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EXECUTIVE SUMMARY

The Hanford Site covers approximately 1,450 km? (560 miz) of semiarid
land that is owned by the U.S. Government and managed by the Department of
Energy, Richland Operations Office. As a result of reactor operations,
chemical separation processes, and related activities for the production and
purification of plutonium, high- and low-level radioactive waste has been
accumulating at the Site since 1944. Currently there are approximately 231 ML
(61 Mgal) of waste stored at the site. The waste is stored in 177 steel-
lined, reinforced concrete, underground tanks that are providing interim
storage of the waste until further processing and permanent disposal options

become available.

There are two types of underground waste storage tanks at Hanford,
single-shell tanks (SSTs) and double-shell tanks (DSTs). The tanks are
Tocated in the 200 Area within the Hanford Site. A hundred and forty-nine
SSTs having a single-shell Tiner of carbon steel housed within a cylindrical
reinforced concrete structure were constructed between 1943 and 1964 with an
estimated design Tife of 20 years (actual design 1ife not specified in
available documents). Hence, all SSTs have exceeded their design Tife. As
many as 67 of the SSTs are known or assumed to have leaked releasing
radioactive waste into the surrounding soil. Although not confirmed, these
failures of the carbon steel liners are believed to be due to stress corrosion
cracking aggravated by the lack of post-weld stress relieving and the presence
of high nitrate concentrations in the waste (Anantatmula et al. 1994). A1l of

the SSTs were removed from service (not allowed to receive additional waste)
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on or before November 21, 1980. In accordance with the Hanford Facility
Agreement and Consent Order (Tri-Party Agreement) (Ecology et al. 1994)
interim stabilization of all SSTs is scheduled for completion by

September 2000. A total of 115 of the SSTs have been interim stabilized by
pumping interstitial and supernatant liquids to DSTs (Hanlon 1996). Waste
retrieval of all SSTs is scheduled for compietion by September 2018
(Ecology et al. 1994).

The remaining twenty-eight tanks are double-shell tanks (DSTs)
constructed between 1968 and 1986. These are second generation tanks with an
inner (primary) steel tank and an outer steel liner housed within a
cylindrical reinforced concrete structure. The DST primary steel tanks were
post-weld stress relieved and none of the DSTs have leaked. Two of the DSTs
were designed for a 20-year life, two for a 40-year life, and the remaining 24
for a 50-year life. Current schedules for disposal of the waste stored in the
SSTs and DSTs will require storage and pretreatment of the waste in DSTs

through the year 2028 (Ecology et al. 1994).

Although current scheduled dates for retrieval of the waste may be
accelerated or extended, in the interim the generation of flammable gases,
high concentrations of organic compounds/chemicals that could support an
exothermic reaction at elevated temperatures, and high waste temperatures
within some tanks has raised public health and safety concerns. In addition,
many of the tanks are beyond their initial design life or will exceed their
initial design 1ife before final disposal of the stored waste is achieved.

Thus, concerns have been raised on the ability of the tanks to maintain

iv
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adequate structural integrity; in particular on the ability of the tanks to
guard against or minimize airborne releases of the stored waste if the tanks

are challenged by postulated accident load conditions.

The current mission of Tank Waste Remediation System (TWRS) at the
Hanford Site includes storage management, retrieval, pretreatment,
immobilization, interim storage and disposal, and tank closure operations
(WHC 1966). The primary function of the tanks is to provide containment of
the stored waste by maintaining leak tightness and structural stability until
disposal of the waste has been achieved. Because many of the SSTs have
already leaked and all have been removed from service, the primary function of
the SSTs is to prevent airborne release of the stored waste by maintaining
structural stability until disposal of the remaining waste has been achieved.
This supporting document has been prepared to provide an assessment of the
structural integrity of the Hanford Site waste storage tanks for their design
and actual operating load conditions and to identify potential failure modes
under various postulated accident scenarios in support of the accident

analysis found in Chapter 3.0 of the TWRS-FSAR.

Following introductory and background information describing the tank
farm facilities, the scope of the evaluation contained herein consists of two
parts. In the first part the structural integrity of the waste storage tanks
is assessed for design, operating, and environmental Toad conditions on the
basis of existing available analyses; including previous assessments of actual
operating conditions for some tanks that were outside the original design
envelope. The second part consist of identifying potential failure modes and

associated 1imit loads of the tanks under various accident scenarios or
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beyond-design-basis loads. The emphasis of this assessment is on the 200-Area
Hanford Site single- and double-shell tanks which contain the bulk of the
stored waste. This report does not address ancillary tank facilities, i.e.,

tank appurtenances and buried piping.

This evaluation effort relies on the results from the existing design
support documentation for the tanks; i.e., the structural analysis reports,
design drawings, and material test data. Results from the various existing
analytical reports were compiled and compared to appropriate structural design
code allowables. In certain cases where the required information for a given
load case or accident scenario was not available from the existing documents,
simplified scoping calculations for a bounding load condition were generated

to investigate the structural behavior of the tanks.

The existing supporting documents for the tanks were generated originally
at various times during the past to address certain specific issues related to
tank farm operations, either for an individual tank or a group of tanks. In
this report the structural integrity of the tanks is assessed on a generic
basis through an engineering interpretation and extrapolation process that

considers the results from the relevant existing documentation.

In summary the report concludes, on the basis of existing design
documents, that all tank structures covered in this evaluation are adequate
for the normal operating and environmental loads. Structural responses for
each of the postulated accident scenarios were estimated and the identified
failure modes for these accidents provide a basis for the consequence analyses

in the TWRS-FSAR.
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1.0 INTRODUCTION

This supporting document has been prepared for the Tank Waste Remediation
System's (TWRS) Final Safety Analysis Report (FSAR) Project to provide
additional details regarding waste tank structural integrity and potential
failure modes for various postulated accident scenarios that support the
accident analysis found in Chapter 3.0 of the TWRS-FSAR (WHC 1996a). This
supporting document was developed in accordance with the assumptions and bases
stated in the TWRS-FSAR Project Plan (WHC 1996b). The findings presented
herein for design, operational, and environmental loads were evaluated in
accordance with U.S. Department of Energy (DOE) orders and standards. The
findings for the postulated accident and beyond-design-basis loads support the
consequence analyses contained within Chapter 3.0 of the TWRS-FSAR.

1.1 BACKGROUND

The Hanford Site is located in southeastern part of Washington state as
shown in Figure 1-1, covers approximately 1,450 km? (560 m12) of semiarid
land, is owned by the U.S. Government and managed by the Department of Energy,
Rich]and Operations Office (DOE-RL). As a result of reactor operations,
chemical separation processes, and related activities for the production and
purification of plutonium, high- and low-level radioactive waste has been
accumulating at the Hanford Site since 1944. Currently there are
approximately 231 ML (61 Mgal) of the waste stored at the Hanford Site
(Baynes et al. 1993). This waste is stored in 177 steel-lined, reinforced
concrete, underground tanks that are providing interim storage of the waste
until further processing and permanent disposal options become available.

The tanks are arranged in groups called tank farms and are buried
underground in the 200 East and West Areas of the Hanford Site as shown in
Figure 1-2. The tank designs within a farm are basically identical with a few
minor exceptions. However, two fundamentally different designs comprise the
entire inventory of tanks. These are single-shell tank (SST) designs and
double-shell tank (DST) designs. One hundred and forty-nine SSTs were
constructed between 1943 and 1964. The remaining twenty-eight tanks are DSTs
constructed between 1968 and 1986.

The current mission of Tank Waste Remediation System (TWRS) at the
Hanford Site includes storage management, retrieval, pretreatment,
immobilization, interim storage and disposal, and tank closure operations
(WHC 1966). The primary function of the tanks is to provide containment of
the stored waste by maintaining leak tightness and structural stability until
disposal of the waste has been achieved. Because as many as 67 of the
149 SSTs have already leaked, the primary function of the SSTs to provide
containment of the stored waste by maintaining leak tightness has been
compromised. However, to prevent airborne release of the stored waste
material the structural stability of the SSTs must be maintained until
disposal of the waste has been achieved. Al1 of the SSTs were removed
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from service (not allowed to receive additional waste) on or before

November 21, 1980. In accordance with the Hanford Facility Agreement

and Consent Order (Tri-Party Agreement) (Ecology et al. 1994) interim
stabilization of all SSTs is scheduled for completion by September 2000.

A total of 115 of the SSTs have been interim stabilized (containing less than
190 kL [50,000 gal] of drainable interstitial liquids and less than 19 kL
[5,000 gal] of supernatant liquid)(Hanlon 1996). Waste retrieval of all SSTs
is scheduled for completion by September 2018. The DSTs are projected to be
needed for storage and pretreatment of the waste from the SSTs and DSTs out to
the year 2028 on the basis of current schedules for completion of waste
disposal. Although these scheduled dates may be accelerated or extended, in
the interim the generation of flammable gases, high concentrations of organic
compounds/chemicals that could support an exothermic reaction at elevated
temperatures, and high waste temperatures within some tanks has raised public
health and safety concerns. In addition, many of the tanks are beyond their
initial design life or will exceed their initial design 1ife before final
disposal of the stored waste is achieved. Thus, concerns have been raised on
the ability of the tanks to maintain adequate structural integrity; in
particular on the ability of the tanks to guard against or minimize airborne
releases of the stored waste if the tanks are challenged by postulated
accident load conditions.

1.2 PURPOSE

The purpose of this supporting document is to assess the structural
integrity of the waste storage tanks for design and actual operating loads and
to identify potential failure modes and effects for postulated accident and
beyond-design-basis loads.

1.3 SCOPE

The emphasis of this assessment is on the structural integrity of the
200-Area Hanford Site single- and double-shell waste storage tanks. This
report does not address ancillary tank facilities, i.e., tank appurtenances
and buried piping. The engineering effort for this task involved the review
and evaluation of existing tank structural analyses, design documents, and
test data. Limited simplified calculations were performed as needed to
supplement the evaluation process. However, no new engineering analyses were
performed as part of this effort. In assessing the effects of postulated
accidents and beyond-design-basis loads, a Delphi process was conducted
(Leach 1996). The Delphi process elicits expert opinions in assessing the
resolution of complex problems.

As stated in the project plan (WHC 1996b):

...analyses will be reviewed against the applicable
requirements in DOE 5480.28, Natural Phenomena Hazards
Mitigation, and mandatory DOE standards to that order.
If these analyses are insufficient to demonstrate the
structural integrity of the tanks under normal
conditions or postulated accidents, tank failure will be
conservatively assumed and the consequences calculated
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and any compensating structures, systems, and components
(SSCs), administrative controls, or both will be
identified.

. DOE Order 5480.28 (DOE 1993a) has since been replaced with DOE
Order 420.1 (DOE 1995); however, the general requirements remain the same and
the new order invokes the same mandatory standards.

This supporting document describes the tank farms and operations,
provides historical information, and discusses future uses in Chapter 2.0;
reviews the structural and material conditions of the tanks in Chapter 3.0;
discusses the structural integrity of the tanks for design, operating, and
environmental loads in Chapter 4.0; describes the ultimate load capacity and
failure modes under postulated accident and beyond-design-basis loads in
Chapter 5.0; discusses the need for issue resolutions in Chapter 6.0; provides
conclusions in Chapter 7.0; and provides list of references in Chapter 8.0.
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2.0 TANK AND TANK FARM DESCRIPTIONS

2.1 TANK FARM FACILITIES AND OPERATIONS

2.1.1 Tank Farm Facilities

2.1.1.1 Tank Farms. There are 18 high-level waste tank farms containing

177 large waste storage tanks on the Hanford Site. The tank farms are located
in the 200 East and West Areas of the Hanford Site. Their specific locations
within the 200 East and West Areas are shown in Figures 2-1 and 2-2. Each
tank farm has an unique identification label which consists of one or two
alphabetical letters and each tank has a unique three digit designation.

Thus, Tank 241-SY-101 is tank 101 of the SY Tank Farm and 241 designates that
the structure is associated with a tank farm.

Twelve of the tank farms contain a total of 149 SSTs and are identified
as 241-A, -AX, -B, -BX, -BY, -C, -S, -SX, -T, -TX, -TY, and -U. These tanks
provide single containment of highly radioactive waste and were constructed of
steel-1lined, reinforced concrete from 1943 through 1964 with a design service
life estimate of 20 years (actual design 1ife not specified in available
documents) (Julyk 1995). The SST carbon-steel liners were not stress relieved
after welding and fabrication operations were completed.

Beginning in 1968, new tank farms were built with tanks constructed of
a double-shell consisting of an inner steel tank and an outer steel-lined
reinforced concrete shell structure. By 1986 a total of six new tank farms
had been constructed containing 28 DSTs. The DST farms are known as 241-AN,
-AP, -AW, -AY, -AZ, and -SY. Two of the DSTs were designed for a 20-year
life, two for a 40-year life, and the remaining 24 for a 50-year life.
The tanks within all six DST farms are similar in design and service
conditions (Julyk 1995). However the tanks are not identical. There are some
differences in design details; such as, the compressive strength of the
concrete, the amount of reinforcement and its placement, the grade of steel
and thickness of the inner (primary) steel tank, as well as differences in the
base mat (foundation) details.

A more complete description of the tank farms and their tank construction
is provided below.

2.1.1.2 Single-Shell Tanks. There are four general waste tank designs for
the SSTs (Fisher and Shank 1994) based on capacity and identified herein as
the 200-Series and the 100-Series Types 1 through 3, as shown in Table 2-1.
Figure 2-3 shows cross-sections of each of the SST types. Figure 2-4 shows a
graphical representation of the 100-Series SSTs.

The 200-Series SSTs are unique in size and shape, and were used as

receiver tanks. They were constructed of a 6-m (20-ft) diameter reinforced
concrete cylindrical shell, a reinforced concrete base mat, and a reinforced
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concrete flat roof slab. The design waste storage capacity is 208 kL

(55,000 gal). A large rectangular concrete pit that houses two condenser
units is integrated with the roof slab. The 200-Series SSTs were constructed
in an excavated site and backfilled with compacted soil to a height of

1.5 to 3.7 m (5 to 12 ft) above the flat portion of the roof.

The 100-Series SSTs of Types 1 through 3 were constructed as a reinforced
concrete cylindrical shell with an inside diameter of 23 m (75 ft), a
reinforced concrete base mat, and a reinforced concrete ellipsoidal dome roof.
The SST Types 1 through 3 are of the same general construction with
differences being primarily in tank height and volume. The design waste
storage capacities for the 100-Series Types 1, 2, and 3 SSTs are 2 ML
(533,000 gal), 2.9 ML (758,000 gal), and 3.8 ML (1 Mgal), respectively.

The 100-Series Types 1 through 3 SSTs were also constructed in an excavated
site and backfilled with compacted soil to a height of 1.5 to 3 m (5 to 10 ft)
above the apex of the dome.

A1l of the SSTs have a welded, continuous, steel liner resting on the
base mat that extends up along the inside face of the concrete shell wall.
There was no post-weld heat treatment of the liner plate welds to relieve
residual stresses caused by the welding. The liner stops just below the roof
area where a concrete construction joint connects the cylindrical concrete
wall to its roof. The steel liner is the primary waste containment barrier.
The reinforced concrete structure is the secondary waste containment barrier
and the load support structure that resist internal hydrostatic loads,
external soil loads, and equipment loads.

2.1.1.3 Double-Shell Tanks. Four of the DSTs have a designed waste storage
capacity of 3.8 ML (1 Mgal). The remaining twenty-four tanks have a design
capacity of 4.4 ML (1.16 Mgal). Al1 are referred to as having a nominal
storage capacity of 3.8 ML (1 Mgal). The DSTs are all generally of the same
design and can be considered of one general type. Table 2-2 compares the DSTs
general design parameters with that of the 3.8-ML (1-Mgal) SSTs.

The DSTs were constructed of an external reinforced concrete cylindrical
tank with an inside diameter of 24 m (80 ft), a reinforced concrete base mat,
and a reinforced concrete elliptical dome roof. The internal tank was
constructed with a 23 m (75 ft) inside diameter using structural steel plate.
The roof of the internal tank also became an elliptical dome shape since it
was attached to the inner surface of the concrete dome. The internal tank
becomes the primary tank for containment of the stored liquid radioactive
waste.

Like the SSTs, the DSTs have a continuous steel liner across the base mat
which extends up the inner face of the cylindrical concrete wall, this steel
liner is the secondary tank. However, unlike the SSTs, the DST steel liner is
attached to the cylindrical concrete wall. In addition, instead of this liner
stopping just below the haunch, it goes up into the haunch region of the
concrete tank to a point of tangency with the primary (internal) tank.
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The primary tank flat bottom rests on an 20-cm- (8-in.-) thick layer of
refractory insulating concrete which separates the primary tank and secondary
tank liner. There is a nominal 76-cm (30-in.) annulus between the primary
tank cylindrical wall and the secondary tank wall. The annulus contains
equipment for leak detection, ventilation, and cooling.

Unlike the SSTs, the DSTs' primary steel tanks were all thermally stress
relieved after welding to remove any residual stresses that may have occurred
due to welding.

The DSTs were also constructed in an excavated site and backfilled with
compacted soil to a height of 1.5 to 2 m (5 to 7 ft) above the apex of the
dome. Figure 2-5 show a typical cross-section of a DST and Figure 2-6 shows a
graphical representation of a DST.

2.1.1.4 Tank Dome Penetrations. As noted, the 200-Series SSTs do not have a
dome roof; however, there are some penetrations, including two large
penetrations for the ventilation system.

For 100-Series SSTs and DSTs there are a number of risers that penetrate
each tank dome to allow access for instrumentation and equipment. Sizes of
the risers range from 1.9 to 107 cm (0.75 to 42 in.). Risers with diameters
less than 51 cm (20 in.) were fabricated from seamless carbon steel pipes.
Risers with diameters greater than 51 cm (20 in.) were rolled from steel plate
and seam welded. The risers are encased in the dome concrete with anchor
studs. The anchor studs are welded to the riser and extend radially outward
from the outer surface of the riser into the concrete. In addition, in the
DSTs the risers are also welded to the primary tank dome. Some of the risers
extend up through the soil to about 30 e¢m (12 in.) above the ground surface.
Others extend up into concrete pits that extend down from the ground surface
to the top of the dome. The pits are capped at ground surface with reinforced
concrete cover blocks. Figure 2-7 is a photograph of tank farm 241-SY clearly
showing the risers extending above the soil and the reinforced cover block
over the concrete pits.

2.1.1.5 Other Tank Farm Systems. In addition to the SSTs and DSTs, there
are other ancillary systems that are used to support the tank farm operations.
These include the double-container receiver tanks (DCRTs), catch tanks,
miscellaneous inactive storage facilities (MISFs), transfer lines, and
equipment. Descriptions and structural assessments of these structures can
be found in Chapters 2.0 and 4.0, respectively of the TWRS-FSAR (WHC 1996a).
This supporting document will not address these ancillary systems.

2.1.2 Current Tank Farm Operations

2.1.2.1 General. The TWRS's current operations scope (Baynes et al. 1993)
includes receipt; transfer and segregation of facility waste; waste
concentration (evaporator); waste monitoring; waste tank stabilization; moving
the tanks into a safe, clean, and interim stable mode; and disposing of all
tank waste, including cesium and strontium capsules, as well as all
facilities, systems, and components currently used for storing or maintaining
the waste. Currently, approximately 136 ML (36 Mgal) of highly radioactive
waste is stored in the 149 SSTs, and approximately 95 ML (25 Mgal) is stored
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in the 28 DSTs (Baynes et al. 1993). The scope also includes all additional
structures, systems, components, skills, and processes necessary to execute
the mission. Highly radioactive 1iquid wastes generated by other mission
areas are included in the scope and will be becomes a TWRS responsibility once
the waste is transferred to the farms.

