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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-I lead-transfer feed 
tanks 241-C-102 and -104. 

The initial preliminary assessment given in HNF-4047 (1999), Engineering Basis Document 
Review Supporting the SSTSystem 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 BIO 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 Wday 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 histones 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 (1 999), Tank Waste Remediation System Mission Analysis 
Report. Only structural integrity (load bearing) related requirements are addressed herein-liquid 
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 prQvide 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 destgns. 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 O 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; internal 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 O 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 suficient 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 composition of the released gaseous mixture is within its flammability range and a spark of 
suficient 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 (NO3 and OH + NO2 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 (hazardconsequence) 
perspective. The safety basis for these requirementdcontrols 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 Authorization Basis. 
Implementation procedures are contained in lower tier documents, such as HNF-IF'-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- 15 1-000 13 (1 998), Unclassified Operating Specifications for  Single-Shell Waste Storage Tanks, 
OSD-T-15 1-00030 (1 998), Operating Specification for  Watch List Tanks, and OSD-T-15 1-0003 1 
(1 998), 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: 

I) Review missionhystem 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. 

0 

0 

0 

2) 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 CI 02/CI 04. 

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

HNF-2944 (1998), Single Shell Tank Retrieval Program Mission Analysis Report. 
HNF-2826 (1 998), Single-Shell Tank System Functional Analysis. 
HhF-SD-WM-MAR-008 (1999), Tank Waste Remediation System Mission Analysis Report. 
HNF-2919 (1 999), Constraints for System Specifications for  the Double-Shell and Single-Shell 
Tank Systems. 
WAC (1998), Dangerous Waste Regulations, Chapter 173-303. 

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 SSTs, the scope of 
the document is focused on double-shell tanks (DSTs). See Appendix A (under Codes and Standards) for additional 
review comments. 

3) Review the documentation used for justifiing the structural integrity of C-I 06 to support the current 
sluicing program. 

Documents reviewed under this task include: 

e 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-IO5 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 (1 993), 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 integnty ofthe 241-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 ofthese reports in Appendix A. The 241-C-106 analyses also hound 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 T for at least 15 years after construction, the concrete strength was 

0 
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assumed to be higher than the 28-da minimum-specified design value of 3,000 Ibffin2 due to aging. An undegraded 
compressive strength of 4,600 Ibffin 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 temperamre were applied in the thermal-creep analysis of the 241-C-106 tank for its estimated 
upper-bound thermal history (WHC-SD-W320-ANAL-0011 1995). 

Y 

4) Review the structural calculations supporting the OSDs and TSRs for CI 02/104 and determine the 
compliance with current criteria in HNF-PRO-097. 

Documents reviewed under this task include: 

HNF-PRO-097 (1 997), 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 (1 998), Tank Waste Remediation System Basis for Interim Operation. 
OSD-T-15 1-00013 (1998), Unclasscjied Operating Speccjkations for Single-Shell Waste Storage 
Tanks. 
OSD-T-15 1-00030 (1998), Operating Specifcation for Watch List Tanks. 
OSD-T-I 5 1-0003 1 (1998), Operating Specifcations 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 (1 994), 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-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 (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 0.18 and 0.19 g for the East and West Area, respectively ("F-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 (1999, WHC-SD-TWR-RPT-002 (1996), WHC-SD- 
TWR-RPT-003 (1996), and RLCA (1996)l 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 tn mitigate onsite and offsite consequences. The safety function of the 
waste tanks is to maintain gross tank structural inteprity, 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 Pbenomena- 
Seismic accident. 

Strict compliance to HNF-PRO-097 has not been shown because all SST seisnnc analyses predated HNF-PRO-097, 
which introduced new design response spectra for Hanford Site facilities. However, based on available seismic 
analyses of SSTs, compliance to HNF-PRO-097 could likely be demonstrated by analysis. The seismic load 
capacity of SSTs 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 (l994), Natural Phenomena Hazards Design and 
Evaluation Criteria for Department ofEnergy 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 ofHNF-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. 

5) Review the history of usage (e.g. temperature history, jWdrain 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: 

WHC-SD-WM-ER-3 13 (1996), Supporting Document for the Historical Tank Content Estimate 
for C Tank Farm. 
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-3 13 (1996). The temperature data reproduced from WHC-SD-WM-ER-3 13 only goes 
back to 1974. Table 2 included limited available data from RHO-CD-I 172 (1981) back to 1961. A complete record 
ofthe temperature histories ofthe SSTs is not currently available. However, based on the available data for (2102, 
C104, and C106, it is clear that the C106 thermal history bounds the thermal histories oftanks C102 and C104. 
Hence, the structural integrity oftanks 241-C-102 and -104 is expected to be better than that of 241-C-106. 

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

Documents reviewed under this task include: 

RHO-CD-1485 (1 981), 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. 
WHC-SD-TWR-RF'T-003 (1996), DELPHI Expert Panel Evaluation of Hanford High Level 
Waste Tank Failure Modes and Release Quantities. 
RLCA (1996), Evaluation of Hanford High Level Waste Tank Failure Modes for Seismic 
Loading. 

7) Using the above background, propose structural integrity requirements (i.e. temperature, 
temperature rate of change, temperature diferential, tank pressure, pressure rate of change and 
dome loading) for the SSTs. 
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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 OF did not indicate any adverse 
effects (RHO-RE-CR-8, 1982), degradation of the concrete and reinforcing steel cannot be ruled out. It 
is important to realize that the structural load limits are not independent. The recommended limits are 
based on structural integrity 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 OF for waste 
Maximum 250 OF for dome 
Maximum change of 3 "F/day for bulk waste temperature condition in tank. 

These requirements 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 OF, 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 temperamre io excess of 300 OF, up to 600 OF (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 -1 12, and SX-114 to 5 
250 "F (safety limit) or 5 205 "F (operating limit) to prevent salt-nitrate reactions and tank bumps for tanks 
containing sludge with estimated beat loads > 26,000 Btu/h. 

Although a 20 Wday 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 he confumed (WHC-SD-WM-OSR-005, 1994). All analyses before SD-RE-TI- 
012 (1983) restricted the heat-up/cool-down temperature rate to approximately 3 'Fiday. 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: IO-scale model test (ARH-R-47, 1969) the test tank 
was subjected to two cycles of severe thermal transient resulting in a nominal 100 OF 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 OF was predicted for a heat-up from ambient to 350 "F at 
3 and 20 OF/day, respectively. 

