance Analysis Computer System (SACS), January 9, 1996.




Figure B-22. Tank 241-C-106 Thermal History 1974-1995 Thermocouple 7 and 8, Riser 14.
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Data obtained from Surveillance Analysis Computer System (SACS), January 9, 1996.




Figure B-23. Tank 241-C-106 Thermal History 1974-1995 Thermocouple 9 and 10, Riser 14.
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Data obtained from Surveillance Analysis Computer System (SACS), January 9, 1996.
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Figure B-24. Tank 241-C-106 Thermal History 1974-1995 Thermocouple 11 and 12, Riser 14.
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Data obtained from Surveillance Analysis Computer System (SACS), January 9, 1996.
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Table B-1. Tank 241-C-102 Dome Elevation Survey Data Log 1984-1998.
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Table B-2. Tank 241-C-104 Dome Elevation Survey Data Log 1984-1997.
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Table B-3. Tank 241-C-106 Dome Elevation Survey Data Log 1984-1997.
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