2.1.2.2 Single-Shell Tanks. Operations to add waste to the SSTs stopped in
November 1980 (Hanlon 1996). The SSTs are now in a long term process
controlled in part by the Hanford Facility Agreement and Consent Order [the
Tri-Party Agreement (TPA)] between the state of Washington Department of
Ecology, U.S. Environmental Protection Agency and DOE (Ecology et al. 1994).
Interim stabilization of all SSTs is scheduled for completion by

September 2000 based on TPA milestone M-41-00. Interim stabilization is
defined as the removal of available free liquid; it is considered achieved
when a tank contains less than 190 kL (50,000 gal) of drainable interstitial
liquid and less than 19 kL (5,000 gal) of supernatant liquid. If the tank was
Jet pumped to achieve interim stabilization, then the jet pump flow must aiso
have been at or below 0.003 L/s (0.05 gpm) before the interim stabilization
criteria is met. Currently, 115 SSTs have been classified as interim
stabilized (Hanlon 1996).

A1l of the SSTs must still be maintained in a condition where they
continue providing containment until the waste can be transferred to the DSTs
or disposed. Although the SSTs are not allowed to receive any additional
waste they are still an active part of day-to-day maintenance activities and
disposal operations, as well as, ongoing monitoring, surveillance and control
activities.

2.1.2.3 Double-Shell Tanks. The DSTs and related facilities make up the
primary waste management operations at the Hanford Site. Current waste
operations result in the storage of waste in the DSTs that includes waste from
the Plutonium Uranium Extraction (PUREX) Plant, Z Plant, B Plant, T Plant,
222-S Laboratory, 100 Areas, and 300 Areas. These operations provide for the
segregation and concentration of radioactive material contained in liquid
waste solutions. Transportation, containment, and processing of radioactive
waste requires the performance of many different operations that involve
hundreds of specific individual tasks. The DCRTs and catch tanks, including
SSTs that are not yet in interim closure status, are part of the operations.
Figures 2-8 and 2-9 provide a schematic of the flow of waste during current
operations.

Liguid wastes are transferred to and from DSTs tank farm storage,
chemical processing facilities, and related operational units (receiver
vaults, evaporator/crystallizers). Transfers are made through the inter-
connected system of buried transfer lines, operating equipment, control/
transfer structures (DCRTs and catch tanks) and associated utilities. The
purpose of transfers is to move 1iquid waste from one location to another in
response to loss of tank integrity, processing requirements, changing storage
needs, and disposal activities.
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2.2 HISTORICAL INFORMATION

Knowing and understanding the history of the Hanford Site waste tank
farms is of significance in assessing the structural integrity and potential
failure modes of the tank farm structure, system, or component (SSCs). The
original design criteria and subsequent effects of aging, high temperatures,
corrosion, radiation, etc., on material properties need to be understood.
Accidental, normal, or operational loads, that may have resulted in general or
localized damage need to be addressed. If these historical criteria and
loading conditions can be established with some degree of confidence, the
current structural integrity and potential failure modes can be determined.

2.2.1 Tank Farm Design and Construction

2.2.1.1 General. As would be expected, the design of waste storage tanks
changed over the years. The tank designs began in 1943 as 208-kL (55,000-gal)
and 2-ML (533,000-gal) SSTs using 21-MPa (3,000-psi) design strength concrete,
276-MPa (40,000-psi) yield strength reinforcing steel, and a welded steel
liner having a yield strength of 228 MPa (33,000 psi). When the last tanks
were built in 1986, they were 3.8-ML (1-Mgal) DSTs with an outer reinforced
concrete tank having a design strength of 34 MPa (5,000 psi), reinforcing
steel having a yield strength of 414 MPa (60,000 psi), and a welded steel
internal Tiner having yield strength of 344 MPa (50,000 psi). The internal
tank was constructed of welded steel plates also having a yield strength of
344 MPa (50,000 psi) and was stress relieved to reduce any residual stresses
due to welding. Tables 2-3 and 2-4 show a break down of each SST and DST
farms' design specification, material strength, and years of construction.

A summary of these tables is provided in the following two sections.

In addition to changes occurring over the years in the design of the
tanks, the design requirements associated with codes and standards also
changed as shown in Tables 2-3 and 2-4. For example, when the SSTs were built
there were no design requirements for seismic loads, except for the Uniform
Building Code (ICBO 1994) which was first published in 1927. However, the
Uniform Building Code does not have requirements for buried tanks. Also, the
analytical techniques and calculation tools have evolved from classic hand
computation methods to highly computerized finite element analysis techniques.

2.2.1.2 single-Shell Tanks. As noted in Section 2.1.1.2 above, there are
four general design types of SSTs in the 149 total SSTs. The SSTs were
constructed from 1943 through 1964 with a design service life of 20 years.

The 200-Series, 208-kL (55,000-gal) SSTs are located in tank farms B, C,
T, and U. These tanks were constructed from 1943 through 1944 and are all
identical.

There are five 100-Series Type 1 SST farms (B, BX, C, T, and U)
containing the 2-ML (533,000-gal) tanks. Tanks in B, C, T, and U tank farms
were constructed in 1943 through 1944 from the same drawings. Tanks in the
BX tank farm were constructed from 1946 through 1947. Al1 of these tanks have
the same geometry with only minor differences in number and sizes of
reinforcing bars.
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There are four 100-Series Type 2 SST farms (BY, S, TX, and TY) containing
the 2.9-ML (758,000-gal) tanks. These tank farms were constructed from 1947
through 1952 and all are essentially identical.

The remaining three 100-Series SST farms (A, AX, and SX) contain the
Type 3 (3.8-ML [1-Mgal]) tanks. The A and SX tank farms were constructed
during the years of 1953 through 1955 and the AX tank farm 10 years later
during 1963 though 1964. The newer AX tank farm tanks have several design
features different from the tank designs of those tanks in the A and SX tank
farms in that the dome radius is larger, the concrete strength is greater,
and the steel liner is radiused at the wall to base mat junction.

Table 2-3 shows a break down of each SST farms' design specification,
material strength, and years of construction.

2.2.1.3 Double-Shell Tanks. Construction of the 28 DSTs began in 1968 and
was completed in 1986. Within each tank farm, all of the tanks are
structurally identical; they were constructed from the same drawings. Between
the farms, the tank designs are structurally similar with some variations in
concrete and reinforcing strength, reinforcement arrangement in the haunch
region, and some variation in the base mat design.

Four of DSTs were designated as aging waste facility (AWF) tanks. Aging
waste, a neutralized current acid waste, is a high-level, first cycle solvent
extraction waste from the PUREX Facility. Although these tanks have a nominal
design waste storage capacity of 3.8 ML (1 Mgal) their operational capacity
was limited to 3.7 ML (980,000 gal). Two of the AWF tanks are located in the
AY tank farm and were constructed from 1968 through 1970 with a service life
of 40 years. The other two AWF tanks are located in the AZ tank farm. These
tanks were constructed from 1971 through 1977 with a service life of 20 years.

Three DSTs were constructed in the SY tank farm, six in the AW tank farm,
seven in the AN tank farm, and eight in the AP tank farm. A1l of these tanks
had the nominal storage capacity of 4.4 ML (1.16 Mgal), with an operation
limit of 4.4 ML (1.14 Mgal) per tank, and a service life of 50 years.

In the first series of DSTs to be built, the 241-AY tank farm, the
concrete design strength was 21 MPa (3,000 psi) and reinforcing steel, steel
liner, and the primary (internal) steel tank all had a yield strength of
414 MPa (60,000 psi). When the last series of DSTs were built, the
241-AP tank farm, the concrete design strength was 34 MPa (5,000 psi), the
reinforcing steel yield strength was 414 MPa (60,000 psi), and the primary
tank and Tiner had a yield strength of 345 MPa (50,000 psi). As noted above,
Table 2-4 shows a break down of each DST farm design specifications, materijal
strengths, and years of construction.

2.2.2 History of Operation

2.2.2.1 General. In March 1943, construction began on the Hanford Site,
where the original mission was to produce plutonium for the world's first
atomic weapons. The production of plutonium at the Hanford Site began in 1944
and continued until 1987. Over the Tast 50 years, numerous activities related
to the production of weapons-grade plutonium, various defense missions, and
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research and development generated radioactive waste on the site. Much of
this waste was then stored in the SSTs and the DSTs.

Because several plutonium recovery processes have been used at the
Hanford Site and because of past practices in tank waste management, the
chemical and radionuclide compositions of individual tanks are quite varied.
The waste generated by the operations was neutralized with sodium hydroxide
and sent to the SSTs and later DSTs for storage. Although the general
contents of the 100-Series SSTs is known, because of the many different
chemical processes used, combined with radiolytic decomposition, and chemical
combination of decay products, etc., the actual distribution of the waste
contents were not known in detail. Since that time, a sampling program has
been and continues to be ongoing to characterize current tank contents.
Detailed results for each SST are given in Supporting Document for the
Historical Tank Content Estimate (WHC 1994a-i). These results are summarized
in Historical Tank Content Estimate for the Southwest Quadrant of the Hanford
200-West Area (WHC 1994j). Detailed results for each DST are given in
Supporting Document for the Southeast Quadrant Historical Tank Content
Estimate Report (WHC 1995a-f). These results are summarized in Historical
Tank Content Estimate for the Southeast Quadrant of the Hanford
200 Area (WHC 1995g).

2.2.2.2 Single-Shell Tanks. The first SST farms were placed in operation in
1944 and operations continued into the 1970's until the SSTs began being taken
out of service due to leakage concerns and increased safety standards.
Sixty-four SSTs (16 200-Series and 48 100-Series Type 1 SSTs) were constructed
during World War II. By 1946, Tank Farms B and T were full and U and C were
almost half full (Gerber 1996). New production demands continued to require
more SSTs until 1964 when PUREX's production peaked. As shown in Table 2-3,
the last SST farm to be constructed was AX from 1963 to 1964.

The tanks were originally designed for a waste temperature of around 104
to 121 °C (220 to 250 °F). Information on waste tanks prior to 1974 was not
documented or stored in a consistent and retrievable manner. Hence, much
thermal data is now irretrievably lost. Significant data prior to 1974 was
only found for four of the 12 SST farms (241-S, -SX, -A, and -AX). The
existing data shows that 19 of the tanks' waste temperatures exceeded 149 °C
(300 °F), and five exceeded 177 °C (350 °F) at various times (Huisingh
et al. 1994). The other SST farms primarily received wastes resulting from
the bismuth-phosphate process. This process produced low heat-generating
waste with resultant tank temperatures at or below 93 °C (200 °F), maximum
measured temperatures ranged from 48 to 60 °C (120 to 140 °F)

(Defigh-Price 1982).
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The SSTs that had waste temperatures exceeding 177 °C (350 °F) are listed
as follows (Defigh-Price 1982):

Tank Temperature °C (°F)
241-A-101 204 (399)
241-A-106 312 (594)
241-A-104 221 (430)
241-A-102 216 (420)
241-SX-107 199 (390)

These high temperatures can degrade the concrete properties of the
concrete tanks as discussed later in Section 3.0.

Because the original design 1ife of the SSTs is 20 years, the waste is
now being stored in a number of tanks that have far exceeded their original
design life. As many as 67 of the SSTs have (Baynes et al. 1993), or are
believed to have, leaked Tiquid waste to the underlying soil. It has been
estimated that as much as 3.4 ML (900,000 gal) has leaked from the tanks
(Hanlon 1996). The leakage is believed to have occurred as a result of high
stresses caused by buckling of the liner as a result of rapid temperature
changes (Brownell 1958) and nitrate-assisted stress-corrosion cracking (Carlos
and Hauptmann 1992, Anantatmula et al. 1994). Although not confirmed, the
buckling induced stresses in combination with the residual stresses due to
welding during construction may have been sufficient for the high nitrate
concentrations in the waste to induce stress corrosion cracking in the welds.

As a result of tank leakage and new safety standards, all SSTs have now
been removed from service (i.e., not allowed to receive additional waste on or
after November 21, 1980, as noted above). Today, the SSTs contain various
combinations of sludge, salt cake, and drainable liquid. The drainable
liquid is that liquid contained within the sludge, salt cake, and residual
supernatant heels. Most of the drainable liquid will be pumped to the DSTs to
achieve interim stabilization of the SSTs by September 2000.

2.2.2.3 Double-Shell Tanks. As shown in Table 2-4, construction of the DSTs
began in 1968 with the last ones being completed in 1986. The DST farms
became operational between 1971 and 1986.

The DSTs have been used to store liquid radioactive waste including
transuranics, high-level, low-level, and Hanford Site facility waste.
Currently, the DSTs primary function is to support the mission of waste
treatment, and disposal. In general the historical operation of the DSTs has
been much as it is today, as described above in Section 2.1.2.3. The DSTs
have not experienced the high operational temperatures that were experienced
by some of the SSTs. The waste temperatures in the DSTs have been within
their design limits which are discussed in Section 4.3.3.4. In addition,
because there is a 76-cm (30-in.) annulus between the primary tank and the
secondary tank, the only location where the waste temperature can be
transmitted directly to the concrete is at the base mat. However, the
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base mat concrete is protected somewhat by a 20-cm (8-in.) thick layer of
insulating (refractory) concrete with embedded radial, forced-air, cooling
channels. Since the DSTs were constructed, the monitoring system in the
annulus between the primary and secondary tanks has not detected any leaks
from the primary tanks.

2.3 FUTURE USE

2.3.1 General

The prime function of the SSTs, DSTs, and AWF is to provide a safe
containment barrier to prevent the release of waste to the environment.
The tanks are to be provided with the necessary equipment to maintain
functional integrity and support for the safe operation of the tanks within
the farms. The ancillary equipment (e.g., the DCRTs and catch tanks) located
within close proximity to specific tank farms will be included in the
operational and administrative controls of the tank farm to which it belongs.
Long range plans call for continued use of the tanks for interim storage and
to have all of the waste removed and disposed of by the year 2028.

2.3.2 Single-Shell Tanks

The SSTs are being interim stabilized. Those SSTs that have already been
interim stabilized are inactive, and all transfer lines that could transfer
high-level nuclear waste have been physically isolated from the tanks. For
those SSTs that have not been interim stabilized, only the transfer lines
into the tanks have been physically isolated from the tanks. Waste retrieval
of all SSTs is scheduled for completion by September 2018 per TPA
milestone M-45-05 and closure of all SSTs is scheduled for completion by
September 2024 per TPA milestone M-45-06. As shown in Figure 2-8, tank
farms 241-SX, and 241-S (except for one tank) have been stabilized, i.e.,
there are no transfer arrows shown.

2.3.3 Double-Shell Tanks

The DSTs are still needed in the Tonger term for storage and pretreatment
of waste generated by other mission area cleanup-related work. The DSTs are
active and are not physically isolated. Their mission is to support all
Hanford Site activities leading to final disposal of all waste. As a result
of TPA milestone M-50-00, all DSTs are scheduled to be closed by the
year 2028.

2-9



WHC-SD-TWR-RPT-002 REV 0

This page intentionally left blank.



WHC-SD-TWR-RPT-002 REV 0

3.0 TANK MATERIAL CONDITIONS

3.1 GENERAL

Tank structural integrity is influenced by the applied Toads and the
strength of the materials that resist these loads. In order to make an
assessment of the structural load carrying capability, the condition of the
structural materials must be established. The original design criteria and
subsequent effects of aging, high temperatures, corrosion, radiation, etc.,
on material properties must be evaluated. This chapter discusses the material
conditions of the tank structures.

3.2 CONCRETE MATERIAL

3.2.1 SST Design Compressive Strength

As shown in Table 2-3 the specifications for all of the SSTs called for
concrete with a design compressive strength of 21 MPa (3,000 psi) for the
entire tank (dome, base mat, and walls) except for SSTs 241-AX which have a
design compressive strength of 28 MPa (4,000 psi).

3.2.2 DST Design Compressive Strength

In the case of the DSTs, Table 2-4 shows that the specifications for the
first two tank farms built (241-AY and 241-AZ) called for a design compressive
strength of 21 MPa (3,000 psi). For tank farms 241-SY and 241-AN, the
specifications called for a design compressive strength of 31 MPa (4,500 psi).
For the remaining two DST farms (241-AW and 241-AP) the specifications called
for a design compressive strength of 34 MPa (5,000 psi) for the tank domes and
walls and 31 MPa (4,500 psi) for the base mat.

3.2.3 Aging Effects

Aging effects consist of material degradation mechanisms due to
temperature, radiation, and corrosion over time. There are many factors that
could cause the tank structural material to degrade. These factors include
heat and chemical attacks generated from the waste. Over a long period of
time this degradation of the structural material could be significant and the
structural integrity and useful life could be compromised. Therefore time is
an important factor in the material degradation process. However, without the
effects from elevated temperature exposure or chemical attack, the strength
of concrete usually increases with age. It will enhance the structural load
carrying capability beyond the specified design compressive strength. In
practice designs the added strength of the concrete due to aging is rarely
considered. For the structural evaluations of existing concrete tank
structures the increased strength of the concrete due to aging can be
considered an added factor of safety. Degradation effects due to temperature
and corrosion are discussed in the following sections.
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3.2.4 Temperature Effects

Reinforced concrete structures are affected by temperature in
two ways: material property degradation and the introduction of thermal
stresses.

In general, the exposure of concrete to temperatures greater than 21
or 27 °C (70 or 80 °F) has a degrading effect on the physical properties of
the concrete. However, for constant exposure at temperatures up to 66 or
93 °C (150 or 200 °F), the loss in strength is quite small; and for
temperatures as high as 260 or 316 °C (500 or 600 °F) for short periods of
time, the degradation in structural properties is ordinarily tolerable
(Davis 1967). The loss in strength for specimens of concrete subject to wide
and frequent fluctuations in temperature has been observed to be two or three
times as great as for constant exposure to high temperature, depending upon
the severity of the thermal cycle or thermal shock (Davis 1967).

In addition to strength reduction, at elevated temperatures concrete
experience certain other changes. These changes include reductions in the
modulus of elasticity, changes in Poisson's ratio, and increased creep rate.
Several test programs and studies (Davis 1967, Gillen 1978, Henager et al.
1988, and RHO 1982a) have been performed to investigate the effects of high
temperature exposure on Hanford concrete. Test data were obtained from the
tests of concrete specimens fabricated in the Portland Cement Association
(PCA) laboratories using aggregates from the same source used in the
construction of the Hanford Site waste storage tanks; core samples taken from
the concrete dome of the 241-A, 241-T, and 241-U tanks, and from the wall of
Tank 241-SX-115. Figures 3-1 and 3-2 show a cross section schematic of
Tank 241-SX-115 and the drilling caisson used to obtain the wall samples.

Test data relating Hanford concrete property degradation to time at
temperature were generated from controlled laboratory tests (PNL 1979 and
PCA 1981). The database was used to establish concrete degradation equations
as a function of time, temperature, and concrete strength (Henager
et al. 1988). The PCA test data for modulus of elasticity, compressive
strength, and splitting tensile strength were generated from constant
temperature tests with the following testing conditions:

* Temperatures: 121, 177, 232 °C (250, 350, and 450 °F)
e Initial nominal strength: 21 and 31 MPa (3,000 and 4,500 psi)
e Time at temperature: 3 to 1,300 days.