SD-RE-TI-035 also listed through wall and meridional thermal gradient limits for the concrete wall (see temperamre 
limits in Table 4 for summary of these thermal gradient limits). As these additional concrete thermal gradient 
requirements cannot be monitored, the 3 Wday 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: 

Tank Identifier Waste Level (in.) 
A, AX, SX 3 60 
B, C, T, U (200-Series) 280 
B, BX, C, T, U (100-Series) 185 
BY, S, TX, TY 275 

Maximum 

These requirements prevent waste overflow as well as limit the hydrostatic head induced stresses in the tank. These 
requirements are based on SD-RE-"-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 2 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 Tankr. 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 Z 15 inches divided by the SpG of the waste then 
-15 in. w.g. s vapor pressure s +60 in. w.g. 

If waste level is < 15 inches divided by the SpG of the waste then 
-(waste level) ’ (SpG of waste) S vapor pressure < C60 in. w.g. 

Dome Load Limits 
Dome loading on SSTs 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 Ibs (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 fkom 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. 
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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 O F  were considered in the SD-RE-TI-012 data analysis 
to determine the evaluation-basis concrete compressive strength of 3,200 IbVin' 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 lbWinZ 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 
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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:lO-scale model test, dome collapse was estimated to occur at an equivalent uniform 
external dome pressure of 5,400 lb€'ft2 (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 lbf/ft3, 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:lO-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 Ibf/ft2 (Report No. 941 101-001, 1994) 
using the finite-element computer programs ASOLID', ABAQUS' (with A N A C M - f l  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/ft3. 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 1 00-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/ft3 (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, heq, 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., 

a y 1 1 5  (hi + 1881110) = y (  heq + 188/110) 

where 

a 

Y l l 5  
h, 
Y 
heq 

= 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 lbfm3) 

= 115 lb€'ft3 (soil unit weight used in analysis) 
= 7 feet (initial soil height above dome apex used in analysis) 
= actual unit weight of soil 
= equivalent uniform soil height (ft) above dome apex. 

Solving for hes gives an equivalent minimum collapse-load soil height of 23.2 and 21.2 feet at a soil unit 
weight of 115 and 125 lbf7ft3, 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 lbWft3. This was based on simplified analyses 
of the SST footings. The corresponding allowable soil height at the 125 lbf/A3 bounding soil unit weight 
would be 9.2 feet. However, there are a number of uncertainties associated with the analyses reported in 
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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 externally, 
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 
SSTDome Loading Technical Baseline Issue, dated November 17, 1998. However, priority constraints 
have postponed start of work on this activity, thus far. 
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Figure 1 .  100- and 200-Series Single-Shell Tank Configurations. 
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HISTORICAL 

HAN-I 0970, 1945, Construction of Hanford Engineer Works: History of the Project, 
E.I. du Pont de Nemours and Company, Wilmington, Delaware. 

IN 6263, 1945, Design and Procurement History of Hanford Engineer Works, Volumes I and II, 
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-TI-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 ofthe 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-3 18-56, 1956, Building Code Requirements for  Reinforced Concrete, American Concrete Institute, 
Skokie, Illinois. 

A-1 



HNF-4712, Rev. 0 

BNL-52361, 1995, 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 programs 
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). 
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 ofthe guidelines are applicable to SSTs. the scope ofthe document isfocused on double-shell 
tanks (DSTs). Unlike the single-shell tanks. the DSTs are accessible, through the annulus space, to nondestructive 
examination ofthe primary tank and secondary steel liner. Nondestructive examination ofSST liners is notfeasible, 
exceprfor remote visual examination when the liner is exposedfor view as the waste level is lowered. The control 
ofchemistry in SSTs is lesspractical because of the current restriction thatprohibits the addition ofmaterial to the 
SSTs and because the stabilization effort results in the removal ofthe liquidportion ofthe waste. Although the 
removal ofthe liquid also prevents the monitoring of the liquid waste level as a means of detecting leaks, it does 
reduce the likelihood o f a  significant leak. The SSTs do have numerous dry well monitors for detecting leaks and 
the underside ofthe SST dome can be visualh inspected remotelyfor signs ofdistress. 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 ofthe data dzficult. 

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 removedfrom tank 241-SX-I 15 and tested (RHO-RE- 
CR-2, 1982) to determine in-situproperties. The long-term effects ofwaste 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 integriy program. 

HPS-SDC 4.1, 1993, Hanford Plant Standards, HPS-SDC 4. I ,  Rev. 12, Standard Arch-Civil Design 
Criteria Design Loads for Facilities, US. 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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3. Live load on tank 
dome 

4. Steel shell 

5. Thermal barrier 

6. Concrete shell 

WAC, 1998, Dangerous Waste Regulations, Chapter 173.303, Washington State Department of 
Ecology, Olympia, Washington. 

over apex of dome. Unit weight of 
soil 120 I~ /A ' .  
40-lb/fi2 uniform load on projected 
dome area plus 50-ton concentrated 
equipment load. 

minimize corrosion attack. 
Material, thickness, and construction 
method to be detemned during 

Support construction or 
operating equipment 

Leak tight harrier Carbon steel Type and construction method to 

Absorb transient thermal 
gradients. Allow 
independent thermal process design engineering. 
deformation of steel shell 
Exterior support and 
secondary containment 

40 lb/ft2 plus 50 tons 

Could be pre-stressed or 
conventional depending on structural 

SPECIFICATIONS 

HW-1946, 1943, SpeciJication for  Composite Storage Tanks - Bldg. #241 at Hanford Engineer Works 
Project 9536, Hanford Engineer Works, A Division of General Electric, 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. 

9. Vapor space 

IO. Vapor pressure 

11.pH 

12. Specific gravity 

Mgal total. 
Do not fill beyond springing line of 
dome. 

Surface area and expansion 

Absorb intermittant 
pressure surges and 
vacuum of off-gas system 
Alkaline 8tOlO Acid waste will be neutralized in 

process building 
Waste concentration 1.8 Tanks may eventually be used for 

solidification and storage of non- 
boiling wastes. 

13.7 to 17.7 psig 
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Vapor 
Liquid 
Sludge 

15. Incremental 
temperature change 
in 24 hours 

16. Rate of fill 
Raw water 
Waste from process 
Waste condensate 

17. Corrosion allowance 
18. Design life 

I settleable solids exist. 
14. Design temperature I Maximum probable I I Including the incremental 

222 OF tempera& change. 
280 OF 
350 OF 
100 OF in conical bottom Ahsorh transient thermal 

gradients 60 OF in vertical wall in 24 hours. 

Cooling storage 

The maximum bulk temperature rise 

40 OF in vapor space 

300gpm@ 70°F 
75 gpm @ 200 "F 

100 gpm @, I70 "F 
1/16 inch 
25 years Usable life of tank for 

design conditions 

HW-8237, 1962, Speczjication 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 Specz$cations, Rev. 1, 
Rockwell Hanford Operations, Richland, Washington. 