The resulting best-estimate equations developed by Henager et al. (1988)
for calculating the degraded properties of the Hanford concrete at elevated
temperatures are shown below:

m
1

5.3947 + 0.1233 S - 0.06751 T - 0.1786 In(t+1). (3-1)

4416.338 + 490.919 S - 4.714 TA - 230.241 In(t+1)
+ 1.273 TB In(t+1). (3-2)

-
o
n
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fee = 448.1758 + 23.7436 S - 0.6077 TA - 18.4341 In(t+l) (3-3)

where

E. = Modulus of elasticity (106 psi)

f. = Compressive strength (psi)

fee = Splitting tensile strength (psi)

In = Natural logarithm (log to the base e)

S = Nominal initial compressive strength of Hanford concrete (ksi)

T = Constant value of temperature (°F)

TA = Maximum [0, T-350] (°F)

TB = Maximum [0, 350-T] (°F)

t = Time at constant temperature (days).

Henager et al. (1988) also provided confidence and tolerance bands for
the above best-estimate equations. To allow for uncertainties in the PCA data
and fitting process, Henager recommends that the uncertainty expressions
(confidence and tolerance bands) be used in place of the best-estimate
equations.

The above property degradation equations are empirical mathematical
expressions established from the PCA laboratory test data for Hanford
concrete. Note that data from core sample tests were not part of the database
used to establish the above concrete property degradation equations. This is
to be expected because the thermal history of the core sample specimens is not
controlled.

Based on the adequacy of fit of the above equations to the PCA test data
and the theoretical support for only gradual continual degradation of the
concrete properties with long-term exposure to elevated temperatures from
121 to 232 °C (250 to 450 °F), Henager concluded that extrapolation to
50 years through application of the above equations is "reasonable." That is,
the greatest percent reduction in strength and elastic modulus occurs over a
relatively short time period during the initial exposure to the elevated
temperature. This initial time period of greatest reduction in concrete
properties decreases with increasing temperature. The subsequent reduction
continues at a significantly reduced rate over long exposure times.

EarTier thermal analyses used the SAFECRACK (Rashid 1976) computer
program in which a different set of concrete degradation equations were used.
However, a comparison of the SAFECRACK equations with the PCA data indicated
that the SAFECRACK predictions were close to the bulk of the data for concrete
compressive strength of 21 MPa (3,000 psi) and 31 MPa (4,500 psi), and
temperatures of 121, 177, and 232 °C (250, 350, and 450 °F) (Henager
et al. 1988). However, the simplified form of these earlier SAFECRACK
concrete degradation equations was not considered adequate for extrapolation
out to 50 years from a statistical standpoint. This lead to the development
of the Equations 3-1, 3-2 and 3-3 which provide a better fit to the data thus
allowing a more justifiable extrapolation.
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As discussed in Section 2.2.2.2, the SSTs were originally designed for a
waste temperature of around 104 to 121 °C (220 to 250 °F). Existing data
shows that at various times in the past 19 of the SSTs' waste temperatures
exceeded 149 °C (300 °F) and five exceeded 177 °C (350 °F) (Huisingh
et al. 1994). In most cases these high temperatures only occurred for short
periods of time. The worst case temperature occurred in Tank 241-A-106 which
had once reached a peak waste temperature of 312 °C (594 °F) and had waste
temperatures exceeding 204 °C (400 °F) for approximately 2 years.

Temperatures in the concrete structures are lower than the waste temperatures.
The highest temperatures in the concrete structure occur at the bottom center
of the tanks and decrease radially along the base mat toward the outside wall
and decrease vertically along the wall toward the dome. The above equations
are based on test data that is within the temperature range experienced in the
concrete structures but does require an extrapolation in time. The effects of
elevated temperature on the concrete properties of the SSTs were considered in
their structural analyses and are discussed in Chapter 4.0.

The DSTs have been operating at temperatures below their design
temperatures. Because the thermal Toad is generated from the waste which is
stored in the primary steel tank, the temperatures in the secondary reinforced
concrete tank would be considerably Tower than the waste temperature due to
the annulus space between the two tanks. Based on the specified limits on
operating temperatures for the DSTs and that these 1imits have not been
exceeded, significant material property degradation of the concrete is not
expected.

More recently, Kassir et al. (1993) reviewed the effects of elevated
temperature on the properties of concrete over a temperature range from
ambient to 315 °C (600 °F). Kassir presented upper and lower bound curves for
the residual (percent of initial value) compressive strength and elastic
modulus of concrete as a function of temperature. There is a large variation
in the results depending on a number of inherent variables that affect the
behavior of concrete. These results are not specific to the Hanford concrete
as they include test data from a greater variety of test conditions and
concrete mix parameters.

In Moore and Peterson (1995), constitutive models for concrete and the
effects of temperature on the behavior of concrete are reviewed further.
Specific guidance is provided on strength and modulus degradation factors on
the bases of a reassessment (Peterson 1994) of the Hanford concrete test
database. Peterson (1994) developed an alternate approach in correlating the
test data in order to address several limitations in the Henager correlation
method. Although, the resulting correlations developed by Peterson are less
general (only apply to specific discrete temperatures) and did not include the
232 °C (450 °F) test data, they appear to reflect a better representation of
the test data. The degradation equations are expressed as degradation ratios
measured relative to the undegraded property values. The correlations address
short term and Tong term property degradation separately. The resulting
compressive strength correlation is consistent (within about +6%)with the
Henager (1988) correlation. However, the elastic modulus correlation deviates
more significantly from the Henager correlation. The Henager correlation
systematically predicts a lower elastic modulus (about 50% lower) than is
predicted by Peterson's correlation.
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These conflicting results indicate a need to rigorously reassess the
available test data and methods of data correlation in order to establish a
high confidence concrete property degradation correlation with exposure time
at elevated temperatures. As pointed out in Moore and Peterson (1995), there
is also a large variation in the creep behavior of concrete at elevated
temperatures which needs to be addressed systematically for application to the
Hanford waste storage tanks.

3.2.5 Corrosion Effects

The mechanisms responsible for the degradation of the high-Tevel waste
storage tanks were investigated (Schwenk 1992, Edgemon and Anantatmula 1995).
The concrete could be degraded by aggressive chemical attack, leaching of
calcium hydroxide, and reactions of aggregates and alkalis. However, these
types of degradation are usually in small, localized areas and are considered
insignificant to the overall concrete structural integrity. In the presence
of acidic solutions, chemical attack can also increase the porosity and
permeability of concrete, reduce its alkalinity, and subject it to further
degradation which can result in reduced compressive strength and stiffness.

To ensure the safe storage of the waste, the SSTs were evaluated for
continued service as part of DOE Waste Tank Evaluation Program
(AR-005-10-02-G) (Kaar 1981). The test program was conducted to provide an
estimate of the relative durability of reinforced concrete specimens exposed
to a simulated Hanford waste solution with specified normality
concentration (N). The simulated Hanford waste solution composition consisted
of 7N sodium hydroxide, 3N sodium nitrate, 3N sodium nitrite, 2N sodium
aluminate, 0.1IN sodium chioride, 0.2N sodium carbonate, 0.5N sodium sulphate,
and 0.1N sodium fluoride (Kaar 1981). Test sections of concrete specimen were
cast using aggregates from the same source used for Hanford waste storage
tanks. The 91-cm- (36-in.-) long, 23-cm- (8-in.-) deep, 30-cm- (12-in.-) wide
concrete specimens were reinforced with three #4 deformed bars. The tests
were conducted for compression and flexural specimens under the specified
loads and were exposed to the simulated waste solution in an oven at 82 °C
(180 °F). The testing times varied from 3 months to 3 years. No evidence of
reinforcing steel corrosion attack was observed. Although the solution
reached the reinforcing steel of the flexural specimens during exposure, no
changes in the reinforcing steel were found. Physical testing of the
reinforcement indicated no effect from the exposure agent. Petrographic
examination of the concrete showed no evidence of adverse reactions between
the solution and the concrete (Karr 1981). Corrosion of reinforcing steel is
discussed further in Section 3.3.4.

3.2.6 Radiation Effects

Potential degradation of concrete exposed to neutron and/or gamma
radiation is manifested in many ways. Fast and slow neutrons usually cause
aggregate expansion, decomposition of water, and thermal warming of concrete.
Gamma radiation affects the cement paste portion of the concrete, producing
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heat and causing water migration. The degradation, due to nuclear heating
and water loss from resulting temperature increase, is more serious than
degradation associated with direct radiation damage. Degradation of concrete
due to thermal effects is discussed in Section 3.2.4.

3.3 REINFORCING STEEL

3.3.1 Strengths

The design of reinforced concrete structures has been based on working
stress and ultimate strength methods. In the case of working stress design,
the allowable design stress in the steel is 40% of the yield strength. For
ultimate strength design, load factors are used and the allowable design
stress in the steel is the yield strength. The reinforcing steel used in the
tank structural design consists of two basic grades, Grade 40 and Grade 60.
Grade 40 steel has a minimum yield strength of 276 MPa (40,000 psi) and
Grade 60 has a minimum yield strength of 414 MPa (60,000 psi).

3.3.2 Aging Effects

Aging effects on the steel could be caused by corrosive mechanisms over a
long period of time. Degradation of the strength and physical properties of
the steel from time alone are not significant. Corrosion effects on the steel
are discussed in Section 3.3.4.

3.3.3 Temperature Effects

The yield strength of steel is reduced if subject to a high temperature
environment. The strength-temperature relation varies with type of steel.
However, within the operating temperature ranges of the waste storage tanks
the reduction in strength for the steels of interest is small.

3.3.4 Corrosion Effects

Corrosion of steel only occurs when oxidation is allowed to take place.
The oxidation is accelerated if significant amounts of moisture are present.

The Hanford Site is an arid climate and averages only about 20 cm (8 in.)
of precipitation annually (PNL 1995). In addition, the water table at the
200 East and West Areas is about 92 m (300 ft) below the surface. Thus, the
tanks are located in a very dry environment.

When reinforcing steel is placed into concrete forms, specifications are

required for a certain amount of protective concrete cover between the
concrete surface and the reinforcement (ACI 1994). This cover is required to
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prevent oxidation of the reinforcing steel due to atmospheric or ground
moisture. Thus, when reinforced concrete is in contact with a high humid
environment, more cover is required. However, when properly designed and
constructed, corrosion of the reinforcing steel does not occur unless cracks
in the concrete develop due to loads or differential displacements.

Corrosion could occur at the cracked sections of the concrete but it
would be in small and localized areas. This potential, localized corrosion of
the reinforcing steel would not cause the overall tank structural integrity to
be compromised.

If the steel liner is damaged due to corrosion from the waste material,
the reinforced concrete could be exposed to the waste solution attack. If the
reinforcing steel is corroding, the corrosion products will typically fill a
greater volume than that of the original metal. This will subject the
concrete to additional stresses, which can eventually cause cracking of the
concrete. Such a process can continue until the reinforcing steel is exposed
directly to the corrosive environment, leading to rapid loss of structural
strength and integrity. As discussed in Section 3.2.5, a lab test program was
conducted on the effects of waste solution on the Hanford concrete.
Examination of the reinforcing steel showed no evidence of rusting, cracking,
or disruption of the mill scale on the steel. In addition, no differences
were observed in Toad-strain plots of the reinforcing steel tested before and
after exposure to the simulated waste (Figure 3-3) (Kaar 1981).

Based on the above discussion it is concluded that the SST reinforcing
steel has not Tikely experienced significant strength degradation as a result
of corrosion.

3.4 STRUCTURAL STEEL LINERS

3.4.1 General

The primary steel tank of the DSTs and secondary steel liner of the SSTs
are subjected to corrosion due to the waste stored in tanks. The corrosion
assessment draws its conclusion from laboratory studies, literature data,
waste chemistry information, and some in-tank corresion coupons. Little
direct evidence of corrosion in the tanks is available.

3.4.2 Single-Shell Tank Specifications

The design specifications called for the steel liners of SST farms 241-B,
-C, -T, -U, -BX, and -AX to have a yield strength of 227 MPa (33,000 psi).
The steel liner design specifications are unknown for tank farms 241-TX, -BY,
-S, -TY, -SX, and -A; however, at the time there were basically two grades of
structural steel, one having a yield strength of 165 MPa (24,000 psi) and one
having a yield strength of 227 MPa (33,000 psi).
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3.4.3 Double-Shell Tank Specifications

The design specifications for DSTs call for a steel primary tank and
secondary tank Tiner for tank farms 241-AY and -AZ to have a yield strength of
221 MPa (32,000 psi); tank farm SY to have a yield strength of 241 MPa
(35,000 psi); and tank farms 241-AW, -AN, -AP to have a yield strength of
345 MPa (50,000 psi).

3.4.4 Aging Effects

Aging effects of the steel liner is the same as for reinforcing steel
(see Section 3.3.2).

3.4.5 Temperature Effects

The temperature effects on the steel liners is the same as it is on the
reinforcing steel. However, while the material properties are not
significantly affected by the temperatures that are within the operating
ranges, the thermal stresses could have significant effects to the steel
structures. Thermal stresses due to operating temperatures are discussed in
Section 4.0.

3.4.6 Normal Corrosion Effects

Normal corrosion is defined as the corrosion due to water or moisture
other than the waste materials. Normal corrosion is considered to have
insignificant effects to the tank materials. Corrosion on the exterior face
of the steel liner could be caused by moisture penetrating through the
concrete wall. However, because the steel liner is protected by the secondary
concrete wall, such corrosion is highly unlikely.

3.4.7 Waste Corrosion Effects

Carbon steels were used as the primary barriers of the nuclear waste
stored in the underground tanks. Exposure to service conditions can cause
degradation of these materials, manifested by loss of strength, loss of
ductility, cracking, thinning, pitting, buckling, etc. Evaluations of
degradation mechanisms of the steel and concrete materials of the major
Hanford Site waste tank systems (Edgemon and Anantatmula 1995) and DST
remaining useful life analyses (Abatt et al. 1995, Anantatmula and Ohl 1996)
have been performed. The degradation mechanisms of SSTs and DSTs, and
remaining useful 1ife of DSTs were evaluated by examining the effects of past
and current operating conditions, waste chemistries, high-heat loads, soil
conditions, and in-situ mechanical loads. The most likely scenarios for
failures of SSTs and DSTs were identified (Anantatmula et al. 1994, Edgemon
and Anantatmula 1995).
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3.4.7.1 Most Likely Scenario for SST Failure. Nitrate-induced stress
corrosion cracking is considered the primary threat to the integrity of SSTs
due to the interaction between uninhibited waste and residual fabrication
stresses in the heat affected zone of the carbon steel plate. The evaluation
assumed that the principal cause of failures in the SSTs is stress corrosion
cracking (Anantatmula et al. 1994).

3.4.7.2 Remaining Useful Life of SSTs. The corrosion degradation of the
carbon steels, particularly SSTs, is manifested in either of two

ways: (1) Tocalized reductions in thickness and localized growth of through-
wall flaws from pitting corrosion, stress-corrosion cracking, and possible
crevice corrosion; and (2) a general reduction in liner thickness from uniform
corrosion which as concluded in the evaluation is an improbable failure
mechanism. In addition, it was concluded that stress-corrosion cracking
probably occurred early in the life of most of the SSTs, mainly in weld heat
affected zones (Anantatmula et al. 1994).

In general, the carbon steel tanks, particularly the SSTs, may have
sustained corrosion damage. Some of the SSTs probably sustained through-wall
stress-corrosion cracks first, then sustained equally damaging pitting attack
and general corrosion due to the increasing chemical concentration from
stabilization of the waste. The DSTs also may have suffered localized
corrosion attack and possibly uniform corrosion in the vapor phase regions.
The DSTs have not Teaked probably because of their improved design, required
post-weld thermal stress relief, better control of waste chemistry, exposure
to less severe thermal conditions.

The detail waste composition history of the SSTs is unclear.
A significant number of fillings, retrievals, intermixing, and ex-tank
evaporations and subsequent returns of a slurry-like mix occurred for a number
of different wastes and it is not possible to accurately estimate the species
and their distribution in the SSTs (Babad 1993). The nature and amount of
waste tank species cannot be clearly identified and quantified at this time.
An on-going waste sampling program is underway to characterize the current
waste composition within the SSTs. Initial results are summarized in
Historical Tank Content Estimate for the Southwest Quadrant of the Hanford
200-West Area (WHC 1994j). However, a clear estimate of possible corrosion
mechanisms, and resulting damage, cannot be made at this time. Thus it
remains possible, particularly since stabilization of the SSTs, that
aggressive corrosion mechanisms could be acting (Wodrich et al. 1992).
In summary, as many as 67 of the SSTs (Baynes et al. 1993) are known or
assumed to have Teaked significant amounts of 1iquid waste to the surrounding
soil. The corrosion effects on the rest of the SSTs could be very severe and
the remaining useful life is diminishing. As discussed in Section 2.2.2.2,
all SSTs have now been removed from service.

3.4.7.3 Most Likely Scenario for DST Failure. Localized pitting and

concentration cell corrosion caused by the formation of localized regions of
aggressive waste are the most threatening degradation mechanisms identified.
In general, the evaluation (Edgemon and Anantatmula 1995) concluded that the
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DSTs are appropriately designed if waste chemistry is appropriately controlied
in accordance with specifications. Maintaining waste chemistry control
requires periodic monitoring since the organic chemicals in the tanks age and
consume both caustic and nitrite beneficial additives.

3.4.7.4 Remaining Useful Life of DSTs. Corrosion mechanisms that could
degrade DST structural integrity have been identified and their potential as
failure mechanisms discussed (Schwenk 1992, Edgemon and Anantatmula 1995).
Future in-tank mixing may lead to erosion-corrosion; rates as high as 4 mil/yr
have been estimated (Smith 1992). The DST corrosion database was developed
from a relatively wide range of initial DST waste types and test conditions
(Divine 1984). However, certain limitations exist such as lack of vapor-phase
data, local variations of the composition near the bottom, and weldment-
containing corrosion data. These limitations reduce the capability to
accurately estimate present and future DST integrity and projected lifetimes.

The Anantatmula and Ohl (1996) study of the DSTs remaining useful Tife,
estimated that the existing DSTs would not 1ikely fail before the scheduled
completion of waste retrieval from DSTs in the year 2028. Three models,
based on controllable parameters (temperature, chemistry, and relative
humidity), were presented for estimating the year in which the primary tank of
a particular DST might breach due to pitting in the liquid or vapor region.
The estimates for tank breach range from the year 2056 for pitting corrosion
in the liquid region of tank 241-AW-104 to beyond the next millennium for
pitting corrosion in the vapor region for several tanks (see Table 3-1).



WHC-SD-TWR-RPT-002 REV 0

4.0 TANK STRUCTURAL INTEGRITY
FOR DESIGN LOADS

4.1 HISTORICAL LOAD CRITERIA

4.1.1 General

The design criteria for structures, systems, and components (SSCs) at the
Hanford Site have been defined in the Hanford Plant Standards. The specific
standard relating to the design of tanks at the Hanford Site was_the Standard
Arch-Civil Design Criteria-Design Loads for Facilities (SDC 4.1)'. This
standard has been in existence since revision 0 was published in April 1957
and, until recently, revision 12 was being followed to comply with DOE
Order 6430.1A (DOE 1989). Prior to the issuance of the SDC 4.1, there was no
general standard for design. More recently, WHC-CM-1-12, Design and
Evaluation - Structural Design and Evaluation Criteria is being developed to
comply with DOE Order 5480.28 (DOE 1993a), now DOE Order 420.1 (DOE 1995).
This Tatter document refers to all of the DOE standards that are to be used to
define the evaluation requirements in determining the structural integrity of
the tanks.