This document contains technical hasis 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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BY, TX 
sx 
A 

AX 
E, C, T, U (2O-Smies) 

No additional live load allowed I Letter (Jan. 4, 1962) 

Letter(Dec. 1, 1961) 
Letter (Jan. 4, 1962) 

No reference available 
1 I tons over 1 R' or 
19 tons over 30 fix 

IOO tons I ARHC-I I (1976) RHO-R-6 (1977) 
No reference available 

RL-UPO-I2 (1965) 
NW-47087 (1957) 

0 
8 9 
9 2 > 6 

B, BX, C, T, U (100-Series) 
BY, S, TX, TY 
A,AX,SX -15in. w.g.minimum(with ISin,ofwateror 
B, C, T, U (2OO-Seri.2~) 

+I30 in. w.g. maximum for smcture (ventilation 
system may require lower limit) 

equivalent in tank bottom) 

Letter (June 24 , 1982) 
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WHC-SD-WM-OSR-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, Unclassif?ed 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-15 1-00030, 1998, Operating Speci3cation for  Watch List Tanks, Rev. B-27, Lockheed Martin 
Hanford Company, Richland, Washington. 

OSD-T-15 1-0003 1, 1998, Operating Specifications for  Tank Farm Leak Detection and Single-Shell 
Tank Intrusion Detection, Rev. C-0, Lockheed Martin Hanford Company, Richland, 
Washington. 

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

Chapter 5.16 of HNF-IP-1266 documents the dome load administrative control ofthe 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 ofwaste retrieval sluicing operations, 241-SX-103, 241-SX-107 through -1 12, and -1 14) 
with heat loads greater than 26,000 Bhlm 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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Peak 
horizontal 

HNF-SD-WM-BIO-001, 1998, Tank Waste Remediation System -2sis 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 hasis 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 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 hasis horizontal peak 
ground acceleration is 0.19 g with a return frequency of lo'iyr (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 he expected for the evaluation hasis earthquake based on 
available analyses [RHO-Rd (1978), WHC-SD-W320-ANAL-002 (1995), WHC-SD-TWR-RPT-002 (1996), 
WHC-SD-TWR-RPT-003 (1996), and RLCA (1996)l 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). 

Likelihood of 
occurrence per Description' 

> 

s,O E-05 

2,0 E-05 

0.6g 

0.8 g 

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. 
Median acceleration for gross leakage of DSTs per WHC-SD-TWR-RPT-002. Characteristic ofMM1 X. Most ordinary 
maconw and frame huildinm are destmved. 
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Sources: WHC-SD-TWR-RPT-002, 1996, Slmerurol Integrity and Polenlid Fnilure Modes of Ihe Hnnford High-Level Wmle Tnnkr, Rev. 0,  
Westinghouse Hanford Company, Richland, Washington. 
HPS-SDC 4. I ,  Hnnford P l m  Smndards, Rev. 12, U.S. Depahlent of Energy, Richland Operations Office, Richland, Washington. 
‘Frequency of occurrence based an WHC-SD-W236A-TI-002, 1996, Probnbilisric Seismic Hnrnrd Analysis, DOE Honford Sile. Washington, 
Rev. I ,  Westinghouse Hanford Company, Richland, Washington. 
Wodified Mercalli Intensity levels and effects based an ORNL-NSIC-28, 1970, Enrlhqunker nnd Nuclear Power Plant Designs, Oak Ridge 
National Laboratory, Oak Ridge, Tennessee. 
DST = double-shell tank. 
FSAR = Final Safety Analysis Report. 

The tank functions to confme 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. 

MMI = Mdified Mercalli Intensity. 
SST= single-shell tank.. 

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:lO-scale model load test ofthe 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 bottom 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 3 1.4 to 37.4 ksi compared to the specified minimum yield strength of 40 ksi for the prototype ASTM A15 
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 Ibffin’, respectively as compared to the specified 3,000 Ibflin’ for the prototype. 

In the thermal load phase of the test, the objective was to assess the effect of a 100 O 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 Ibflf?, 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 O F  
in the dome and 84 OF 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 O F .  Two cycles of thermal loading were conducted 
with crack mapping after each cycle. Most cracks closed after the scale model was returned to ambient. However, 
there was also an observation of delamination of the inside concrete cover from the frst inside layer of rebar just 
above the footing. Both the initial load test to 3,000 Ibflft2and subsequent thermal test induced extensive cracking in 
the dome and sidewall of the concrete stlllcture. 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/fz. 
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 IbVft2. The failure load ofthe experimental model was 5,400 Ibf/ft2 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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Center Moment 
Edge Moment 

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 assumed soil overburden of 7 feet 
with a soil unit weight of 1 IO Ibffft’. 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 Ibffft’, which when combined with the soil 
cover load above the dome apex of 770 Ibf/ft, results in a total equivalent soil service load of 958 lbfft?*. l f 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 lbflf?. This is about a factor of2.6 times 188 lbflf?. No supporting information 
was provided in ARH-R-47 to justzfy the 188 Ibflf?value. However, the 188 Ibflf? equivalent uniform load might be 
justified by comparing stress resultantsfrom a dome loaded uniformly with corresponding valuesfrom 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 loadfrom the soil between a horizontalplane at the dome apex 
and the top surface of the dome, assume thepressure varies linearly increasingfrom the center to the outer radius 
of the tank. Taking the ratio of moments induced in a circularflatplat withfixed edges, for  a uniform and linearly 
increasing pressure load gives 

Ratio of Moments from 
Uniform Pressure Load 

Pressure Load 

Linearly Increasing 

from Young) 

qa’( l  +v)/16 q a’ ( I  + v)/45 2.812 
-q a’ / 8 -qa2/15  1.875 

Uniform Pressure Load 
(Case 10b from Young) Pressure Load (Case 1 Ib to Linearly Increasing 

Hence, the equivalent uniform load used in ARH-R-47 appears reasonable 

Accepting the 188 lbflf? as the equivalent uniform loadfor the soil between a horizontalplane at the dome apex and 
the top surface of the dome, the total equivalent uniform soil load for other soil overburden conditions on SSTs can 
be estimated from the following relation: 

where 

p50zl 
h 

= equivalent uniform soilpressure load 
= actual soil cover height above dome apex 
= 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 
yield 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 actualsoil 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-I20 (1972). WHC-SD-W320-ANAL-O01 (199s). and Report No. 941101-001 
(1994). The ultimate load results for the experimental model was 5,400 Ibflf? while these analyses of the scale- 
model test predicted an ultimate load of 4,100, 3,900 and 4,644 lbflf?, respectively using three differentfinite 
element computerprograms. ARH-R-I20 used a modified version ofASOLID@, a thick-shell computer program 
written by E. Wilson (University of California. Berkeley). WHC-SD- W320-ANAL-001 used the general purpose 
ABAQUP finite-element computer program written by Hibbitt, Karlsson. and Sorensen. Inc. with the nonlinear 
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concrete constitutive model (ANACAP- p) provided by Y. R. Rashid of ANA TECH Research Corporation. Report 
No. 941 101-001 used the ADINA"finite-element computerprogram. 