4.1.2 Single-Shell Tanks

The earliest document found on the SSTs that discusses tank design
loadings was Structural Evaluation-Underground Waste Storage Tanks
(Edgar 1955). However, except for discussing the specific gravity of the tank
waste and vapor pressure no other load cases were specifically presented.
The tank dome design and temperature effects on the concrete were discussed
but no design loads were given. According to Ramble (1983), explicit design
criteria for the SSTs do not exist; nor do original design calculations for
any operational and/or environmental conditions. Some post-construction
evaluations were performed at various times confirming structural adequacy of
certain tanks for the operational and environmental loads. Results of these
evaluations are discussed in Section 4.5.2.

4.1.3 Double-Shell Tanks

When the DSTs construction started in 1968, the Hanford Plant Standards
were in place and Standard Arch-Civil Design Criteria-Design Loads for
Facilities (SDC 4.1) specified design loads of dead, live, thermal, pressure,
wind, earthquake, and lateral earth pressure. The wind Toads were for surface
structures and were not applied to the tanks. The earthquake load was
specified as 0.25 g peak horizontal ground acceleration. At the time of the

1

SDC 4.1 has been superseded by GC-LOAD-01 effective March 15, 1996. However, GC-LOAD-01 does not
change the technical requirements of SDS 4.1, Rev. 12 and hence for this document SDC 4.1 wilt be referenced
for convenience.
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DST design, this specified earthquake 1oad was considered a safe shutdown
earthquake load and the tanks were considered Category I structures. The
original design calculations of DSTs and post-construction structural
evaluations performed for certain tanks against operational and environmental
loads are discussed in Section 4.5.3.

4.2 CURRENT LOAD CRITERIA

For the design of new and the evaluation of existing facilities for
natural phenomena hazards, DOE has established performance categorization
guidelines that establish load criteria. These guidelines are contained in
DOE-STD-1021-93, Natural Phenomena Hazards Performance Categorization
Guidelines for Structures, Systems, and Components (DOE 1993b). As defined in
these guidelines, there are four performance categories. The performance
category a SSC falls in determines the level of rigor required of the analysis
or evaluation, and expected performance.

4.2.1 Tank Evaluation Criteria

4.2.1.1 Existing Criteria. The design criteria used at the Hanford Site have
been changed several times in the past. The Hanford Plant Standard SDC 4.1
was originally issued in April 1957 and had been used for structural design
and evaluation sitewide. SDC 4.1, revision 12 was jssued in September 1993
and is the current criteria at the time of this evaluation. SDC 4.1,
revision 12 is in compiiance with DOE Order 6430.1A, General Design Criteria
(DOE 1989). In accordance with DOE Order 6430.1A, the methods for evaluating
loading intensities and design acceptance of the structural response to the
natural hazard phenomena of earthquake, wind, and flood are outlined in the
University of California Research Laboratory UCRL-15910, Design and Evaluation
Guidelines for DOE Facilities Subjected to Natural Phenomena Hazard

(LLNL 1988). The design requirements for non-reactor facilities subjected to
natural phenomena hazard loads are specified in UCRL-15910 using "facility
usage categories." Four usage categories are presented: (1) General Use,
(2) Important/Low Hazard, (3) Moderate Hazard, and (4) High Hazard. For
design purposes and application of these criteria, the design loads for
facilities have been separated by safety class designation. For non-reactor
facilities, four safety classifications of SCCs are defined, one for each of
the UCRL-15910 usage categories. SDC 4.1, revision 12, uses safety class
designation in accordance with the UCRL-15910. These requirements are
contained in Nuclear Facility Safety Analysis Manual (WHC-CM-4-46).

4.2.1.2 Future Criteria. In January 1993 the DOE Order 5480.28, Natural
Phenomena Hazards (NPH) Mitigation (DOE 1993), was issued. This order and its
required standards contain all of the requirements for the design of new SSCs
and the evaluation of existing SSCs. For design purposes and compliance of
DOE Order 5480.28, the design loads and acceptance criteria for SSCs are
required to be correlated to the performance category (PC) designation which
is different from the designations of the safety class (SC) per Nuclear
Facility Safety Analysis Manual (WHC-CM-4-46). However DOE Order 5480.28 has
not been fully implemented for use on the Hanford Site. WHC is preparing a
new Level 2 controlled manual, WHC-CM-1-12, Design and Evaluation - Structural
Design and Evaluation Criteria, that represents the WHC site interpretation of
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the requirements in DOE Order 5480.28. This document will be released upon
approval by DOE-Headquarters of the new Hanford Site seismic hazard analysis.

This report is prepared on the basis of SDC 4.1, revision 12. However,
the new requirements given in the DOE Order 5480.28 are also discussed.

4.2.1.3 Safety Class and Performance Category Correlation. As discussed in
Section 4.2.1, various design criteria designations exist in the current and
previous DOE orders. The correlation among safety class designations in the
various standards and the performance categories is shown in Table 4-1.

4.3 EVALUATION LOADS

4.3.1 General

The type of tank loadings and their corresponding definitions in this
report follow American Society of Civil Engineers (ASCE), ASCE 7-88, Minimum
Design loads for Buildings and Other Structures (ASCE, 1990), that is used
by DOE-STD-1020-94 (DOE 1994). ASCE 7-88 defines four categories of
loading: (1) dead Toads, (2) live Toads, (3) soil and hydrostatic pressure
loads, and (4) environmental loads.

4.3.2 Dead Loads

Dead loads comprise the weight of all permanent construction, including
walls, floors, roofs, ceilings, stairways, and fixed service equipment, plus
the net effect of pre-stressing. For the tanks, this definition includes the
reinforced concrete, the steel liners, and risers. The unit weight of the
reinforced concrete and steel liners are shown below. The weight of the
risers are negligible compared to the concrete and steel.

Unit weight of material (Ibs/ft3)
Reinforced concrete 150
Structural steel 490

The dead Toad does not change during the life of the structure unless
there is a modification of the structure's configuration.

4.3.3 Live Loads

Live Toads are those loads produced by the use and occupancy of the
building or other structure. For the tanks, this definition includes Toads
that might be applied to a tank from various activities (e.g., movable
equipment and other loads that vary in intensity and occurrence). Live loads,
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in this case, also include what is often defined as a separate load, operating
loads. Thus, live loads can be internal or external to the tanks. The
external live loads are concentrated loads, such as a single crane on the
surface, and uniform loads, such as snow or ash on the ground surface.

The internal loads are loads that change based on plant equipment and
operation. In the case of the tanks, these loads are hydrostatic, thermal,
internal pressures, and equipment.

4.3.3.1 Concentrated Loads. A concentrated load of 90 t (100 tons) has been
used in evaluation of the SSTs and a concentrated load of 45 t (50 tons) was
used for the evaluation of the DSTs. These concentrated loads are due to the
assumed weights of cranes that would be required for 1ifting heavy equipment
on top of the dome. The foot print area of the concentrated loads for both
SSTs and DSTs is assumed to be 6 m (20 ft) in diameter. The difference in the
concentrated loads for SSTs and DSTs are due to assumptions of crane weights
that were used in the original design and evaluations.

In addition to the crane loads, heavy equipment such as mixer pumps need
to be considered. Currently a test mixer pump weighing approximately 9,072 kg
(20,000 1bs) exists in Tank 241-SY-101. Mixer pumps with varied weights may
be placed in other tanks in the future. Load evaluations will be made prior
to the field installation of the pumps.

4.3.3.2 Uniform Loads. No uniform load is specified for SSTs
(Dougherty 1994). The uniform toad is 1.9 kPa (40 psf) for all DSTs
(Heubach 1994) including aging waste facility (AWF) tanks 241-AY and -AZ
(Aguirre 1994) although AWF tanks were originally analyzed for 4.8 kPa
(100 psf).

4.3.3.3 Internal Hydrostatic Loads. The hydrostatic loads inside the tanks
are caused by the Tiquid waste. The hydrostatic pressures is a function of
the height of the liquid free surface relative to the point of interest below
the waste and the waste specific gravity which varies from tank to tank. The
tanks were designed for a maximum design height of liquid and a maximum design
specific gravity value. The original specific gravities established for each
SST farm are shown in Table 4-2. Over the years of operation, waste materials
in certain tanks have changed from liquid to sludge or crust. Current
Operational Safety Requirements (OSR) safety limits on the maximum specific
gravity for the waste materials and waste levels are shown in Table 4-3,
grouped by tank farms.

4.3.3.4 Thermal Loads. The thermal loads are caused by heat generated by the
operation. In the case of the tanks, this load is generated by the radiation
induced heat from the waste. The amount of heat applied to the tanks varies
based on the chemistry of the waste, the changing level of waste, the amount
of water injected into the waste for cooling, and the ventilation system.
Elevated temperatures affect the tank structure in the following three

areas: (1) thermal stresses in the structural members due to high temperature
gradients and differential thermal expansion between the concrete and steel;
(2) thermal creep of the structural members as a result of the long-term high
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temperature effect; and (3) structural material degradation due to high
temperature exposure and the cyclic heating and cooling process. The
structural behavior under thermal Toad is rather complex and is discussed in
Section 4.5. The maximum waste temperatures for structural design are 177 °C
(350 °F) for all SSTs (WHC 1995h). The maximum waste temperatures for DSTs
are 121 °C (250 °F) for 241-AN, -AW, -AY, and -AZ tanks; 99 °C (210 °F) for
241-AP tanks; and 121 °C (250 °F) for 241-SY tanks. Current operating limit
temperature for SSTs is 149 °C (300 °F). The operation limits for DSTs are
93 °C (200 °F) maximum for 241-AN, -AW, and -SY tank farms; 82 °C (180 °F)
for 241-AP tanks; and 149 °C (300 °F) maximum for AWF 241-AY and -AZ tanks
(WHC 1995i).

4.3.3.5 Internal Pressure Loads. The internal pressures resulting from vapor
space pressures vary with the waste levels in the tanks. For evaluation
purposes, the internal pressure loads are enveloped within a range from

-3.7 to +15 kPa (-15 to +60 in. w.g.) for all tanks (Dougherty 1994,

RHO 1978).

4.3.4 Soil and External Hydrostatic Pressure Loads

Soil loads on the tanks are the soil overburden on the top of the tank
and lateral pressures along the outside of the tank wall. The soil loads are
functions of the soil backfilling placement procedures during construction and
depend on placement, compaction, and soil properties such as cohesion and
friction angle.

External hydrostatic pressure loads are defined by ASCE 7-88 (ASCE 1990)
as those pressures that result when a portion or the whole of the structure-
adjacent soil is below a free-water surface. In such cases, computations
shall be based on the weight of the soil diminished by buoyancy, plus full
hydrostatic pressure. Because of the Hanford Site semiarid climate, and the
water table being 92 m (300 ft) below the surface, there is no need for
consideration of this external hydrostatic pressure case.

Soil densities and depth of overburden backfills differ at various
tank farms, The soil densities at various tank farms range from 1,762 to
2,002 kg/m> (110 to 125 ib/ft®). The depth of soil overburden at the apex of
the tanks is 1.5 to 3 m (5 to 10 ft) for SSTs and 1.8 to 2.5 m (6 to 8.1 ft)
for DSTs. A summary of the soil density and depth of overburden for each tank
farm is provided in Table 4-4.

4.3.5 Environmental Loads

Environmental loads consist of wind loads, snow loads, rain loads,
earthquake loads, flood load, and volcanic ashfall Joads.

4.3.5.1 Wind Loads. The wind load can be caused by down burst, extreme
straight winds, and tornadoes. However, since the waste tanks are buried
underground, wind Toads are not applicable; except for above ground facilities
such as ventilation system including high-efficiency particulate air (HEPA)
filters.
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According to the Hanford Plant Standard SDC 4.1, the fastest-mile wind
speed to be used for developing the extreme wind load at the Hanford Site is
a straight wind of 145 km/h (90 mph) at a height of 10 m (33 ft). The
importance factor to be used in the wind load calculations is 1.0 and Exposure
Factor is C. The horizontal missile generated by the design wind speed is a
2 x 4 timber plank with a weight of 7 kg (15 1bs) at 22 m/s (50 mi/h) and
maximum trajectory height of 15 m (50 ft).

4.3.5.2 Snow Loads. Snow loads for the area are based on the Hanford Plant
Standards SDC 4.1. A uniform Toad of 960 Pa (20 psf) is to be used for snow
load calculations in accordance to ASCE 7-88 (ASCE 1990).

4.3.5.3 Rain Loads. As intended by the authors of ASCE 7-88, rain loads

are those roof loads caused by heavy rains and do not consider ponding or
flooding. Neither Hanford Plant Standard SDC 4.1 nor ASCE 7-88 specify rain
Toadings. However, in the structural evaluation, it is assumed that rain load
is equivalent to the snow.

4.3.5.4 Earthquake Loads. The Hanford Site is located in the Pasco Basin in
the Intermontane Plateau Physiographic Province. The site is an area of low
magnitude seismicity that has been instrumentally monitored since 1969.
Seismotectonic studies were completed for the design and construction of the
Fast Flux Test Facility. These studies culminated in a site-specific seismic
design response spectra anchored at 0.25 g peak horizontal ground motion
(Figure 4-1). The Fast Flux Test Facility was not licensed by the

U.S. Nuclear Regulatory Commission; however, the U.S. Nuclear Regulatory
Commission did review the final safety analysis report.

The Fast Flux Test Facility seismic design criteria were incorporated
into the Hanford Plant Standards, "Architectural-Civil Design Criteria,"
SDC 4.1, revision 6, in November 1973. The seismic design criteria given in
the SDC 4.1 were used for seismic qualification of safety-related equipment
and facilities at the Hanford Site until September 9, 1989 when the SDC 4.1
was revised to incorporate the design guidance of DOE Order 6430.1A
(DOE 1989). A graded approach to the design of DOE non-reactor facilities
was recommended, based on the hazard level of the facility. The postulated
seismic load for a high-hazard facility is equivalent to the 5,000-year
earthquake and, for a moderate hazard, is equivalent to the 1,000-year
earthquake. A median Newmark and Hall spectral shape was recommended by the
DOE design guidance.

A probabilistic seismic hazard study was completed for the various
facility Tocations on the Hanford Site (Tallman 1989) to determine the 5,000-
and 1,000-year ground motions. Revision 11 of SDC 4.1 incorporated the DOE
guidance and the results of the seismic hazard study. The response spectra
for high- and moderate-hazard facilities are anchored to 0.2 g and 0.12 g peak
horizontal ground motion and are illustrated in Figures 4-2 and 4-3,
respectively.

4-6



WHC-SD-TWR-RPT-002 REV 0

During 1993, the DOE-RL transmitted DOE Order 5480.28, Natural Phenomena
Hazards (NPH) Mitigation (DOE 1993), to WHC for compliance. The order
includes stringent new NPH criteria for the design of new facilities and the
evaluation and upgrade of existing DOE facilities. The order requires that
the facilities be classified into performance categories as discussed in
Section 4.2.

In 1995 DOE issued DOE Order 420.1, Facility Safety (DOE 1995). This
order contains the same NPH requirements as DOE Order 5480.28. It will
supersede DOE Order 5480.28 when the effective date is established through
contract revision. Seismic peak ground acceleration values for the current
and tentative future implementation of DOE Order 5480.28 (or equivalent)
seismic design criteria are shown in Table 4-5.

As discussed in Section 4.2.1.2 the tank farms are classified as
Performance Category 3 (PC-3) facilities per DOE Order 5480.28. The
corresponding Design Basis Earthquake for the tank structures Jocated in the
200 Area of the Hanford Site is 0.26 g peak free-field horizontal ground
acceleration. However, for existing SSCs that cannot meet this requirement,
they may be evaluated for a seismic hazard exceedance probability of twice the
recommended value for new SSCs in accordance with DOE-STD-1020-94 (DOE 1994).
For existing SSCs Tocated in the 200-Area of the Hanford Site this corresponds
to a peak ground acceleration of 0.19 g.

4,3.5.5 Flood Loads. There are two types of flooding that must be considered
as defined by DOE-STD-1020-94 (DOE 1994), regional floods (i.e., river
flooding) and local precipitation that effects roof design and site drainage.

The 200 East and West Areas where the tanks are located are on a plateau.
This area of the Hanford Site is located above the highest elevation that
would be reached by Columbia River flood waters during the probable maximum
flood. Flood scenarios have also been reported for seismically induced
failures of upriver dams on the Columbia River. Maximum flood water
elevations for these scenarios are also below the elevation of the plateau.
Thus, regional flooding is not a Toad case that needs to be considered.

Although no studies have been conducted to date to determine the
likelihood of intense precipitation to cause severe flooding at the site, the
1.9-kPa (40-psf) live load the tanks are designed for would handle up to 18 cm
(7.2 in.) of water. It would be unlikely to accumulate this much water over a
tank since there are no dikes to prevent runoff.

4.3.5.6 Ashfall Loads. Volcanic ashfall is an expected natural phenomenon
lToading in the same category as extreme wind and earthquake. As specified in
the Hanford Plant Standard SDC 4.1, revision 12, the design ashfall load is
1.15 kPa (24 psf).
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4.4 TANK LOAD GROUPING

As discussed in Sections 2.1.1.2 and 2.1.1.3, the SSTs were grouped
into four types and the DSTs were grouped into one type when discussing
their general design features. In addition, there were two other distinct
groupings, an SST grouping and a DST grouping. When determining the
structural stability or failure modes to a particular load case, the
evaluations, in a number of cases, can be limited to considering the response
of a single SST or a single DST. However, because of the way the tanks were
operated (some tanks have experienced higher waste temperatures than others
and differences in waste composition affect the maximum load that can be
generated under postulated accident conditions), it is impossible to state
that the conditions for lose in structural stability or failure will be the
same for all SSTs or for all DSTs. To analyze each and every tank for their
own unique characteristics and the multitude of normal and accident loadings
would be an enormous task that, based on the overall tank similarities, would
not lead to a better understanding of tank performance under load. Thus, the
tanks are placed in one or more groups in an attempt to group those tanks most
similar depending on tank design, operating condition, and tank content.

4.5 TANK STRUCTURAL EVALUATION

4.5.1 Tank Grouping

For the evaluation of the tank structures subject to the normal operating
and environmental loads as described in Section 4.3, the tanks are grouped
into $STs and DSTs based on the construction configuration of the tanks.

4.5.2 Structural Evaluation of Single-Shell Tanks

As described in Section 2.1.1.2, the SSTs consist of four different types
based on capacity. The 200-Series SSTs were constructed of 6 m (20 ft)
diameter reinforced concrete cylinder with a flat base mat and top cover.

The 100-Series SSTs were constructed as a reinforced-concrete cylindrical

shell with an inside diameter of 23 m (75 ft), a base mat, and an ellipsoidal
dome. The capacities of the 100-Series SSTs vary with the height of the wall.
A1l SSTs are lined with a carbon steel liner along the wall and the base mat.

Because the project plan does not include the engineering task of new
structural analysis, the structural evaluation of the SSTs are based mainly
on the results from previous work. As a result of a document search, the
original design criteria and calculations were not found during the course of
this structural assessment process. However, several reports were found that
provided structural evaluations of the tanks. These reports were prepared for
various purposes at various times during the operation of the tanks. The SST
structural assessment contained herein was made on the basis of these existing

4-8



WHC-SD-TWR-RPT-002 REV 0

documents. In order to minimize the repetition of outlining the findings from
each of these existing reports, representative evaluations are discussed in
the following sections. These representative evaluations of the SSTs include:

o Load Sensitivity Study. This report performed tank structural
analyses on a broad basis that covered all SSTs by grouping the
tanks in accordance with the geometry and capacity of the tanks.