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

This report discusses results of a 1:lO-scale model test ofthe 241-A-105 waste-tank steel liner to simulate the 
observed 8.5-foot upward bulge of the bottom of the 241-A-IO5 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 Ibflin' 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 OF and 350 OF, 
prepared by M. P. Gillen, Construction Technology Laboratories, a Division of the Portland 
Cement Association, Skokie, Illinois for Rockwell Hanford Operations, Richland, Washington. 

ORNLIBRP-8015, 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 Division 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, after 20 years of service, when tested at 250 O 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 sluny, 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 OF 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/in2 Hanford-mix concrete. Limited creep strain data for 4,500 lbffin' Hanford-mix concrete 
at 250 and 350 OF 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 cnncrete strength and modulus test data. 

BNL-52384, 1993, Thermal Degradation of Concrete in the Temperature Range from Ambient to 
315 "C (600 OF), 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 number of 
cycles though most of the damage occurs in the first few cycles. i 

WHC-SD-WM-DA-1 5 3 ,  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 (19SS)l 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 laad carrying 
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. More 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 srrength and 
modulus relations. For long times at temperature, the strength and modulus relation as afunction of temperature 
given in BNL-52384 could be used to bracket the tank response. The BNL-52384 bounding strength and modulus 
relations are afunction 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 rehar 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 document 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-IO6 and 241-SX-1 IO tanks. Measurements were made at depths ofroughly 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 biaxial tests were performed to establish load deformation properties of the soil. Cyclic biaxial tests were 
conducted to simulate the cyclic thermal expansion of the tank sidewalls. 

ARH-LD-132,1976, Geology of the 241-C TankFarm, 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. 0, 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, California 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 SSTs did not address this mismatch in thermal expansion. This mismatch in 
thermal expansion was addressed in post design reassessments. such as in SD-RE-TI-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 J. 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 he 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-3 13 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-3 13, 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-3 10, 1997, Supporting Document for the Northeast Quadrant Historical Tank 
Content Estimate Report for  B-Tank Farm, Rev. lb, 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- 
TankFarm, 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 structuralre-evaluation of the then existing 100-Series SSTs (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 Ihfiin’ recommended by the Portland Cement Association (PCA), ST-57 (1954). The increased allowable 
stress is rationalized on the following bases: 

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 (l954), Circular Concrete Tanks without Prestressing]. 

A lower ring-tension allowable helps to control crack sue hut 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 sue 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. 

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-concentratinn, 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 Ibffin*. 

Although it is common practice to ignnre 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. 

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 stress of 
27,000 IbUin'. This is close to the estimated at temperature yield point (approximately 30,000 IbUin') 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 

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 type tanks (B, BX. C, K U, BY. S, TX. and lY) and 250 "F for tanks (SX and A) designed to 
accommodate se[f-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 

A-16 



HNF-4712, Rev. 0 

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 SSTs (SX A ,  and AX) that were built for the storage ofself-bailing 
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 equal 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 infmite 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 rehuned 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 OF) to boiling 
(230 OF), 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 AC1-318-56 (1956) design codes. However, the reinforcing steel allowable stress in ring 
tension was increased from the normal 10,000 to 12,000 lbfiin’ typically used in cylindrical concrete storage tanks 
to16,OOO lbflin’, which is significantly less than the 20,000 lbfiin’ assumed in HW-37519 (1955). A maximum 
through wall thermal gradient of 23 “F/fi of wall thickness was assumed which required that the average heat-up rate 
not exceed 2 ‘Fiday, as was assumed in HW-37519. In addition, the maximum incremental increase in temperature 
should not exceed 40 T 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 

Letter, 1961, Live Load on 241 Waste Tanks (internal letter E. F. Smith to H. W. Stivers, December l), 
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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Tank Farm 

A 

AX 

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-035 (1985) 

FU-UPO-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-WO-12 applied the same empirical methods from PCA ST-57 (1954) as used in HW-59919 (16 h i  ring-tension 
allowable working stress for reinforcement steel) hut 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 "Flft) and 
transient fill (20 T/ft) conditions was considered. The results are summarized below in Table A-6. 

Allowable Liquid Depth (in.) for 
Through Wall Gradient 

Steady State Transient Fill 
(IO 'Flft) (20 'Fift) 

SPG 
Storage Volume 

(Kgal) 

I ,ooo I .3 Full Full 
(365 in.) I .6 Full Full 

I .9 Full 348 
2.2 319 300 
2.5 280 264 

I ,ooo I .3  Full Full 
(365 in.) I .6 Full Full 

1.9 Full Full 

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

I I I 

sx 

2.2 Full Full 
2.5 350 333 

I ,ooo 1.3 Full 348 
(365 in.) 1.6 313 285 

BY, S, TX, 
TY 

I I 1.9 1 265 I 242 
2.2 230 210 
2.5 204 187 

758 I .3  236 228 
(281 in.) 1.6 212 204 

I .9 192 I83 

E, EX, C, T, 530 Full Full 
( I  89 in.) 1.6 192 I86 

1.9 170 I68 
2.2 158 I56 
2.5 I50 I47 

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

ARH-78, 1967, PUREX TK-10.5-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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“-197, 1968, Report of Study ofHunford 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 “-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. Ehen 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). 
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. 
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. 
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. 
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. 
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. 
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. 

2. 

3. 

4. 

5 .  

6. 

7. 

In general, the conclusion was that the soil and thermal study provided reasonable input values for the computer 
analysis hut 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 wall-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 Committee 334, Proceedings, American Concrete Institute, 
Vol. 61, No. 9, September 1964. This report includes the following: 

I. 

2. 

For elastic analysis, concrete may be assumed uncracked, homogeneous, and isotropic. Poisson’s ratio may he 
assumed equal to zero. 
Elastic behavior is the commonly accepted hasis 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. 
An ultimate strength analysis may be used only as a check on the adequacy of the design. It is not to he used as 
a sole criterion for design except where it can he proven to be applicable. 
The principle tensile stresses shall he resisted entirely by reinforcement 

3. 

4. 

On the hasis 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 original design temperature of 250 “F 
(see Table 2). There is a nominal margin of safety of at least 60percent 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 thermalgradients may be accommodatedprovided 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 AM-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. 

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. 