It is the only complete overall tank structural evaluation among all
existing engineering reports for the SSTs.

e Analysis of Underground Waste Storage Tanks 241-AX. This report
demonstrated detailed analytical techniques and loading
considerations for the 3.8-ML (1-Mgal) tanks. It provides more
specific information related to the structural analysis/evaluation
process.

e Tank 241-C Structural Integrity Evaluation. This is the most recent
structural analysis for a SST. Thorough assessments were made for
the stresses of the tank structure, material properties, and safety
margins under various loading conditions.

e Ultimate Load Test of a 1/10th-Scale Model. A reinforced concrete
model test was performed. This model test provided real structural
behavior under the testing loads. Valuable information obtained
from this test provided a good reference for the assessment of the
structural integrity that was performed by the analytical approach.

4,5.2.1 Load Sensitivity Study. The most recent and complete investigation
of the structural adequacy of the SSTs is reported in the Single-Shell Waste
Tank Load Sensitivity Study (Ramble 1983). In this report, sensitivities of
the tank structural behavior for both the 100- and 200-Series SSTs under
various loads and load combinations were studied. Forces and bending moments
of critical sections of the structural elements were compared against code
allowables.

Each type of tank was analyzed for soil, equipment, hydrostatic,
and thermal loads. The sensitivity of the structural behavior of the
particular tank to each of the loads was determined by varying each load, one
at a time, and calculating the resulting stresses. The margins of safety for
each of the loads were also evaluated. The resultant stresses were then
combined with the additional stresses predicted for a 0.25 g peak ground
acceleration earthquake. Load combinations and design allowables used in the
study were based on SDC 4.1 and ASME Section III, Division 2 of the ASME
Boiler and Pressure Vessel Code.

Load sensitivities were investigated for the SSTs by both hand
calculations and finite-element computer analyses.
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Loading Cases

Various loads were applied to the tank structures. These loads
include the following loads: 1live loads, soil Toads, hydrostatic
loads, thermal load, and the seismic load. To obtain a clear
understanding of the sensitivity of the tank structural behavior to
the various loads, several increments of the live loads and soil
depths were applied to the computer model in the structural
analysis. Stress levels resulting from each increment of the load
cases were evaluated and adequacy of the structural integrity of the
SSTs was assessed.

¢ Live Loads. Live loads considered were 100,000, 200,000, and
400,000 Tbs acting on a 30 ft diameter circle over the center
of the tank dome.

* Soil Loads. Soil loads were increased in increments of height
above the dome at 6, 15, 25, and 30 ft as measured at the apex
of the tank until dome or wall failure stresses were reached.
The unit soil weight was 115 lb/fts; the lateral active soil
pressure coefficient was 0.4 (Shannon & Wilson 1974)

e Hydrostatic Load. The hydrostatic load cases consist of an
empty tank and full tank at maximum design capacity. The
specific gravity of the liquid waste was 2.0.

e Thermal Load. Three different analytical computer programs
were used for the investigation of the thermal effects on the
200-Series SSTs (75 ft diameter waste storage tanks). Each
program has an unique capability in predicting the structurai
behavior of the tanks under thermal loads. These three
computer programs are ANSYS (ANSYS 1982), SAFECRACK
(Rashid 1980), and NONSAP-C (NONSAP-C 1978). ANSYS is a
general purpose finite element computer program that has the
capability of stress analysis of the steel and concrete
structures. SAFECRACK is a finite element program developed
for the non-Tinear analysis of the reinforced concrete
structures to predict time-dependent stresses, displacements,
and cracking mechanism. NONSAP-C is a finite-element
structural analysis program developed to handle non-1inear
structural analysis problems involving time-dependent creep and
time-dependent cracking in reinforced concrete structures.
Thermal input data to each of the computer programs for the
structural analysis vary according to its purpose and
limitations.

Structural Analysis by ANSYS: Two thermal cases were
considered: the ambient temperature in an empty tank and

a 50,000 Btu/h heat load in the tank for 30 years

(Campbell 1981). These thermal loads were combined with the
other mechanical Toads and seismic load to determine a worst
case for the structural evaluation.

Structural Analysis by SAFECRACK: The tanks were analyzed for
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two different temperature distributions consisting of a maximum
operating temperature distribution and a recorded, worst case,
temperature distribution.

The maximum operating temperature distribution assumed a hot
base of 387 °F, a fairly steep thermal gradient in the lower
cylindrical wall, no thermal gradients through the tank haunch and
dome, and a dome centerline temperature of 266 °F. This temperature
distribution was obtained by a steady-state heat transfer analysis
considering 26_ft of waste contents with a heat generation of
0.265 Btu/h-ft. A surrounding soil conductivity of 0.2 Btu/h-ft-°F
was used. A detailed temperature distribution for the inner face of
the 241-SX tank is shown in Figure 4-4. A time-temperature history
over a period of approximately 26 years was also assumed to envelop
the variations of the waste temperatures during the long term
operation (Figure 4-5).

The worst-case temperature distribution was based on actual
thermocouple measurements of Tank 241-A-106, which between 1963 and
1966 reached a peak waste temperature of 594 °F and had waste
temperatures exceeding 400 °F for about 2 years. The thermal
history of this tank is shown in Figure 4-6. This temperature
distribution considered a maximum vertical wall temperature of
511 °F just above the footing. The maximum vertical wall gradient
was 112 °F/ft adjacent to the top 1.8 ft of sludge resulting in a
vertical gradient on the inside surface of 78.2 °F/ft. The
horizontal gradient was 2.1 °F/ft in the wall for a total
differential temperature of 49.8 °F.

The thermal profiles evaluated for these scenarios were
believed to be bounding in both maximum temperature and rates of
change. The mathematical instability of the earlier thermal
analysis models limited the thermal analyses in both the detail of
the thermal histories and the rates of temperature application.

More recent analyses have both better modeling tools and faster
computers to complete more analyses in a shorter time. There are
currently some outstanding thermal issues that have not been
addressed related to the fill and drain cycling. These concern the
through wall thermal gradients and the damage incurred to the upper
wall sections of the single shell tanks from these high differential
temperatures and high rates of temperature change. Mathematical
models currently tried to date have not had the ability to
accurately model these thermal conditions. The recommended means of
evaluating this is identified in Section 6.0.

The behavior of concrete under elevated temperature depends
upon the magnitude and time history of the temperature. The
analytical representation of the concrete's behavior is in the form
of time-and temperature-dependent material property parameters, such
as: creep strain, elastic modulus, ultimate compressive strength,
tensile cracking strength, hardening modulus, poisson's ratio, and
the plastic volume change parameter. In the structural analysis,
equations for the calculation of key material properties
(i.e., elastic modulus, compressive strength, splitting tensile
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strength, and creep strain) used in the SAFECRACK computer program
was modified to include the results of experimental data determined
by the PCA (Henager 1988).

Structural analysis by NONSAP-C: The liquid waste in the tank
is assumed to vary from 200 to 400 °F for 100+ years. The
assumed reference temperature (stress-free temperature for the
concrete tanks) is 75 °F. The thermal history assumed that
the concrete tank bottom center 1ine exhibits the highest
temperatures. The tank bottom temperature varies from 215 °F
at time zero to a peak value of 460 °F, then decreases to
approximately 155 °F 100 years later. The concrete wall
temperature rises to about 245 °F for 1 year, increase to

380 °F in 11.5 years, and then decrease to about 145 °F in

100 years. The dome experiences the smallest thermal loading,
rising to 150 °F for 1 year, then increasing to 204 °F, and
substantially decreasing below 125 °F by the 100 year mark.

The peak temperature distribution for this analysis is assumed

460 °F along the bottom base, 205 °F along the dome, and an uniform
gradient up the wall of about 8.5 °F/ft (Shippell 1980).

Seismic Load: The peak horizontal ground acceleration is

0.25 g and the corresponding vertical ground acceleration is
2/3 of the horizontal acceleration. The tank structural
seismic analysis was performed by utilizing AXIDYN (EERC 1969)
and FLUSH (EERC 1975) computer programs. The results of this
analysis were combined with those of the thermal-creep
(SAFECRACK) analyses. The combined forces and bending moments
were checked against the axial force and bending moment
interaction diagrams (P-M Diagram) which were constructed from
code allowables of the reinforced concrete sections. A typical
P-M Diagram is shown in Figure 4-7.

B. Findings of the Load Sensitivity Study

200-Series SSTs. The results of the structural analysis
indicate that the effects of the hydrostatic load are
negligible. The stresses in the reinforced concrete structural
members due to various normal operating loads are well within
the code allowables. The overall structural integrity of these
tanks have been found to be structurally adequate for the soil
overburden, hydrostatic loads and seismic loads due to a 0.25 ¢
peak ground acceleration. Since these tanks have never been
subjected to elevated temperatures, the degradation of the
concrete properties due to temperature does not affect the life
of the structure.

100-Series SSTs. Two types of the SSTs were investigated in
detail: the 3.8-ML (1-Mgal) and the 2-ML (533,000-gal) capacity
tanks. The tank geometry of the 2.9-ML (758,000-gal) capacity
tanks differs from the other two types only in wall height and
thickness. Also, the results of the tank analyses show very
Tittle difference between the 2-ML (533,000-gal) and 3.8-ML
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(1-Mgal) tanks; therefore, the 2.9-ML (758,000-gal) tanks are
considered to be bounded by the other two types of tanks.

Results from the computer analyses indicate that the thermal
and soil loads have the greatest effect on the structural integrity
of the tanks, and that equipment, or live loads and hydrostatic
Toads have the least effect. The analyses treated a variety of
thermal histories and heating rates. A summary of the input data
for the thermal-creep and ultimate load analyses is shown in
Table 4-6. These input data varied from maximum wall temperatures
ranging from 250 °F for 241-BY SSTs to 511 °F for 241-A SSTs,
heating rates from 2.9 °F/day for 241-AX SSTs to 48.4 °F/day for
241-A SSTs and lengths of creep analysis from 15 days for 241-A SSTs
to 3,752 days for 241-SX SSTs. The safety factor against the
failure due to soil load at the end of the creep period is
approximately 3.0 for all tanks. Based on the plot of the
interaction diagram of the axial force and bending moment of the
various concrete sections of the tanks it is found that the
combinations of the seismic stresses and those calculated from the
thermal-creep analyses are well within the code allowable limits.

As previously described the worst-case temperature distribution
was obtained from actual thermocouple measurements of Tank 241-
A-106. A thermal-creep analysis was performed for this tank. Using
the finite element model the tank was heated from ambient
temperature at 75 °F to maximum temperature in four time steps of
3-day duration each. Soil and live loads were kept at base load
values for the first four steps, after which the soil load factor
was increased to 3.0. Minor cracks of the concrete occurred in the
haunch and lower wall area. Reinforcing steel stresses were below
yield except for the four bottom elements where the wall connects to
the base mat. It is concluded from the results of this analysis
that the tank withstood this worst-case temperature distribution
satisfactorily.

4.5.2.2 Tanks 241-AX Evaluations. In addition to the load sensitivity study
described above several other structural evaluations for the SSTs were also
performed at various times during the past. Most of these structural
evaluations were performed in the 1960's and 1970's. Findings of these
reports were either used or referenced in the Single-Shell Waste Tank Load
Sensitivity Study (Ramble 1983) as described in Section 4.5.2.1.

A thermal-creep analysis was performed for the 241-AX tanks and the
analytical approach, as part of the entire tank structural analysis, is
described as follows:

Structural analysis of 241-AX tanks: The 241-AX SSTs were
analyzed to assess their ability to withstand all credible
load conditions during their use (RHO 1978). The purpose
of the evaluation was to determine the combined effects of
tong-term dead, live, and thermal loads and the earthquake
ground motions on the tank structures. In this report the
stresses induced by the applied loads were combined with
the results of a thermal-creep analysis in order to assess
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the overall adequacy of the structure.

Loadings considered in the analysis consist of gravity load, hydrodynamic
Toads, and seismic loads. A finite element model was established (Figure 4-8)
and AXIDYN computer program was used.

Dead, Live, and Operating Loads. In this analysis, the dead and
live loads were considered as gravity loads consisting of weight of
all tank components, the weight of the waste with a specific gravity
of 2.0 to a height of 9.29 m (30 ft 5-5/8 in.) above the tank
bottom, an equipment load of 90 t (100 tons) over a 9-m (30-ft)
diameter area at the crown of the tank above the ground surface, and
an overburden soil ¢over of 2.4 m (8 ft) at the crown with an unit
weight of 115 1b/ft3. The operating loads include vapor pressure
above the waste material, thermal, and creep effects. The vapor
pressure was specified as ranging between -6 in. to +60 in. of
water. Thermal load and creep effects are discussed in the thermal
load subsection following the seismic load.

Seismic Load. The seismic analysis was conducted in two parts.

In one part, the interaction of the empty tank with the surrounding
soil was considered; in the other, the effect of the sloshing 1iquid
on the tank was examined. In this dynamic analysis, the time
history of the responses was computed for the soil-tank finite-
element model subjected to a horizontal ground motion of 0.25 ¢ and
a vertical ground motion of 0.167 g with a damping factor of 5%.

The motion of the tank under seismic excitation will cause
sloshing of the Tiquid waste, resulting in hydrodynamic pressures on
the tank. Hydrodynamic pressures were computed as input data for
the finite-element model of the structural analysis.

Thermal Load. In thermal analysis the temperature distribution,
which varied from about 230 °F on some regions of the dome outer
surface to 350 °F at the base was imposed in 20 increments extending
over a heating period of 100 days. This gave a maximum heating rate
of 2.85 °F/day from a base temperature of 65 °F.

The thermal-creep analysis which covered a period of 2,000 days
in the following sequence: mechanical loading at time zero, 100-day
heating period, steady-state to 2,000 days followed by an increase
of the mechanical loading (soil overburden plus live load) to 500%
of the design values. The end of the 2,000-day period established
the stationary creep and cracking condition of the structure, and
the last load phase would determine the residual safety factor
against the cracking condition of the structure. The tanks were
initially analyzed for the soil overburden, lateral soil pressures,
and the prescribed live loads. The tank was then analyzed for the
thermal Toading and continued to a point that stationary creep and
cracking conditions were established. The tank was finally analyzed
for seismic and hydromechanical loads, taking into consideration the
cracking pattern in the tank due to the previous loading condition.
The ultimate reserve capacity of the concrete section beyond the
gravity and thermal-creep loads was evaluated in the form of reserve

4-14



WHC-SD-TWR-RPT-002 REV 0

axial force-moment interaction diagrams.

¢ Summary of Findings for the 241-AX SSTs. Twelve sections in the
concrete tank wall and dome were chosen for constructing the axial
force-moment interaction diagrams (P-M Diagrams) (Figure 4-9).
These sections include longitudinal, circumferential, cracked, and
uncracked sections. The properties and stresses of the concrete
sections are given in Table 4-7, including the initial thermal-creep
stresses (2,000 days) in the steel and concrete and the total
additional moments and forces from the seismic and hydromechanical
analyses. Force-moment interaction diagrams were constructed and
structural members were checked. By checking the forces and moments
calculated for the chosen sections against the P-M interaction
diagrams, it was found that all points 1ie within the boundaries of
the respective curves (Figures 4-9 through 4-16) (RHO 1978). The
maximum stresses in the steel liner (Table 4-8) and thermal-creep
stresses in the steel Tiner (Table 4-9) indicated that all sections
have adequate capacity under the established Toading conditions.

4.5.2.3 Tank 241-C Evaluation. Another important structural evaluation is
the Tank 241-C-106 structural integrity evaluation (Julyk 1994). This report
is the culmination of tasks to characterize the in situ condition of

tank C-106; these tasks include a historical review of related design
documents, a thermal-history simulation, a material-property degradation
simutation, and an assessment of the structural capacity. The gquantitative
demonstration of structural adequacy for all loading conditions to which the
tank has been subjected during its lifetime was assessed. A time-history
creep analysis based on the temperature-distribution history and fill-and-
drain cycles was performed to establish the in situ condition of the tank.
The in situ structural integrity is demonstrated by applying the design-by-
analysis methodology to the provisions of ACI 349-90, Code Requirements for
Nuclear Safety-Related Concrete Structures (ACI 1990). The reserve strength
of the tank in its degraded state is determined by a nonlinear collapse-load
analysis for a uniform surface Toad over a 10-ft radius about the center of
the tank. This load is increased until the dome offers 1ittle or no
resistance to additional load. Calculations reported are for best-estimate
and for Tower-bound concrete materials as developed from the statistical
evaluation of the Hanford-specific concrete test data of core specimens taken
from tank farms 241-A, -T, and -U (Gillen 1978), PUREX Canyon Building, 202A
(Abrams and Gillen 1981, Gillen 1982), and Tank 241-SX-115 (Defigh-Price
1984). The assessments were based on tank structure conditions predicted for
45 and 55 years of operating service (from 1947 to 1992 and 2002,
respectively). The structural analysis included the surrounding soil,
concrete cracking, thermal creep, and structural property degradation
resulting from exposure to the predicted high-temperature service history for
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the tank. A 55-year upper-bound thermal history was developed and applied
conservatively to the structural analysis to establish the 1992 and 2002 in
situ structural conditions. The results of the evaluation demonstrated that
the structure is adequate for the in situ load conditions with significant
reserve load capacity (Julyk 1994).

4.5.2.4 Ultimate Load Test of a 1/10th-Scale Model. A 1/10th scale model of
the 3.8-ML (1-Mgal) SST (241-A tank farm) was constructed and tested to
failure under incrementally increasing static compressive Toading simulating
the soil overburden load supported by the dome (ARH 1969). The model was
instrumented extensively with strain gages and deflection gages. Prior to the
final static load test sequence the model was subject to a 38 °C (100 °F)
through wall thermal gradient that induced extensive cracking. The mode] was
tested to failure at a compressive pressure of 259 kPa (5,400 1bf/ft°)
including dead weight of concrete dome. At the ultimate Toad condition
spalling was evident from both inside and outside surfaces in the wall region
adjacent to the haunch. This test demonstrated that the reinforced concrete
tank has a factor of approximately 4 against failure, i.e., cracking and
spalling near the haunch region of the tank structure. The equivalent soil
overburden for the failure mode is about 13.7 m (45 ft) high as measured at
the apex of the tank dome while the operating limit for the soil overburden at
the apex of the dome of the SSTs is 3 m (10 ft). Considerable safe margin
exists for the normal operating conditions of the SSTs.

4.5,2.5 Structural Assessment of SSTs. As described in Sections 4.5.2.1

and 4.5.2.2, the structural integrity of the SSTs was evaluated by the
analytical approach. Findings presented in the reports demonstrated that the
SSTs have ample safety margin against the applied Toads which include dead
load, live load, operating load, and seismic load. Resultant stresses in
various structural components are all within the code allowable 1imits. Based
on these analytical data it can be concluded that the structural integrity of
the SSTs will not be compromised under any of the defined loads for the normal
operating condition. The force-moment interaction diagrams constructed for
the reinforced concrete sections showed that the structure has sufficient
reserve capacity to resist the seismic load. Thermal-creep is a important
factor that would affect the tank structural integrity in tong term high
temperature condition. However, the analyses have used degraded concrete
properties in the calculations and the results showed that the all stresses
are within the code allowable 1imits.

In the Single-Shell Waste Tank Load Sensitivity Study, a time-temperature
history for a period of approximately 26 years was assumed. During this
period several heating-cooling cycles were postulated. Also, in the
Tank 241-C-106 structural integrity evaluation as described in Section 4.5.2.2
the thermal analysis considered the fill and drain cycle of the waste. The
thermal effects to the structure due to heating and cooling cycles were
jnvestigated. Combined stresses due to mechanical loads and thermal loads are
found acceptable. However, the thermal transient associated with the moving
boundary of the free surface of the waste level as the waste level rises and
falls along the tank wall was not addressed.
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Cracks at the lower portion of the wall and haunch region are expected.
However, the tank structure is not predicted to fail or collapse due to the
design loads or the operating loads.