A-2 1 



HNF-4712, Rev. 0 

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-psiiin 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 Ibffin’ 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/A’. This results in an equivalent uniform load of 958 Ibfif? 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-lbfiin’ yield strength for the model reinforcing 
steel. The ultimate load results for the experimental model was 5,400 Ibf/f? while the analysis predicted 4,100 
IbVf? (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 steam 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 lbffin’ for the ASTM 
A15 reinforcing steel which has a specified minimum yield strength of 40,000 Ibffin’. 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 Ibffin’ in the outside 
meridional steel at the junction of the dome and cylinder. The allowable reinforcing steel stress was taken as 20,000 
lbVin* 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 fa  allprevious 
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 ifthe hydrodynamic loading 
and resulting sloshing of the waste from the seismic ground motion was accounted for in the seismic analysis. 

This report lacks suficient 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 f a  be adequate. Hence, the results are of limited value. 

ARH-2883, 1973, Creep and Cracking Analyses of the 241-BY-I12 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 responds to the 250 OF 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: 
7 ft of soil cover (120 Ibf/ft3) 
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Temperature distributions were predicted by finite element beat transfer analysis using the AMGAB computer 
program for an axisymmetric model of the 241-BY-I 12 SST and surrounding soil with the liquid at a constant 
temperature. The maximum thermal gradient up the wall was 7.5 "Fift. 

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

23 A (276 in.) of liquid with specific gravity of 1.25 
Thermal distribution resulting from 250 "F liquid and 280 O F  liquid 
Heat-up was 3.7 T/day to 250 OF and 1.5 Wday from 250 to 280 OF 

Concrete modulus of elasticity 3.0 x IO6 Ibfiin* 
Steel modulus of elasticity 30.0 x IO6 Ibfiin' 
Concrete coefficient of thermal expansion 6.0 x in/in-'F 
Steel coefficient of thermal expansion 6.0 x in/in-'F 
Concrete Poisson's ratio 0.16 
Steel Poisson's ratio 0.3 
Concrete uniaxial tensile strength 
Concrete compressive strength 3,000 Ibfiin' 
Reinforcing steel yield strength 

300 Ibf/inz 

33,000 Ibfiin' 

No degradation in concrete strength or modulus with time at temperature was considered. This was justified on the 
basis that concrete 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 he 
within the expected increase in strength with age before the application of the elevated temperatures being 
considered. 

The concrete-creep relation in the SAFE-CRACKa program was based on experimental data to a maximum 
temperature of 200 OF. As there was no basis for extrapolation to higher temperatures, the program used the 200 OF 
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-1 12 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 OF 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-AXStructure, prepared by 
Y. R. Rashid, ANATECH Research Corporation, San Diego, California 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 'Fiday from 65 OF to a final temperature distribution that varied 
from 230 "F on some regions of the dome outer surface to 350 OF at the tank base. The previous operational history 
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was ignored. In addition to the new thermal loading, the shmcture was assumed subject to an overburden soil cover 
of 8 feet at a unit weight of 115 Ibf/ft3 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 Roam and Elevated 
Temperatures, later released as RHO-(2-28 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 AM-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. 

Coeff. of Thermal Compressive Cracking 
Expansion Strength Strength 

in/in-T) (ksi) (PSI) 
Component 

Liner 
Reinforcement 

I-VIMUII b Modulus Strength I R.tin 
(lo6 psi) ( h i  

30 31 I 0.3 I 6.6 I I 
30 40 6.6 

I I 28days I 3.5 I 6.6 I 4 I 400 I 
L.13 I at 350°F I 

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 OF. A more recenf re-assessment of the Hanford concrete 
test dafafrom RHO-C-28 (1979) indicated fhaf the reduction in the concrete strength at a sustained femperature of 
350 "F was approximately 35%, but that the reduction in modulus was approximately 53% (WHC-SO- WM-DA-I53 
1994 and WHC-SD-WM-DA-207, 1995). The results from the more recent re-assessment are mare in line with the 
lower boundpredictions given in BNL-52384 (1993) which were based on a broader database. At elevafed 
temperatures a direct resulf of the decrease in sfrengfh and modulus is a reduction in the load carrying capaciry 
and the induced thermal loads, respectively. Hence, the ARH-C-I I analysis is conservative relative fo  fhe use ofthe 
lower bound modulus. However, if must be recognized that there is a large scatter bandfor the residual modulus 
and compressive strength ofconcrefe with increasing temperature. More rationally the response to thermal 
gradienfs may be bracketed by comparing fhe response between the upper bound sirength and modulus and the 
lower bound strength and modulus relations, such as given in Figures I and 2 ofBNL-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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Time Stress Occurred 
(Psi) TYQe (days) 

-29,400 hoop 2,000 

Stress' Location 

Cylinder 
base 

Structural 
Component 

Concrete -925 
Liner 
Reinforcement 29,000 
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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 ofthe above uncertainties were addressed in the seismic analysis ofthe Clod tank (WHC-SD-W3ZO-ANAL- 
002, 1995). The effect oftank-to-tank interaction wasfound 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-halfthe tank radius. For the 100-Series SSTs the tank-to-tank spacing is 23feet 
which is greater than one-halfthe 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 oftank 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 AM-C-11 (1979) structural analysis in establishing a maximum tank temperature limit of 350 O 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 IbflA’, 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 Btu/hr-ft’ and a 
soil conductivity of 0.20 Btu/hr-ft-”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 Ibf/inz (compared to 3,000 Ibffin2 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. J., 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, 198 1, 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-IO6 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 OF. 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 
Waste Peak 

Tank241- Temperature 

A-102 

in Excess of 350 O F .  

The maximum waste sludge temperature of 594 O F  in Tank 241-A-106 was recorded for only one day (May 15, 
1963). However, the maximum sludge temperature averaged 440 OF for over 30 months and greater than 530 OF for 
approximately one month during which an essentially steady-state condition would have developed. Thus, the 600 
9: 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 HEATING5 
computer model for the following modeling conditions and assumptions: 

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

The heat generating bottom sludge layer was estimated to be 3.6 ft deep (1 18 Kgal) covered by a 24.4-ft (806 
Kgal) layer of liquid supernate. 

Effect of steel liner was neglected because it is thin, has a high thermal conductivity (23 BtUm-ft-"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. 

The vapor space and supemate was defined to be at a constant (isothermal) temperature of 250 Tbecause of 
constant temperature boiling in the supemate. 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 OF. This defined isothermal 
condition assumes sufficient steam loss through the vent system. 

Although steam was being vented, the air ventilating exhauster system was assumed to be off. 

A-27 



HNF-47 12, Rev. 0 

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. This 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 
ofsoil depends on the soil type and moisture content. For sand, the thermal conductivity rangesfrom 0.19 
( d v )  to 0.49 Btu/h-ft-"F (IO-wt. percent water). For 200 East Area soil with 2 to 5% water a best estimate 
value of 0.33 Btu/h-ji-°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. 