4.5.3 Structural Evaluation of Double-Shell Tanks

A1l DSTs have similar features and configurations and are considered as
the same type. In order to ensure the safe operation of these tanks, several
post-construction structural evaluations have been performed. Stress analyses
were conducted for various loading conditions of the tanks. Some analyses
were performed for the general tank structural evaluation and some for the
specific purposes such as seismic qualification, hydrogen mitigation, and
mixer pumper installation. Several reports are found to have very detailed
and valuable information that can be used for the assessment of the structural
integrity of the DSTs. Following is a brief description of the loads and
findings that were presented in these reports.

4.5.3.1 Existing Structural Analyses for Double-Shell Tanks. Several
existing structural reports for the DST evaluations were reviewed. The
analyses that were performed for the 241-AW and 241-SY tanks are considered
representative because of their scope of evaluation and completeness of
lToading consideration. In addition, an accelerated safety analysis for the
tank structures is discussed in this section.

A. Structural Analysis of 241-AW. The structural analyses for the
241-AW were performed to evaluate the design criteria and the
structural integrity of the underground waste storage tanks (JABE
1976a, JABE 1976b, and RHO 1978). Loads, analytical techniques, and
results are described in the following subsections. There are six
tanks in this farm and these tanks are also identical to tanks in
the 241-A7 and -SY tank farms. A1l DSTs provide dual containment
for the liquid waste. )

The purpose of this evaluation was to determine the combined effects of
long term dead, live, and thermal Tloads and the earthquake ground motions on
the tanks.

An axisymmetric finite-element model of the secondary concrete tank with
the surrounding soil was used for the computer analysis. The axisymmetric
finite-element model of the tank with the surrounding soil consists of shell
and solid elements. The soil-tank model was used for the dynamic analysis of
the tank-soil interaction during an earthquake and static analysis under
gravity loads. The soil boundary was at 61 m (200 ft) below grade, and 91 m
(300 ft) from the axis of symmetry. A separate axisymmetric finite-element
model without soil was used for the analysis of the primary steel tank.

The tank structural integrity was investigated by three analyses:

* Dynamic Analysis. The interaction of the tank with the surrounding
soil and the effect of the sloshing liquid on the tank. It is
assumed that the responses of the tank to these two earthquake-
induced phenomena are not coupled and may be computed separately.
The time history of response was computed for the soil tank finite
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element model subject to a time history of earthquake motion at its
base. The design earthquake has been specified as a time history of
free-field ground motion at the surface. The equivalent safe
shutdown earthquake motions at the base of the soil-tank model were
computed by a deconvolution procedure.

Gravity Analysis. Same model used in the dynamic analysis was used
in the analysis of gravity loads which include dead, live, and soil.

Nonlinear Thermal-Creep Analysis of the Concrete Tank. A finite-
element model of the tank and dome, including the secondary steel
Tiner was used for this analysis.

The following loads were considered in the analysis:

Gravity Load. Weight of tank and soil, liquid weight (3.8 ML

[1 Mgall), specific gravity 2.0), live load on surface (1.9-kPa
{40-psf]) uniform load and a concentrated Toad of 45 t (50 tons) at
central region of the axis of symmetry).

Hydromechanical Load. Acting on the primary steel tank which then
transfers them to the surrounding soil through connections to the
concrete tank dome and base slab which provides the rigid support of
the steel tank. Hydromechanical load consists of the following two
types of pressures:

- Hydrostatic pressure - Specific gravity is assumed 2. Vapor
pressure (+60 in. and -6 in. of water vapor pressure)

- Hydrodynamic pressure - It is assumed that the tank is rigid;
the Tiquid is nonviscous, incompressible, and homogenous; the
displacement, velocities, and slopes of the free surface of the
1iquid are all small; and flow field is irrotational.

Thermal Load. It was assumed that the reference temperature was

21 °C (70 °F); liquid temperature was 177 °C (350 °F) for a long
period of time. The base plate and most of the cylindrical wall
region of the primary steel tank that is in direct contact with the
liquig will reach and remain at the same temperatures as that of the
Tiquid.

Concrete is subject to creep under sustained loading, especially under
elevated temperature conditions.

Seismic Load. Horizontal peak ground acceleration is 0.25 g,
vertical ground acceleration is 0.167 g, and 5% damping factor.

A synthetic free-field ground acceleration time history correlated
to the safe shutdown earthquake design response spectrum developed
by URS/John A. Blume & Associates and was used in the dynamic
analyses.
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The seismic analysis consisted of two parts: Interaction of the empty
tank with the surrounding soil and effect of the sloshing liquid on the tank.
Coupling between the 1iquid motion and the tank motion was assumed to be
negligible because the frequency differences of the two motions are large.
This assumption was considered conservative.

Summary and Conclusion. Stresses in the primary tank are within
their allowable values. The stresses in concrete and rebar of the
concrete tank are also within their respective allowable values with
the exception of a few localized areas. The structure integrity in
the regions where these stresses exceed the allowable stresses is
not compromised. The center of the dome may show some slight
increase in deflection but there are redundant load carrying paths
in the frame bending action of the haunch and the lateral
confinement provided by the passive pressure of the soil that were
neglected in these original analyses that have been identified in
subsequent analyses. The increased flexural bending in the footing
results in a little greater soil pressure directly below the waill
but does not jeopardize the support of the wall and dome structure.

Cracking in the dome and upper wall region of the concrete tank is
expected under thermal and creep Toads. Satisfactory reinforcement
exists to limit this cracking.

Thermal-creep analysis results indicated possible local buckling in the
secondary liner in the haunch area. The analytical procedures used in the
report (RHO 1978) are summarized as follows:

Material Properties. The discussion of the equations for concrete
material properties used in the thermal-creep analysis is provided
in the RHO 1978. Material properties of steel liner and
reinforcement are shown in Table 4-10.

Loading Conditions. Steady-state temperature distribution with
temperatures ranging from 94 °C (202 °F) in the dome to a maximum of
176 °C (349 °F) 1in the cylinder. This temperature distribution was
interpolated for each element in the grid. The difference of 82 °C
(147 °F) between maximum and minimum temperatures created an axial
thermal gradient that exceeded 2.1 °C/em (1.5 °F/in.) at some
locations in the haunch region and would cause cracking of the
concrete in the haunch area.

The overburden loading consisted of soil backfill of 2 m (6.5 ft)
above the dome crown, and live loadings of 1.9-kPa (40-psf) uniform
plus 45-t (50-ton) concentrated. Rankine active soil pressure
coefficient of 0.4 was assumed to act on the cylindrical portion of
the structure.

Determination of Ultimate Load. The ultimate load analysis of the
structure was conducted at the end of the creep analysis period,
namely, after 10 years. At that time, the overburden Toading was
assumed to increase uniformly. By increasing the load factor to

two (soil depth to 4 m {13 ft]) the structure responded in a well-
behaved manner with the exception of stresses exceeding the cracking
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Timit at some isolated points in the structure. However, when the
load factor was increased to 3, the structure experienced excessive
deflection at the haunch and dome crown areas. As a result of this
condition and presence of the cracks extending throughout the cross
section, an effective hinge forms. On the basis of this analysis, a
load factor of 3 could not be attained without producing the hinge
mechanism. Therefore, a load factor of 2 is regarded as the highest
safety factor that can be assured before the hinge mechanism is
formed.

B. Structural Analysis of 241-SY. Similar to the above analysis, a
structural analysis was performed for 241-SY (ARH 1974). Far-field
boundary conditions in the computer model were fixed in the vertical
direction at 74 m (155 ft) below the base and radially 73 m (240 ft)
from the axis of symmetry.

¢ Thermal Load Used in the Analysis. Reference temperature at
70 °F, and liquid waste in the tank sustained at 250 °F over a
Tong period.

An evaluation of the results indicates that the stresses in the
primary steel tank are within their allowable value. The stresses in the
concrete and reinforcing steel of the concrete tank are also within their
respective allowable values with the exception of a few localized areas.
The structure integrity in the regions where these stresses exceed the
allowable stresses is not compromised. The center of the dome may show
some slight increase in deflection but there are redundant load carrying
paths in the frame bending action of the haunch and the lateral
confinement provided by the passive pressure of the soil that were
neglected in these original analyses the have been identified in
subsequent analyses. The increased flexural bending in the footing
results in a 1ittle greater soil pressure directly below the wall but
does not jeopardize the support of the wall and dome structure.

Results of Analysis.

Primary steel tank - Analyzed as a part of the overall soil-tank model
for gravity loads and earthquake ground motion. It was analyzed
separately for hydrostatic and hydrodynamic loads as well as thermal
Toads. The circumferential stress is dominated by hoop tensile force
caused by hydrostatic pressures. Under long-term loads (gravity
+hydrostatic+thermal) the maximum hoop stress is 15.3 ksi at lower
portion of the wall and with addition of seismic load stresses increase
to 20.1 ksi. The Tongitudinal stress under Tong term loads is maximum at
the base of the base knuckle having a value of 13.1 ksi which increases
to 19.3 ksi when seismic load stresses are added. The primary tank steel
is specified as ASTM 516 Grade 65. The allowable stress for such steel
at temperature around 250 °F is 21 ksi. Thus the maximum computed
stresses in the primary steel tank are less than this allowable value.
Maximum displacements of 0.165 in. and 0.104 in. under hydrostatic and
hydrodynamic pressures, respectively, occur near one third up from the
base.
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Secondary concrete tank - The secondary concrete tank was analyzed for
gravity Toads and soil-structure interaction due to earthquake ground
motion as a part of the overall soil tank model using the computer
program AXIDYN. The dome and cylindrical wall portion of it was analyzed
separately for thermal loads and creep using the SAFECRACK computer
program. The results of this thermal-creep analysis, including the
effect of gravity loads of the concrete tank dome and wall are discussed
in the Appendix A of the structural analysis for 241-SY (ARH 1974). This
thermal-creep analysis considered the nonlinear behavior of concrete.
Gravity loads including the active lateral soil pressure on the tank wall
were included as initial mechanical loading in the thermal-creep
analysis. The effect of thermal loads and creep on the base slab is
considered negligible and was ignored. The effect of hydromechanical
loads which act directly on the primary steel tank was found to be
negligible on the secondary concrete tank and was ignored. The lateral
displacements in the tank region of the soil-tank model under earthquake
motion are maximum at approximately the same time, 6.56 seconds after the
start of the earthquake motion. A relative lateral displacement of
0.136 in. between the top and bottom of the tank wall was predicted.

The maximum lateral accelerations due to the earthquake motions are

0.15 g at the base of the tank, 0.21 g at the roof of the tank, and

0.295 g at the soil surface close to the right vertical boundary.

The internal forces that were developed in the concrete tank under
earthquake loading were found generally much smaller than the
corresponding responses under dead load.

Results from the SAFECRACK analysis under initial mechanical loading
(i.e., gravity and soil pressure), indicate an upward displacement of
0.03 in. at the dome crown and an inward horizontal motion of 0.12 in. at
the base of the wall. Due to long-term creep effects, the displacement
at the crown of the dome stabilizes to 0.23 in. upwards and at the base
of slab to 0.34 in. outward.

During heating, the SAFECRACK analysis indicates that, by the time
temperatures reach their peaks, radial and meridional cracking has
occurred in regions near the dome and haunch. The maximum compressive
stress in the concrete is less than 1,600 psi, except in very localized
region at the dome crown soffit, where it is 2,600 psi. Maximum stresses
in the steel reinforcement are less than 24.2 ksi compressive and less
than 7 ksi tensile. The analysis further indicates that after long-term
creep, when stable conditions are established, the cracking spreads
somewhat but remains in the same general region. Under this condition,
the stress in the concrete is less than 1,000 psi, whereas stresses in
the reinforcing steel are less than 24.2 ksi compressive and 4.0 ksi
tensile. The high compressive stress (24.2 ksi) in the reinforcing steel
after heating and Tong-term creep effects is confined to a very small
area near the dome crown, being less than 13 ksi elsewhere.
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Independent Seismic Analysis.

Dome - The computed maximum stress is 5.4 ksi in the hoop steel in the
cracked concrete region near the dome haunch. The maximum stress in the
uncracked region of the dome is less than 120 psi compressive in the
concrete and 1.7 ksi tensile or compressive in the reinforcing steel.

Tank wall - The maximum compressive stress in the concrete is less than
400 psi, the maximum stress in the reinforcement steel is 11.5 ksi
(indicating some flexural cracking in the concrete at the base of the
wall in the longitudinal direction).

Slab - The highest longitudinal stress in the slab under long-term
lToading occurs in a localized region near the tank wall where the stress
in the bottom reinforcement steel is 35.8 ksi tensile and 2,000 psi
compressive in the concrete. Addition of seismic stresses increase these
values to 42.7 ksi and 2,475 psi, respectively. Elsewhere in the base
slab, the stresses are substantially smaller.

The allowable compressive stresses in the concrete are 2,025 psi (0.45 x
compressive strength) for long-term loads and 2,700 psi when seismic loads are
included. Thus, the compressive stresses in the concrete are within allowable
values everywhere in the tank except in a very localized region at the dome
crown soffit for a short period during and after heating.

Reinforcement steel is specified as ASTM 615-68 Grade 60 with minimum
yield strength of 60 ksi and allowable stress of 24 ksi for long-term loads
and 32 ksi when seismic stresses are included. The calculated stresses in
reinforcement steel exceed these allowable values in a couple of Tocalized
regions at the dome crown and in the base slab near the tank wall, though they
are well within the yield strength of the steel.

The maximum in-plane shear stress caused by seismic ground motion is at
the base of the cylindrical wall. The calculated maximum in-plane shear
stress is 395 psi which is smaller than the code allowable shear stress.

Summary and Conclusion

The DST structures have adequate capability to resist the normal
operating loads. Results of the seismic analysis and thermal-creep analysis
demonstrated that the stresses and deflection of the tank are all within the
code allowables. The stress levels in the concrete and reinforcing steel are
not truly indicative of the section capacity to resist load. More recent
analyses have evaluated the section capacities as well as the trend of the
capacity under changes in location, type and magnitude of the applied Toad.
The responses shown in the ASA analyses (Scott 1995) are more indicative of
the inherent conservatism and stability of the DSTs. Cracking in the dome and
upper wall regions of the concrete tank is expected under thermal and creep
Toads. Adequate reinforcement exists to Timit this cracking.
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C. Accelerated Safety Analysis (ASA) Structural Analyses. The ASA
structural analyses were conducted in two phases. Phase [ report
(Becker 1994) documented the ASA sensitivity evaluations and
findings (Hyde et al. 1994) and Phase II (Scott 1995) was a
structural analysis of the DSTs utilizing the ASA Phase I model to
verify the current DSTs' analysis of record for the maximum load
combination. The bounding normal and operating loads are
incorporated into the analysis process to determine the maximum
combined stresses in the tank. Degraded material properties and
structural elements are accounted for in the analysis process. The
analyses were focused on the following two tasks:

Task 1: Determine the worst case load combination for the DSTs and
compare the resulting stresses to the ACI code allowables.

Task 2: Apply the maximum load combination to the ASA model with
the thermally degraded concrete properties and creep associated with
the maximum temperature.

The evaluation concentrated on the structural capacity of the upper
portion of the DST secondary concrete structure which resists the overburden
and lateral soil loads. Results of the analyses were checked against the
axial force-moment interaction diagrams at specific concrete sections which
were constructed on the basis of code allowables. The structural integrity of
the DSTs was determined to be adequate under the normal operating load,
seismic Toad, and thermal load.

4.5.3.2 Structural Assessment of DSTs. Based on the detailed descriptions of
the DST structural analyses presented in Section 4.5.3.1, it is concluded that
the DST tanks have adequate safety margin to resist the normal operating loads
and the design basis earthquake. Stresses in the various components such as
primary tank, secondary tank, and secondary liner due to combined loads
consisting of the loads described in Section 4.3 are all within the code
allowables. Cracking of concrete in the haunch region is expected. However
these cracks are local, and with the sufficient reinforcing steel in the
concrete the tank structure would not be compromised.
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5.0 ULTIMATE LOAD CAPACITY AND FAILURE MODES
UNDER ACCIDENT LOADS

5.1 GENERAL

The complexity of the accident loads and the fact that the tank materials
would be taken to their ultimate capacity into areas were mathematical
formulations are weak at best, required an approach quite different than was
taken above to compare tank structural integrity against design loads. Thus,
when evaluating the tanks for accident Toads, gross tank capacity was examined
and judgements were made as to failure modes based on previous static and
dynamic analysis, engineering judgement, additional simplified analysis, and a
Delphi (expert opinion) process.

In order to evaluate the potential consequences of the various postulated
accident scenarios, structural capacity and failure modes of the SSTs and DSTs
were investigated. Because detailed structural analysis is not included in
the current project plan, only bounding accident loads were considered in the
structural failure mode assessment.

5.2 EXCESSIVE EXTERNAL TANK LOADS

5.2.1 Excessive Concentrated Load

5.2.1.1 Load Description. An excessive concentrated load is assumed to be
induced from large equipment, such as a crawler-mounted crane, that is moving
over a tank structure to perform necessary maintenance. The effect of a
concentrate load on the tank structure is depending on the intensity and
location of the load. Load intensity is a function of the total weight of the
equipment and the size of its laydown area. The location of the load is
assumed to be on the soil at grade directly above the tank. The concentrated
load discussed here is actually distributed over a relative small area.

65.2.1.2 Tank Groupings. The tanks are grouped into 200-Series SSTs,
100-Series SSTs, and DSTs on the basis of tank structural configurations.

5.2.1.3 200-Series SST Failure Mode. Based on previous structural analyses
(RHO 1978 and Ramble 1983) that proposed operating design limit for a
concentrated load of 45 t (50 tons) distributed over an area with a 3-m
(10-ft) radius, it was estimated (Wagenblast 1996) that this type of SSTs
would fail at about 270 t (300 tons). The predicted failure mode inciuded
cracks in the flat roof structure and some concrete and soil falling into
the tank.

5.2.1.4 100-Series SST Failure Mode. Various load areas were used in
previous structural analyses of the SSTs. A concentrate load of 90 t

(100 tons) over an area with a radius of 9 m (30 ft) was used in the
structural analysis of the waste storage tanks 241-AX (RHO 1978).

. Concentrated loads varying from 45 t (50 tons) to 180 t (200 tons) over an
area with a 3-m (10-ft) radius were used in the Ramble (1983) structural load
sensitivity study. Results of these analyses indicate that the SSTs have

5-1



WHC-SD-TWR-RPT-002 REV 0

adequate safety margin when compared with ACI code allowables. Normally a
structure which satisfies the code requirements would have a factor of safety
between 2 to 3 against failure. Based on this findings and the 180-t
(200-ton) concentrate load used in the Ramble (1983) structural analysis it is
assumed (Leach 1996) that the concentrate load that could cause the tank to
fail is in the range of 270 to 540 t (300 to 600 tons) over a laydown area
with a 3-m (10-ft) radius.

The predicted failure mode is a flattening of the tank dome and eventual
shearing through a 3-m (10-ft) radius area centered at the crown of the dome.
Thus, the concentrated load, concrete, and some soil would drop into
the tanks.

65.2.1.5 DST Failure Mode. The reinforced concrete tank structure of the DSTs
would have the same factor of safety against failure as expected for the SSTs.
However, within the concrete tank of the DST there is a primary steel tank
supported and attached to the concrete tank dome. This primary steel tank
provides additional stiffness to the overall structure and would have a higher
load carrying capacity. It is assumed (Leach 1996) that the for DSTs the
concentrated load that would cause the tank to fail is in the range of 360 to
720 t (400 to 800 tons) over an area with a 3-m (10-ft) radius.

The predicted failure mode is a flattening the tank dome and eventual
shearing through a 10-ft radius area centered at the crown of the dome. Thus,
the concentrated load, concrete, and some soil would drop into the tanks.

5.2.2 Excessive Uniform Load

5.2.2.1 Load Description. Placing 3 to 15 m (10 to 50 ft) of additional soil
over the tanks would be considered an excessive uniform load.

5.2.2.2 Tank Groupings. Again the tanks can be grouped as in
Section 5.2.1.2.

5.2.2.3 200-Series SST Failure Mode. Based on previous structural analyses
(Ramble 1983) that proposed an operating design limit for uniform load of
3.7 m (12 ft) of soil cover, it was estimated (Wagenblast 1996) that the flat
roof structure would fail at about 96.5 kPa (14 psi). The failure mode would
be cracks in the flat roof structure and some concrete and soil falling into
the tank.

5.2.2.4 100-Series SST Failure Mode. Previous structural analyses

(Ramble 1983) proposed a maximum soil depth of 3 m (10 ft) for 100-Series
SSTs. Tank structural analyses indicate that the safety factor against dome
failure is on the order of 3 for a 2 m (7 ft) soil overburden with a soil
density of 115 1b/ft3. Thus, the equivalent uniform soil pressure at failure
is estimated as
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failure _
Psoil =3 (hana

dome
s + heq ) Yanal

where

failure
Psoil

equivalent uniform soil pressure at failure

hanat uniform height of soil above dome apex used
in analysis = 7 ft
hmf”“ = equivalent uniform soil height between dome haunch
and dome apex which is approximately equal to % h, .
Py aunch = height of haunch = 8.7 ft for SS§Ts
Yanal = soil density used in analysis = 115 1bf/ft>.

Or,
p_ . feiture - 3 915 1bf/Ft2,

soil
If the in-place soil density is different than the soil density assumed in the
analysis then the soil height above the apex of the dome at failure becomes

hfailure _ failure dome

= Psoil / Yin-ptace ~ heq
where
pfaiture soil height above dome apex at dome failure
Yin-place  iN-place soil density.
For an in-place soil density of 125 1bf/ft> the soil height above the dome
apex at dome failure becomes

hfailure = 27 ft
which is 17 ft above the current Timit.

For loads greater than the failure load the predicted failure mode is
failure in hoop tension in the haunch region or failure of the upper wall
region of the concrete tank. The dome rebar would spall (lose its concrete
cover), particularly in the wall to dome haunch and dome center regions.

The dome would begin to flatten and may snap through with increasing load
eventually breaking up with pieces of concrete and soil falling into the
waste. The amount of debris entering the tank would depend on how much of an
overload was applied to the dome.

5.2.2.5 DST Failure Mode. The Dots have a primary tank which is anchored to
the bottom face of the concrete tank dome by a 0.6 m (2 ft) square pattern of
studs. The compressive strength of the DST concrete is 30 to 60% higher than
that of the SSTs. However, it is estimated that the soil overburden failure
threshold depth of 6.4-m (27-ft) for SSTs may be conservatively applied to the
Dots. The failure mode would be similar to that of the SSTs but a smaller
percentage of debris is expected to fall into the tank because of the attached
ductile primary tank.
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5.2.3 Excessive Load Drop

5.2.3.1 Load Drop Description. Impact lToads may be generated on the soil
above the tank or in the pump pit from dropping objects lifted above the
surface by a crane or other 1ifting device. It is assumed that the drop is
a free-fall drop. In general, loose of tank structural integrity may be due
to a local failure (perforation) or due to the subsequent global response of
the structure. The potential for tank failure under this Toad condition
depends on the mass of the projectile, the initial velocity of the projectile
on impact, the frontal area of the projectile at the point of impact, the
stiffness of the projectile relative to the target structure, and the
effective mass of the target relative to the projectile mass. A relatively
hard projectile will be more likely to perforate the target structure rather
than cause a global response type failure.

§.2.3.2 Tank Groupings. Again the tanks can be grouped as in
Section 5.2.1.2.

5.2.3.3 200-Series SSTs Failure Mode. The 200-Series SSTs were analyzed for
an assumed drop load induced by equipment weighing 9,072 kg (20,000 1bs) and
an impact area with a 6l-cm (2-ft) diameter (Wagenblast 1996). Two cases were
investigated: in the first case the equipment was assumed to be dropped
directly on the center of the vertical walls of the rectangular pit structure
that houses the condenser stacks, and in the second case the equipment was
assumed to be dropped on the soil at grade adjacent to the rectangular pit
structure attached to the roof slab. The simplified hand calculations were
based on a conservative assumption that the rectangular pit wall and roof slab
can be idealized as a "T" beam simply supported at the ends. The roof slab
structure was predicted to fail in bending if the 9,072-kg (20,000-1bs)
equipment is dropped directly on the center of the rectangular pit wall from
essentially any height. The roof concrete structure and soil would fall into
the tank. In the case where the 9,072-kg (20,000-1bs) equipment is assumed to
be dropped from a height of 6 m (20 ft) on the soil at grade adjacent to the
rectangular pit, no damage to the tank structure was predicted

(Wagenblast 1996).

5.2.3.4 SST Failure Mode. The mixer pump safety assessment (Sullivan 1995)
considered several load drop accident scenarios which enveloped various
heights of the equipment drop and locations of impact. As a worst case, the
equipment was assumed to drop into the pump pit and hit directly on the
concrete pit floor above the dome. Sullivan shows that

e 2.5x10°J (187,500 ft-1b) drop onto the pump pit floor will cause
perforation of the concrete pit floor and partial penetration into
the dome concrete.

e 3.4x10°J (250,000 ft-1b) drop onto the soil above the dome

results in a penetration depth of 2 m (6.5 ft); the minimum depth of
soil above the dome at the dome apex.
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Based on the information given above, it was conservatively concluded
that equipment drops greater than 2.7 x 10° ) (200,000 ft-1b) striking
directly on the concrete pit floor above the dome might lead to perforation of
the dome. Concrete adjacent to the point of impact would spall off from the
dome. The extent of the spalling might extend outward to a distance of
approximately a 1.5-m (5-ft) radius from the impacted area. The analysis by
Sullivan (1995) is conservative. It limits the local damage to the pit floor
with only minimal penetration into the dome concrete.

If the equipment is dropped onto the soil at grade, the soil would act
to spread the impact force to a much larger area of the tank dome and absorb
much of the energy. The dome would not fail if the equ1pment is dropped on
the soil above the tank with an impact energy of 2.7 x 10° J (200,000 ft-1b)
because the soil would decelerate the mass and spread the Tload.

5.2.3.5 DST Failure Mode. The structural behavior of the DSTs due to
equipment or pump drop load is similar to the drop case for SSTs, except the
primary steel tank is ductile and large deflection of the steel tank is
expected before perforation. Hence, a greater impact energy would be required
to perforate the dome of a DST. In addition less concrete debris would Tikely
fall into the waste below than in the case of a SST.

5.3 EXCESSIVE INTERNAL TANK LOADS

5.3.1 General

Excessive internal tank loads consist of those loads that are beyond the
original design Toad categories and the magnitudes or intensities of the
forces and pressures generated within the tank structure as a result of an
accident exceeded the original structural design criteria. Specifically, the
excessive internal tank loads include high internal pressures and external
pressures (vacuum) due to various accidents such as hydrogen deflagration,
solvent fire, organic salt-nitrate reaction, gasoline fire in the annulus, and
significant amounts of water or waste leaked into the annulus.

General descriptions of the accident scenarios are briefly discussed as
follows:

Flammable Gas Deflagration. The flammable gas deflagration accident
scenario considers the deflagration of flammable gasses whose concentration
within the dome vapor space exceeds the lower flammability limit. The
flammable gas deflagration is relatively quick (seconds to minutes) in
duration, and hence adds 1ittle overall thermal energy to the tank system.
Potential effects to the structure due to heating of the tank are
insignificant.

Flammable gas generated and retained within SSTs and DSTs can be released

slowly under steady-state conditions or suddenly as a spontaneous gas reiease
event. Assumptions regarding the generation, retention, and episodic release
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of the gasses lead to wide uncertainty in the quantity of flammable gas
and the extent of mixing with oxygen in the tank dome vapor space prior

to deflagration from a potential ignition source. These assumptions
significantly affect the calculated deflagration rates and consequent tank
pressures.

Following a deflagration, the tank gas space is hot, and may include
condensable combustion products, such as water. As the tank cools, it is
possible that the cooling contraction of the gas would exceed the inleakage
ability to maintain the dome space pressure. This might lead to the formation
of a vacuum in the tank.

Organic Salt-Nitrate Reaction. Organic nitrate compounds are known to
exist in some tanks. If ignited, the burning of these compounds can generate
significant temperatures and pressures depending on the vent capacity of the
tanks.

The organic salt-nitrate reaction could only happen in some of the
dry SSTs. Those SSTs that are wet and contain liquid could not initiate an
accident of this type. Al1 DSTs contain liquid and would not have this kind
of accident.

Solvent Fire. Solvent pool fire within the tank could be ignited by
lightipng or other initiator. It is assumed that the resulting puddle fire is
0.28 w (3 ftz) and contains sufficient solvent to burn in 0,. A bounding
pressure and temperature were established for structural evaluation.

Gasoline Fire. [t is assumed that a transient pressure is caused by 76 L
(20 gal) of gasoline being spilled into the annulus of the DSTs. Further, it
is assumed that the gasoline is ignited and produces a transient pressure in
the annulus.

Excessive Internal Waste. Waste material could be accidentally filled
into the tanks exceeding the allowable level. The excessive waste would
result in higher hydrostatic pressures on the tank and higher temperatures in
the dome region of the tank structure.

5.3.2 High Pressure Loads

5.3.2.1 Load Description. High internal pressure loads in the tanks were
calculated for the following three accident scenarios:

» Hydrogen Deflagration. Peak pressures for a hydrogen deflagration
within the waste storage tanks are based on the stored gas volumes
in the various tanks during a gas release event and the
concentration of hydrogen in the released gas. The calculated peak
internal pressure due to a hydrogen deflagrations for DSTs is
10.6 atm absolute (1 atm = 14.7 psi) or 141 psig and the peak
pressure for 100-Series SSTs is 7.5 atm absolute or 88 psig assuming
that there is no vent path during the accident (see Appendix B).

The peak pressure for the 200-Series SSTs is assumed as 120 psig
(Wagenblast 1996).
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e Solvent Fire. Bounding peak pressures were calculated for the waste
storage tanks for a solvent fire. These pressures are 29 psig for
the 100-Series SSTs, 30.8 psig for DSTs, and 18.3 psig for the DCRTs
(Table 5-1) (Grigsby 1996). No design data has been established for
the 200-Series SSTs.

¢ Organic Salt-Nitrate Reaction. The organic salt-nitrate reaction
accident could only happen in some of the dry 100-Series SSTs.
Those SSTs that are wet and contain liquid could not initiate a
organic salt-nitrate reaction. All DSTs contain liquid and would
not have this kind of accident. Based on the results of the organic
salt-nitrate reaction analysis for a selected SST, the maximum
calculated internal pressure is 25.7 kPa (11 psig) and the
temperature is 687 °C (1,268 °F) at 3,000 seconds (50 minutes)
(Lee 1996).

¢ Gasoline Fire. The transient pressure for the gasoline fire
accident is caused by the ignition of 76 L (20 gal) of gasoline that
are spilled into the DST annulus. The gasoline is then vaporized
and ignited. It is assumed that a peak pressure of 140 psig could
be generated instantaneously (Wagenblast 1996).

5.3.2.2 Tank Groupings. Specific loading conditions were established based
on the contents and configurations of the tank structures grouped into
200-Series SSTs, 100-Series SSTs, and DSTs. Same groupings are used for the
tank failure mode assessment.

5.3.2.3 200-Series SST Failure Mode. A peak pressure of 120 psig was assumed
in the evaluation and found that the reinforced concrete tank structure would
1ikely fail and cause an unobstructed opening or path between the waste and
the atmosphere (Wagenblast 1996).

5.3.2.4 100-Series SST Failure Mode. Tank structural behavior under pressure
load is dependent on the details of the deflagration. Potential tank failure
modes depend on factors such as pressurization rate, peak pressure, and
duration of pressure pulse. High-pressure loads generated within the SSTs
could be due to hydrogen deflagration or solvent fire. The primary features
that distinguish these scenarios from the organic salt-nitrate reaction is the
pressurization rate and the duration of the event. The gas and liquid
deflagrations are relatively quick in duration, although the solvent fire is
slow compared to the hydrogen deflagration. Hence, Tittle overall thermal
energy is added to the tank system. Potential effects due to heating of the
tank structure are not significant.

Based on existing analtyses for the SST static internal pressure capacity
(WHC 1994k) the predicted limiting pressure is approximately 11 psig for the
3.8-ML (1-Mgal) tanks and 15 psig for the 2-ML (533,000-gal) tanks. At these
pressures, some cracking and over stressing of rebar in the dome would occur.
This failure would lead to self venting through the soil. Any release through
this path would be filtered and distributed by the compact sand and gravel
soil overburden.
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The pressurization of the SST due to solvent fire is relatively slow
comparing to the Hydrogen deflagration. Based on the solvent fire transient
analysis the peak pressure is 29 psig and pressurization time is approximately
100 seconds assuming a 50-in. diameter flapper vent opens at a differential
pressure of 1 psi. As described above, the concrete dome would start to crack
at a pressure of 11 to 15 psig and the pressure within the tank could not
buildup beyond the Timiting pressures due to venting, assuming that the
pressurization rate is sufficiently slow. The tank structure is believed to
be able to withstand the soil overburden during and after the accident.

In the case of a hydrogen deflagration, the pressure intensity and
pressurization rate are high. It is a transient load and has significant
dynamic effects on the tank structures.

The peak internal pressure for the 100-Series SSTs is 88 psig. An
assessment of the structural integrity is discussed as follows:

A11 100-Series SSTs have the same diameter of 75 ft. The tank waste
storage capacity is determined by the height of the wall. The transient
pressures in the various tanks would have the same dynamic effect and result
in the same uplift force because the projected areas of all the domes are the
same. Based on the existing structural analysis the maximum internal pressure
used in the SST structural design was 7.5 psig (HW-37519). Because soil
pressures are significant loads at the time of the construction, the rebars
were provided mainly to resist the soil overburden on the dome and lateral
soil pressure on the cylindrical wall. The rebar quantity in the dome 1is
light. Only a minimum amount of vertical rebars were provided in the wall.
Due to lack of analytical data for the transient pressure analysis for the
$STs, an assessment of the peak pressure due to hydrogen deflagration and the
tank structural capacity based on engineering judgement was performed.

The SSTs have two areas that are potentially vulnerable to the high
transient pressure load. These areas are the upper wall region and the
central dome region. The section capacity of the upper wall region right
below the haunch was checked against the uplift force induced by the internal
pressure. In a typical shell type structure such as the waste storage tank,
in a pressure load case, membrane stresses normally govern the structural
design except locations at the discontinuities such as junction of the wall
and base mat, and spring line or haunch region where bending moments are
significant.

The engineering drawings and some evaluation analyses of the SSTs were
reviewed and it is confirmed that the weakest sections are locations in the
central region of the dome and the upper portion of the wall. The vertical
rebars provided in these regions are rather light. Typically in the dome
central region the rebar pattern is #6 rebar at approximately 12 in. on
center, each face, in hoop direction (0.88 1n2/ft) The radla] rebars in the
dome range from #6 at 24 in. on center, each face, (0 44 in /ft) to #6 at
12 in. on center, each face (0.88 1n2/ft) (Figures 5-1 and 5-2). In the upper
wall region, for the 3.8-ML (1-Mgal) tanks, such as tanks 241-A and 241-AX,
the vertical rebar areas are #8 at 20 in. on center each face (0.95 1n2/ft)
and #8 at 18 in. on center, each face (0.94 in. /ft) respectively
(Flgure 5-3). For 2.9-ML (758,000-gal) tanks, the rebar areas range from
0.66 in?/ft (3/4-in. diameter at 12 in. each face for 241-TY) to 0.88 in it
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(#6 at 16 in. each face for 241-TX) (Figure 5-4). The required rebar area for
the net uplift fogce for a 75 ft diameter tank due to the peak pressure of
88 psig is 2.8 in°/ft which is much greater than the available rebar areas of
any of the SSTs. As stated above all 100-Series SSTs have the same diameter.
Thus they all have the same uplift force under the same internal pressure
load. The net uplift force for each tank may vary somewhat due to small
height differences of the soil overburden which counteracts the internal
pressure. However, the variation of the soil load is insignificant in
calculating the required rebar areas for the transient pressure load. The
required rebar area was calculated using the ultimate tensile strength of
70,000 psi (Figure 5-5). Based on this calculation, the required rebar area
is found to be greater than the available rebar area by a factor of about 3.
It is concluded that the rebar will fail in tension in both the dome and the
upper wall at an internal transient pressure of 88 psig. If dynamic factors
are considered, the required rebar area would be even larger. It is likely
that the entire dome would be blown away at this high pressure.

No temperature data is available for the structural evaluation. However,
during the hydrogen deflagration the thermal effect of the structure is judged
to be negligible based on the following two assumptions: (1) it is a short
duration, and (2) tank structure has already failed by the high transient
pressure.

5.3.2.5 The DST Failure Mode. The structural integrity of DST was assessed
for the peak internal pressure of 141 psig in two parts. Note that this
pressure is greater than that assumed in the Delphi (Leach 1996) assessment
discussed in Section 5.3.2.7 below.

Part 1 - Overall Structural Stability: One of the unique design features
of the DST tank structure is the sliding connection at the junction of
the wall and base mat which was designed to accommodate the differential
thermal expansion due to heat generated within the stored waste. In
order to allow the relative movement between the wall and the base mat
due to thermal effects the joint was designed as a non-rigid connection.
Reinforcing steel dowels between the base mat and the wall were not
provided. Steel plates were attached at the bottom of the wall and top
of the base mat. Dry graphite was placed at the interface to allow
movement. The only connection between the wall and the base mat is the
secondary steel liner plate which covers the base mat and is anchored in
the vertical wall (Figure 5-6). The uplift force resulting from the peak
pressure in the primary tank could potentially push the secondary
concrete tank out of the soil. The structural stability subject to the
uplift force and the downward counteracting force acting on the tank
structure were investigated.

Simplified hand calculations (Appendix C) were performed for both the
uplift force and counteracting force acting on the tank. An assessment was
made for the structural stability of the tank under the peak pressure load
during a hydrogen deflagration accident.
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Based on the simplified static hand calculations, it was found that the
concrete tank structure could be uplifted from the base mat to a certain
height but very unlikely be pushed out of the soil by the pressure load.

The height of the uplift is judged to be Timited by the secondary liner

which could be stretched to the breaking point at an estimated strain of
approximately 15%. At this time, the pressure would probably decrease to a
Tower level due to (1) increase of tank volume as a result of tank expansion
and uplift and (2) crack or opening in the dome which is addressed in Part 2
of this investigation. Under the high uplift force, the secondary liner plate
at the junction of the concrete wall and the base mat would be deformed and
deflected upward. The stresses in the plate are bi-axial. For simplicity,
only the radial tension in the plate was assumed in the calculations.

Assuming the uplift force is uniformly distributed on the cross section of the
secondary liner plate, the stress was found to be greater than the tensile
strength of the secondary liner plate. It is concluded that the secondary
liner plate could fail. The height of the uplift of the tank could be limited
by the full stretch of the corner plate assembly of the tank and other
counteracting forces as the peak pressure decreases. Due to the frictional
force between the exterior face of the concrete wall and the soil and
deformation of the secondary liner plate, it is judged that after the tank is
Tifted it would not drop back down to its original position.