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 R for I7 R above the tank bottom, sloDes to 1.25 fi over a 
6 j i  height, and then remains constant at 1.25ji for 9.jji where the wall reaches the dome haunch (sLe drawing 
H-2-5591 I ) .  

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 oftanks at the same thermal condition. However, because the 241-A-106 
tank is on the comer of a small two-by-three array of 6 tanks at different thermal conditions, this violates the 
axisymmehic assumption. The axisymmehic 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 OF compared to the actual temperature history of Tank 241-A-106, as discussed above. 
Forced convection heat transfer at the earth's surface was specified with a convection heat transfer coefficient 
of 2.0 Btu/h-p-"F and an ambient air temperature of 70 OF. 

An isothermal temperature boundary was set 200 A below the surface at 5 5  OF. 

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 .O 
BWh-ft-9. In the recommended case for structural analysis, a sludge thermal conductivity of 1.0 Btuib-ft-"F was 
assumed. The heat generation rate was determined to be 868,000 Btum to achieve a steady-state peak temperature 
of 600 OF in the sludge at the center of the tank. The maximum concrete wall temperature was predicted as 5 11 OF 
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 4  thick sludge layer and decreases to a 250 OF 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 OF - 250°F)/1.8 ft = 112 T/A over the top 1.8 f t  of sludge. At the sludge-to-liquid interface level, 
the inside surface of the wall goes from 250 "F to 280 OF at 0.62 A into the wall and to 297 OF 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 OF/A and (297 "F 
- 25OnF)/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 ofTank 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 ofthe four sizes (550, 758, and 1,000 Kgal 100-Series and 55 Kgal ZOO-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 OF in the early 1960's. 

A load sensitivity analysis was conducted for the 550- and 1,000-Kgal 100-Series and the 55-Kgal2OO-Series SSTs. 
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-1 1 summarizes the loads and load combinations 
that were considered in the load sensitivity analysis. 

Table A-1 1. Load Sensitivity El 

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 

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

Global 
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 Prouerties Used in Thermal Creeu and Ultimate Load Analvses. 
Reinforcine Steel 
Yield streneth Ilbffin2) 40.000 

- \  

Ultimate strength (Ibfiin’) 70:OOO 
Modulus of elasticity ( IO6 Ibffin2) 29 
Poisson’s ratio 0.3 
Coefficient of linear expansion ( lo6  idin-T) 6.5 

Concrete 
Compressive strength (lbi7in2) 3,200 
Splitting tensile strength (lbffin’) 480 
Modulus of elasticitv ( I O 6  Ibf/in2) 2.3 

Concrete 
Compressive strength (lbi7in2) 3,200 
Splitting tensile strength (lbffin’) 480 
Modulus of elasticitv ( I O 6  Ibf/in2) 2.3 ~~ , \  

Poisson’s ratio 0.22 
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Coefficient of linear expansion (IO6 in/in-”F) 3.86 

- Soil 
Suecific weieht (Ihfift3) -~ 
Lateral pressure coefficient 

Liauid Waste 
Specific gravity 

115 
0.4 

2.0 

Acceptance Criteria 

In the footing analysis, ACI 3 18-77 with assumed in-situ compressive strength and rehar yield strength of 3,000 and 
40,000 Ihfiin’, 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 rehar 
yield strength of 3,200 and 40,000 Ihfiin’, respectively. The in-situ compressive strength of 3,200 Ihffin’ 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 datafor temperalures up to 25OOF were used in determining the 3,200 Ibfin? compressive 
strength value. This value is notjustifiedfor the evaluation oftanks exposed to temperafuresfrom 300 to 600°F 
such as the Mgal SX. A, and AX tanks (see Table 2). A more appropriate approach would have been to consider the 
range ofstrength and modulus reduction with temperature as given in Figures I and 2 ofBNL-52384 (1993). 

Results for ZOO-Series Tanks 

Maximum soil depth = 17 A 5 inches on basis of footing analysis. 
Roof slab can carry 11 A of soil plus 100-lbff/ft2 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 ofthefootings was based on hand calculations which did not consider the effect ofthe lateral 
soilpressure (assumed tank wall was hinged atfooting) and the extent ofthe effectivefooting width included in the 
analysis appeared to be arbitrary due to the changing thickness ofthe bottom slab which acts as thefooting. 
Although in all cases the rebar continues throughfrom thefooting into the cylindrical wall, providing a degree of 
moment transfer between the wall and thefooting, the analysis assumes no moment transfer. Clearly, an 
assumption of total furity would be overly conservative but the assumption ofnofixity is unconsewative. 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 loadfactor of1.4. That is, in determining the 
allowable soil height above the dome apex. the total dead load (including the weight ofthe concrete plus the weight 
ofthe soil berween the dome outer surface and a horizontal plane at the apex plus 7feet ofsoil cover) was scaled 
rather than just the contributionfrom the 7-foof soil cover. Note that, thefooting evaluations did not include any 
live load contribution, although it is a smallpercentage ofthe total load acting on the footing. Anotherpotential 
unconservative assumption was that the soil unit weight was assumed to be I I5 IbffftJ. More recentfield 
measurements ofthe backfill soil over double-shell tanks (DSTs) has resulted in in- situ soil unit weights ranging 
from 110 to 122 IbffftJ assuming an average 4percenf moisture content by weight (WHC-SD-WM-SOIL-001, 1994). 
A bounding value of125 IbffftJ has been imposed in dome load control evaluations ofthe DSTs where in-situ data is 
not available (HNF-IP-1266, 1997). There is a lack ofspecific soil densify data for the SSTs. 

In addition, thefooting and lower wall region of many ofthe SSTs may be extensively cracked due to high thermal 
loads experienced over timefrom the stored waste. This cracking would reduce the effectiveness ofthe concrete to 
act as a secondary leakage barrier in the event ofleakagefrom the steel liner. Currently, no waste additions and no 
soil additions are allowedfor SSTs (HNF-SD- WM-TSR-006, 1998). However, a potentialfailure ofthe footing 
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region does not necessarily lead to a global structural failure ofthe 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 dificult because ofthe 
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 allowable soil cover for the SSTs are summarized in 
Table A-13. 

Table A-13. 
Based on 

1 00-Series Single-Shell Tank Maximum Allowable Soil Cover Height 
Footing ive Strength. 

Allowable Soil 

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 wall 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 

Finite Element 

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 - I 4  are the soil depths at maximum 
capacity and as such do not include any safety factor. A safety factor of atleast 1.56 [ACI dead load factor (1.4) 
divided by ACI &factor (0.9) on bending moment capacity] is recommended. 
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I 100-Series (754 Diameter) 
Maximum soil cover depth (tl) I 10 

er IO-tl radius area 
I storaee cauacitv 

r :..- , - - A  I ,An .-..--.. 

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. 

200-Series (20-A Diameter) 
12 
50 tons over 1 0 4  radius area 
Filled to full storaee caoacitv 

Table A-15. Recommend Operating and Des 

Maximum concrete 
temperature (OF) 

Wall at base I 380 
Dome I 250 

L I V S  ,Ut" 

Hvdrostatic 

Maximum heat-uplcool-down rate 
("Flday) 

I I"" ,"I,> ""I 

I Filled to ful 

,.,n \",C"L L a  

20 been subjected to elevated 

I _",. ., 

Thermal gradients I Nochange temperatures, see Table 3) I 
WHC-SD-WM-DA-062, 1990, Analytical Assessment of Single-Shell Tanks 241-B-I 10 and 241-U-I I O  

for  Addition of Two 12-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, A 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-1 50, 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 SSTs 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 
SSTs 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 SSTs 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 summarized in the table below. 

Waste Specific Gravity I 1 t o 2  
Wacte Denth I Emntv to Full 

70 to 350 "F 

0 to 100 Ibff ft 
0 to 100 tons 

Uniform Live Load 
Concentrated Live Load 

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-A 
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-npicool-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-I effort, no changes in the then cument operating limits were recommended, 
except that a maximum heat-upicool-down rate of 3 ‘Fiday 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 SSTs and DSTs 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 documents 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 pressure. 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-p 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 (A15, 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 Ib/ft3 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-I 06 Structural Integrity Evaluation for  In situ 
Conditions, L. J. Julyk et al., Rev. 0 and OA, 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 methodology. 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 A with an assumed unit weight 1 IO Ibm’. This is in 
comparison to the actual soil overburden of 5 A 7 in. and a backfill soil density of 100 Ibf/@ 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 1 0 4  
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 Ibffft' since 
recent measurements for backfill over double-shell tanks indicated hgher values. The DST soil density data appeared 
to be bounded by 125 Ibffft'. A uniform load of 40 lbV@ 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" fmite-element computer program was used with a user defmed nonlinear concrete 
material constitutive model (ANACAP-v) supplied by ANATECH Research, Inc. The ultimate load analysis 
methodology was benchmarked through a simulation of the 1:lO scale model test of the 241-A-IO5 tank that was 
reported in ARH-R-47 (1969). In the test, the uniform dome load at failure was reported as 5,400 Ibfff? as 
compared to a calculated failure load of 3,900 Ibffe. 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 3 IO "F were 
predicted to occur in 1979 at the center of the bottom concrete slab with corresponding temperatures in the dome 
near 220 O F .  Because the temperatures anywhere in the concrete did not exceed 150 O 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 IhVin*. 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-hound 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 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. OA loading. 

Report No. 941 101-001, 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:lO-scale expermental model of Tank 241-A-IO5 (AM-R-47, 1969) was used to 
benchmark the ADINA" program The ultimate load results for the experimental model was 5,400 Ibfift' while the 
ADINA" analysis of the scale-model test predicted an ultimate load of 4,644 IbUf?. 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). It 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 241 CI 06 in Support of Retrieval 
Activities, D. A. Wallace, et al., Rev. 0 and OA, Westinghouse Hanford Company, Richland, 
Washington. 

This report documents the seismic analysis of the high-heat 241-C-106 tank and the stmctural evaluation for the 
combination of seismic plus in situ loading history as determined m WHC-SD-W320-ANAL-001 (1995). A 
comprehensive analysis was performed using the state-of-art three-dimensional SASS1 computer program to model the 
soil-structure interaction. The effect of adjacent tank-to-tank interaction was also evaluated. Figure A-I shows some 
of the important parameters of the 241-C-106 tank. Rev. 0 and OA were for an assumed soil overburden unit weight of 
1 IO and 125 Ibflft3, 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. 
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REVISION 0 (ASSUMED SOIL OVERBURDEN UNIT WEIGHT OF 110 LBFIFT') 

SEISMIC ANALYSIS 
Seismic Excitation 

Non-reactor Safety Class 1 (high-hazard) structure 
Newmark-Hall response spectra corresponding to 7% damping anchored at 0.20 g horizontal peak ground 
acceleration (Hanford Plant Standard HF'S-SDC 4.1, Rev. 12,1993). 
Applied synthetic acceleration time histones (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. 
Soil-stmcture 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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Inelastic demand-capacity ratio F, is taken as 1.0 (UCRI-15910 approach is used in current version of 
HPS-SDC-4.1). 

3-D SASS1 (Lysmer et al. 1991) Finite-Element Models 
Single tank horizontal excitation li4-model with vertical plane of symmetry parallel to excitation 

direction and vertical plane of anti-symmetry perpendicular to 
excitation direction (anti-symmetry verified against li2-model) 

Single tank vertical excitation Wmodel symmetry 

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 
Isotropic elastic shell elements 
Transformed reinforced concrete section properties 
- 
- Rebar (meridional) 
- Section cracking 
- 
- 

Best-estimate properties based on predicted best-estimate in situ state at end of 55 years of service 

Material degradation with time and temperature 
Lower-bound properties (soft tank model) based on assumed wide-spread crackmg with concrete modulus 
equal to 87% of best-estimate values (based on square root of ratio of lower-bound to best-estimate 
compressive strength) 

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). 
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 direction and tank node approaches 90'). 

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 523611). 

- Tank less than half full, eliminates possibility that slosh height would impact dome. 
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 d e l  with properties taken equal to corresponding free-field properties. 

- 
- 
- 

- Convective sloshing mode neglected 
- 
- 

Pits and Risers 
Tank C106 has three reinforced concrete pits located above the tank dome separated by a layer of soil. 
- 
- 
Risers and crude representations of the pits are added to the model to: 
- 
- 

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. 

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 
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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Base 

Wall 

Dome 

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 .O because site specific properties were not available (BNL 52361 and NUR!3G-0800, Standard 
Review Plan). This may be overly conservative per EPRl Nl-7395, Guidelinesfor Soil-Sfrucfure Interaction 
Analysis, pg 3-2. 
- 
- 
Strain dependent shear modulus and damping (Seed and Idriss 1970) determined in SASSYSHAKE 
- 
- 
- 
- Lower-bound damping curve 
Poisson's ratio taken as constant equal to 0.44 based on wave speed data at depths greater than 9 ft (data at 
shallower depths appeared suspect). 
Soil damping calculated by SASSVSHAKE range from 1 to 4%. 
Bounding conditions of soil properties and tank stifmess need not be considered in combination (BNL 52361) 
- 
- 

Upper-bound properties = 200% best-estimate properties 
Lower-bound properties = 50% bestestimate properties 

Moduli are adjusted to respective bounding condition before SHAKE is rnn 
Control motion is specified at outcrop of first competent soil layer (shear wave velocity greater than 750 Ws) 
Upper-bound shear modulus degradation curve 

Best-estimate soil properties are used with soft tank model (BNL 52361) 
Upper-bound tank stiffness is not considered as a separate case. 

Meridional Circumferential 

Axial Moment Axial Moment 

L-B(+30%) L-B(+21%) L-B(+20%) L-B(+39%) 

U-B(+8%) L-B(+45%) L-B(+103%) L-B(+48%) 

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 (TTI) 
The effect of TTI is relatively small but vanes with location. 
Magnitude ofpeak response with lT1 is significantly greater with lower-bound soil properties except for 
response of 
- 
- 

meridional axial load in wall (+lo%) 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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Base 

Wall 

Dome 

Meridional Circumferential 

Axial Moment Axial Moment 

+7% -4% +4% +22% 

+15% +3% +8% +6% 

+20% +21% +45% +1% 

A-39 

Base 

Wall 

Dome 

Meridional Circumferential 

Axial Moment Axial Moment 

-69% +66% -85% +49% 

+50% -74% -83% -76% 

+129% -64% -81% -73% 
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Base 

Wall 

Dome 

Meridional Circumferential 

Axial Moment Axial Moment 

+15% +50% -56% -10% 

+267% -57% -77% -69% 

+2000% +70% +750% +200% 

tit 

Base 

Wall 

Dome 

Effect of Remediation 100-ton Live Load Mass 

Vertical seismic excitation 
Lower-bound soil properties 

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% 

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

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

- 

- 

Effect of Waste for Horizontal Excitation 
Axial forces sometimes larger for empty tank 
Moments are generally larger when waste is considered 
Method used is approximate and conservative 
- Mass is distributed around full circumference 
- In reality, 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 I Circumferential I 

Comment 
Axial Moment Axial Moment 

+18% +34% -4% 136% Increases with distance from center 

-15% +50% -11% +80% Varies along wall height 

-14% -0% -0% -0% Small effect 

Seismic versus Nonseismic Response 
SRSS of horizontal and vertical excitation seismic response loads includes effect of 
- Tank-to-tank interaction 
- Impulsive hydrodynamic waste effect 
- 
Unfactored nonseismic response loads include 
- Deadweight of tank 
- Hydrostatic waste load 
- Lateral earth pressure 
- In situ temperature 
- Soil overburden 
- 
- 

Seismic response loads are generally less than unfactored nonseismic response loads except for in-plane shear 

100-ton mass load at soil surface directly over dome apex. 

40-lbfiin’ distributed live load at soil surface 
100-ton concentrated live load at soil surface directly over dome apex. 
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Ratio of SRSS Seismic Response Loads to Total Nonseismic Response Loads 

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

STRUCTURAL EVALUATION RESULTS 

Structural Acceptance Crjteria 
8 Capacity of reinforced concrete tank structure 

- ACI349-90 
- 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 Ibfiin’ in tank base to 
4,500 Ibf/in2 in the haunch and dome. 
Inelastic demand-capacity ratio F, (URCL-15910) taken conservatively as one. 

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

- 

- 
Capacity of steel risers 
- 
- 

Evaluation 
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. . 

- 
- 
- 
- 
- 

Momentlaxial 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 demandcapacity ratio = 0.82 at bottom of wall). 
In-plane shear (sufficient reinforcement available). 
Twisting moments (not a concern). 
Construction joints (shear friction capacity). 

- 
1 

1 

Minimum 

ratio 

Lower 0.85 

1 uI:: 1 d e m a n y  1 joint 

- 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). 
Lower wall region critical region. 

Steel risers 
- Only seismic loads considered. 
- ASIC requirements were satisfied. 

REVISION OA (ASSUMED SOIL OVERBURDEN UNIT WEIGHT OF 125 L B F m )  

The worst case seismic condition from Rev. 0 was re-evaluated for an assumed soil overburden unit weight of 
125 Ibf/ft3. 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 ACI 
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 I) and the thermal history of 
the 241-C-106 tank is bounding far these tanks (see Table 2). However. these results cannot be extended to bound 
all other SSTs because ofdesign differences and because the thermal history of the 241-C-106 tank is not 
necessarily bounding to the remaining SSTs. 

WHC-SD-W320-ANAL-003, 1995, Tank 241C106 Structural Evaluntion in Support of Project W320 
Retrieval, D. A.Wallace, et al., Rev. 0 and OA, 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 filvdrain cycling (heat-up/cool-down rates) of the tanks. The resulting thermal 
gradients under high heat-upkool-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 overloadcollapse thresholds identifed during the proceedings lack theproper 
documentation to jus@ 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 US. Department of 
Energy - RL, Richland, Washington. 

This report was an independent review of the seismic failure assumptions provided in the Delphi study (WHC-SD- 
TWk-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-PRO-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. J. Scott-Proctor of Technical Operations, Lockheed Martin Hanford Corporation. 
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Figure B-1. Tank 241-C-102 Waste and Level History 1946-1995. 
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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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Figure B-6. Tank 241-C-102 Thermal History 1974-1995 Thermocouple 5 and 6. 
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Figure B-7. Tank 241-C-102 Thermal History 1974-1995 Thermocouple 7 and 8. 
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Figure B-8. Tank 241-C-102 Thermal History 1974-1995 Thermocouple 9 and 10. 
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Figure B-9. Tank 241-C-102 Thermal History 1974-1995 Thermocouple 1 1 .  
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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 ThermocouDle 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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Figure B-12. Tank 241-C-104 Thermal History 1974-1995 Thermocouple 5 and 6. 
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Fimre B-13. Tank 241-C-104 Thermal Historv 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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Figure B-15. Tank 241-C-104 Thermal History 1974-1995 Thermocouple 1 1  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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Figure B-17. Tank 241-C-106 Thermal History 1974-1995 Thermocouple 3 and 4, Riser 8. 

1 9 0  

1 6 0  

130 

1 0 0  -- 

70 -- 

241-C-106 
Thermocouple 3, Riser 8 

Elevation 5.18 ft. 

-- 

I- 

-- 

2 2 0  J 

i 1 6 0  

1 0 0  l 3 O l  

/ 

Jan-74 Jan-77 Jan-80 Jan-83 Jan-86 Jan-89 Jan-92 Jan-95 

Date 

241-C-106 
Thermocouple 4, Riser 8 

Elevation 7.1 8 ft. 

f 
I w 

40 
Jan-74 Jan-77 Jan-80 Jan-83 Jan-86 Jan-89 Jan-92 Jan-95 

Date 

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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Figure B-19. Tank 241-C-106 Thermal History 1974-1995 Thermocouple 1 and 2, Riser 14. 
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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. 
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Figure B-22. Tank 241-C-106 Thermal History 1974-1995 Thermocouple 7 and 8, Riser 14. 
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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 1 1  and 12, Riser 14. 
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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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