The above assessment was based on the approach that, at the time of the
H, deflagration, the primary tank could be stretched under the high pressure
load. Because the secondary concrete tank is not tied to the base mat, the
pressure acting on the dome becomes the uplift force of the concrete tank
Assuming the primary tank dome would not fail at this pressure, this uplift
force would quickly be transmitted through the dome, haunch, wall and
secondary liner, and to the base of the wall. Since there are no dowels in
the concrete, the uplift force will be carried by the secondary liner at the
base. The secondary Tiner at the junction of the wall and base mat is a
curved bent plate which runs along the joint of the wall and base mat to a
compiete circle. The bent steel plate will be straightened and deflected
upward under the uplift force. The calculated stress in the steel plate
exceeded the tensile strength of the material and could cause the liner plate
to fracture. This simplified static hand calculation demonstrates that the
secondary liner which is anchored in the concrete wall with studs and
structural steel angles could fail in tension and cause the concrete tank to
have an uplift during an accident event such as hydrogen-deflagration.

Part 2 - Dome Failure Mode: Under the pressure load, the dome will
expand outward in a radial direction. At locations where expansion is
constrained, high strain will be developed in the steel plate, particularly in
the areas of discontinuities such as the transition seams between liner plate
and insert plates, penetrations, and stiffeners. Concrete will be cracked
under tension.

The existing stress analysis for Tank 241-SY-101 (Christensen 1993)
showed that the primary tank dome would exceed the yield strain at the
junction of a 4-in. diameter riser and the transition seam between the 1/2-in.
insert plate and 3/8-in. dome plate under a pressure load of 60 psig. At an
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internal pressure of 141 psig the load acting on the dome is increased by a
factor of 2.3. Due to lack of analytical data for tanks under such a high
transient pressure load, an assessment of the structural response was made
based on the engineering judgement. In the event of a hydrogen deflagration
the tank would be pressurized to a peak pressure of 141 psig in a fraction of
a second.

Excessive strains would be developed in the areas of discontinuities.
The most likely section to initiate a crack or tear is at the transition seam
of the 1/2 in. insert plate and 3/8 in. general dome plate located along the
circle with a radius of about 6 ft from the center line of the tank. As soon
as the seam cracks under the dynamic pressure it will propagate along the seam
line until the entire insert plate is bent up or blown away. The dome will
fail by opening up a hole along the transition seam of the primary tank.
Further, because of the ripping and tearing of the plate along the failed
edge, damage of the remaining portion of the steel plate could occur at
certain weakened locations. Some radial cracks would be developed farther out
toward the haunch region. Concrete above the steel liner would be shattered
and the rebars significantly deformed. The overburden soil would be blown
away. It is estimated that the dome opening with serrated edge due to
hydrogen deflagration could reach to the region of the dome rebar transition
zone at a radius of 27 ft from the center line of the tank. The dome rebar
transition zone is the location where the dome radial rebars are spliced with
the haunch radial rebars (Figure 5-7). Typically, the dome radial rebars are
#6 at approximately 10 in. on center, each face, and the haunch radial rebars
are #9 at approximately 6 in. on center, each face. Since all splices are
placed at the same radius without staggering the rebar lengths, the transition
zone is believed to be the potential weak section in the concrete dome.

Beyond the transition zone toward the haunch region the concrete dome is
thicker and has heavier reinforcement. The strength of the section is also
higher. It is therefore concluded that during the hydrogen deflagration the
center portion of the dome would be blown open and then the remaining steel
liner would be cracked and deflected outward to a radius of approximately
27 ft from the tank center line. Concrete above the damaged liner would be
cracked and shattered. The soil overburden would be blown away. The sequence
of the structural responses during the accident event as described here may
seem to last a long time but all this could happen instantaneously. The
portion of the dome beyond the rebar transition zone and the haunch would
remain in place with rebars exposed in certain areas after the accident.

5.3.2.6 Caveat. The caveat of the SST and DST failure mode conclusions is
that since the hydrogen deflagration is a transient pressure load, the
simplified static hand calculations can only provide an estimate of the
failure mechanism and an engineering judgement of the structural behavior.

In order to determine the detailed structural response during the transient
pressurization of the tanks, a dynamic analysis using a finite-element method
should be performed to obtain the more accurate analytical data: for the
structural assessment.
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5.3.2.7 Delphi Panel Assessment. Findings of Delphi Structural Panel are
described as follows:

e For SSTs, the expected failure mode from gas or liquid deflagration
events Targe enough to cause pressure to increase to 11 to 12 psig
is cracking of the upper wall and dome. Unfiltered release would
take place through open risers, including 1ifting of cover blocks.
When the pressure exceeds 11 psig to 12 psig, additional release of
gases through the soil would occur.

¢ For DSTs, the primary tank further reduces the potential for
release. These tanks are not likely to fail until pressure reaches
about 55 to 60 psig. Below this pressure the primary tank will
bulge, 1ifting the entire concrete dome and side walls. The
ultimate failure mode may cause the rapid ‘can-opener' partial
opening of a flap in the tank dome starting at the transition seam
joint of the 1/2-in. plate and 3/8-in. plate at the dome.

5.3.3 High Internal Vacuum

A quasi-static vacuum condition was postulated as a post solvent fire
load case. This vacuum is caused by a solvent pool fire on the waste surface,
followed by cooling of the gases inside the tank.

5.3.3.1 Load Description. It was postulated in the solvent fire accident
analysis that the solvent is ignited by an initiator and burns until Tow
oxygen extinguishment. During the fire the heated headspace gases expand and
vent through a 127-cm (50-in.) diameter flapper vent opening. After the fire
is extinguished the pressure drops and the flapper vent closes, thus creating
a vacuum condition. The bounding vacuum is -6.8 psig for the 100-Series SSTs
and -8 psig for the DSTs (Table 5-1) (Grigsby 1996). A bounding vacuum of
-8 psig was assumed in the 200-Series SST failure mode assessment

(Wagenblast 1996).

5.3.3.2 Tank Groupings. Based on the vacuum loads and structural
configurations, tanks are grouped into 200-Series SSTs, 100-Series SSTs, and
DSTs.

5.3.3.3 200-Series SST Failure Mode. The tank structure was designed to
resist the lateral soil pressure on the side and soil overburden at top.
Adequate rebars were provided and the structure has ample margin to take the
additional external pressure load. Under a vacuum of -8 psig which is
equivalent to an external pressure load, the structural integrity of the dome
and wall would not be compromised. However the bottom slab is only 7-in.
thick and could fail but is not expected to result in an opening of the tank
to the atmosphere (Wagenblast 1996).

5.3.3.4 100-Series SST Failure Mode. Similar to the 200-Series SSTs the tank
structure has adequate margin to resist the vacuum of -6.8 psig. In

Section 5.2.2.4 it has been demonstrated that the SSTs have a load carrying
capacity of 17 ft of soil in addition to the existing soil overburden.
Further, the calculations performed for the structural load capacity

confirmed that the tank structure has greater pressure resisting margin than
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the bounding vacuum of -8 psig (Wagenblast 1996). The bottom slab of the
100-Series SSTs is thicker than the 200-Series SSTs and has much greater
strength to resist the uplift pressure from the bottom. It is therefore
concluded that the overall tank structure would not be compromised in case of
a post solvent fire vacuum event.

5.3.3.5 DST Failure Mode. The DSTs consist of a primary tank and a steel
Tiner attached to the secondary reinforced concrete tank. Based on the
structural evaluation of the DSTs for the vacuum condition the primary tank is
expected to buckle at a negative pressure of 1 to 2 psig (Wagenblast 1996).

At a vacuum of -8 psig the primary tank would fail and the anchor studs in the
dome would be pulled out of the concrete or ripped from the steel plate. Some
cracks and tearing of the primary tank are expected. As soon as the primary
tank opens due to buckling, the secondary tank would be subject to the
negative pressure. The DST secondary tank has a similar geometrical
configuration as the SSTs. It has a higher concrete strength and more rebars.
The structural capability to resist negative pressure is greater than for the
SSTs. It is concluded that under the vacuum of -8 psig the primary tank would
fail but the structural integrity of the secondary tank would not be
compromised.

5.3.3.6 Delphi Panel Assessment. Delphi Structural Panel assessed the SSTs
and DSTs for the post-fire vacuum condition and concluded that the tanks
should not fail under vacuum. The tank may be subject to buckling from
external pressure on the side of walls. Buckling of this nature would cause
the walls to crack, spall, and possibly move; potentially leading to local
loss of dome support and local slumping. The panel could not envision a
substantial potential for a failure mode leading to atmospheric release from
this type of external pressure failure. The panel also concluded that tank
failure due to vacuum following a gas or liquid deflagration is not likely.

5.3.4 Excessive Internal Waste

5.3.4.1 Load Description. This accident scenario assumes that the waste has
overfilled the tanks, i.e., the waste level exceeds the original design level.
The internal hydrostatic pressure is a function of the specific gravity and
the depth of the waste from the free surface of the waste to the point of
interest within the waste. For the 200-Series SSTs, the waste material could
be overfilled up to the bottom face of the flat roof slab. The 100-Series
SSTs have a dome type of roof and the waste material could be overfilled up to
the bottom face at the dome apex or up into the risers. The hydrostatic
pressure from the waste acts against the steel liner and is resisted by the
reinforced concrete wall which is surrounded by the backfill soil. The
lateral soil pressures on the exterior face of the concrete tank wall works to
counteract the internal hydrostatic pressure from the waste. The lateral soil
pressure is a function of the depth of soil from the soil surface at grade to
the point of interest along the tank wall. Waste in the DSTs is stored within
the primary steel tank which has a dome type roof. The waste material could
be overfilled up to the bottom face at the dome apex or up into the risers.
The hydrostatic pressure from the waste acts against the primary steel tank
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and the net lateral pressure on the primary tank wall is a function of the
waste hydrostatic pressure and the annulus air pressure between the primary
tank and the secondary tank.

5.3.4.2 Tank Groupings. Tank grouping is based on the design configurations
and the Toading conditions. The three groups are: 200-Series SSTs,
100-Series SSTs, and DSTs.

5.3.4.3 200-Series SST Failure Mode. These tanks are buried 3.7 m (12 ft)
below grade. The internal height between the bottom and the flat roof is

7.6 m (25 ft). Assuming the specific gravity of the waste is 2, the maximum
hydrostatic pressure at the bottom is 149 kPa (21.6 psi). The lateral soil
pressure at the same ]eve] is 101 kPa (14.7 psi) for a soil density of

1,842 kg/m3 (115 1b/ft ) and a Rankine coefficient of earth pressure of 0.5.
Cons1der1ng the Tateral soil pressure which counteracts the internal
hydrostatic pressure from the waste, the differential pressure at the base is
only 48 kPa (6 9 psi). For this ?ressure load the required rebar area per one
foot section is 1.61 cm’® (0.25 in The available rebar area in the wall is
5.7 e’ (0.88 1n2) The tank structure is found to have sufficient safety
margin under this pressure load and is not expected to fail.

5.3.4.4 100-Series SST Failure Mode. This group of tanks are approximately
5 to 10 ft below grade. The internal hydrostatic pressures due to the waste
are calculated as 13 psi and 40.7 psi at the springline and base level
respectively. The calculated external soil pressures are 8.9 psi and 22.6 psi
at the corresponding levels. The maximum differential pressure between the
waste and the soil is 18.1 psi at the base level. The requ1red hoop rebar
area per one foot section of the wall for th1s pressure is 1.22 in The
available rebar area in the wall is 7.58 in® (4 rows of #8 at 5 in. ) It is
concluded that considerable rebars were placed in the wall for the soil load
during the construction and these rebars have sufficient margin to resist the
pressure from the waste. Further, when the tank is expanding outward due to
the hydrostatic pressure, the counteracting soil pressure becomes passive soil
pressure which is considerably greater than the soil pressure based on the at
rest soil condition. It is not expected that the tank integrity would be
compromised in case of waste overfill.

5.3.4.5 DST Failure Mode. The waste stored in the DSTs is contained in the
primary tank which has an internal pressure capacity of around 60 psia.

The calculated internal pressure due to overfill of the waste is 40.7 psi.
It is clear that the primary steel tank has ample margin to resist the
pressure in case of waste overfill.

5.3.5 Excessive Pressure in Annulus

5.3.5.1 Load Description. As described in Section 5.3.2 a fire accident
caused by spilling about 76 L (20 gal) of gasoline into the annulus of the
DSTs is postulated. The transient pressure due to ignition of the gasoline is
assumed to reach 140 psig instantaneously in the annulus. This pressure would
become an external pressure to the primary tank and internal pressure to the
secondary tank.
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5.3.5.2 Tank Grouping. This accident assumes that gasoline is spilled into
the annulus of the DSTs which is the only group for this load case.

5.3.5.3 DST Faiiure Mode. The transient pressure of 140 psig due to a
gasoline fire in the annulus is an external pressure on the primary tank.

An evaluation of the ultimate buckling stresses of the various thicknesses of
the steel plates was performed. Results of the simplified hand calculations
show that the 1imiting buckling stresses are 0.6 psi at the dome, 2 psi at the
haunch region, and 1.6 psi at the cylindrical wall (Wagenblast 1996). It is
concluded that the primary tank would buckle. As soon as the primary tank has
failed, the gases would expand to the entire tank and the pressure intensity
would drop considerably. The volumes of the annulus space and the plenum are
about equal and were calculated as 20,000 ft3 each. The volume of the gases
after the primary tank failure is near]y doubled. It is estimated that the
internal pressure acting on the secondary tank is in the neighborhood of

70 psi, about one half of the initial pressure. With the primary tank failed,
the secondary tank would behave Tike a SST and it is judged that the dome
could fail by opening up a crack along the dome rebar transition zone at a
radius of approximately 27 ft from the apex of the dome where the central
radial rebars are spliced with the haunch radial rebars and is a weakened
section.

5.4 HIGH TEMPERATURE ACCIDENT LOADS

5.4.1 Load Description

It is postulated that during a organic salt-nitrate reaction fire the
temperature could reach 687 °C (1,268 °F) at 3,000 seconds (50 minutes). At
the bottom Tayer of the rebar in the dome, 2.5 cm (approximately 1 in.) from
the surface, the temperature could reach to 297 °C (566 °F) at 3,000 seconds
and 377 °C (710 °F) at 4,000 seconds (1.1 hours). At a depth of 5 cm
(approximately 2 in.) from the surface the temperature could reach to 267 °C
(512 °F) at 4,000 seconds and continue to rise with time (Lee 1996).

5.4.2 Tank Grouping

Based on the accident analysis for the organic salt-nitrate reaction
scenario this load case is limited to the 100-Series SSTs.

5.4.3 100-Series SST Failure Mode

The thermal load affects the reinforced concrete structures in the
following three ways: (1) material degradation, (2) material property change,
and (3) temperature induced stresses. At elevated temperatures (above about
93 °C [200 °F]) the strength and elastic modulus of concrete can degrade.
Hence, the overall load carrying capacity of the structure could be weakened.
Typically thermal stresses consist of stresses induced by a through thickness
temperature gradient and stresses induced by the restrained thermal expansion
of the structure. Based on the temperatures calculated in the accident
analysis (Appendix A) the tank structure would be exposed to temperature
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beyond the normal range. When the structure is subject to a high temperature
inside the tank the bottom layer of the concrete could spall off the dome
exposing the rebar directly to the high temperature. Under these
circumstances, the rebar would be subjected to a differential thermal
expansion with the concrete and could potentially lose its bond to the
concrete. Meanwhile the effective depth of the section is reduced and the
sectional capacity of the dome would be compromised. With the weakened
section and increased thermal stress it is 1ikely that the dome would fail by
developing extensive cracks in the thinnest region near the apex. Since the
dome would have already cracked under the internal pressure, added degradation
of the dome due to thermal effects would increase the severity of the damage.
Chunks of the protection layer of the concrete would fall off the dome but it
is not expected that the dome would collapse.

5.5 POSTULATED EXTREME DETRIMENTAL CONDITIONS

For the purpose of a sensitivity study, the following detrimental
conditions are postulated and the T1ikely structural behavior and potential
failure mode are estimated.

5.5.1 High-Heat Waste in Tank

A. Assumption: It is assumed that the waste temperature exceeds 232 °C
(450 °F) for many years.

B. Assessment

e SSTs - For a Tong-term steady condition as assumed, the
temperature in the reinforced concrete tank structure would
reach a level close to the waste temperature. This would cause
the steel liner plate and the reinforced concrete structure to
degrade. The tank wall below the waste level would suffer the
most due to this elevated temperature and a significant portion
of the wall would be cracked and fail. Liquid waste would be
leaked out through these cracks or passages into the adjacent
soil. The upper portion of the tank structure would have less
damage than the lower portion of the wall. It is likely that
the dome would experience the least damage. There might be
some small displacement and settlement of the overall tank
structure but the upper wall and dome would probably stay
intact with some thermal cracks, particularly in the haunch
area.

For thermal conditions enveloped by the postulated high
temperatures, the tank structural integrity would likely be
compromised.
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DSTs - Since the primary tank is not constrained at the bottom,
except for the friction force between the steel plate and the
refractory insulation concrete pad, the tank is basically free
to expand. At the top of the primary tank, compressive stress
would be developed due to constraint by the anchors at the
dome. However, this constraint force would cause the concrete
tank to crack due to the tensile constraint forces developed by
the expanding primary steel tank. Once cracked, the thermal
stresses are relieved. The cracks would not Tead to failure
because the reinforcement steel in the concrete is designed as
a "cracked section." This means that if the concrete section
has cracks, the bending loads are balanced by the resisting
force couple created by the concrete in compression (closed
cracks can carry compression loads) and the reinforcing steel
in tension across the cracks. The overburden loads are carried
in the concrete dome and walls in compression and bending. The
shear loads can still be carried by cracked sections through
"shear friction." The secondary steel liner and reinforced
concrete wall would be subjected to an increase in temperature
but nowhere near the temperatures induced in the SSTs of which
the liner plate has direct contact with the waste. The areas
of discontinuities such as bottom of the tank wall and haunch,
would develop some thermal cracks but the dome would not
collapse.

5.5.2 Corrosion of the Tank Structure

A. Assumption

a.

Small area corrosion - The sizes of corroded area are small,
holes less than a few inches in diameter.

Large area corrosion - Large areas of steel and concrete are
corroded resulted in significant loss of materials, an area of
the entire inside face of the wall with a depth of 15 in.

B. Assessment

b.

SSTs and DSTs

Small area_corrosion - Damages resulting from the corrosion in
this category would cause leakage of the liquid waste through
the corroded passage into the adjacent soil but would not cause
failure of the tank structure. Also, the damage would be
localized and would not cause the dome to collapse.

Large area corrosion - In case of significant damage to the
tank liner and wall as described in the assumption, the wall
structure would Toose its strength to resist the applied loads.
Fracture and failure in the corroded area (below the waste
level) of the wall could cause the tank to develop some
displacement and settlement. The upper wall and dome which are
not subject to the same corrosive environment as the Jower
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portion of the tank, would have less damage. It is believed
that the surrounding soil would tend to hold the tank in its
position through friction induced forces between the outside
face of the wall and soil. The haunch of the tank would
function as a tension ring girder to keep the dome from
collapsing.

5.5.3 Aging of Tank Structure

Factors that could cause degradation of tank structure consist of
corrosion, thermal effects, and changes of waste level and specific gravity

over time.

A. Corrosion: Pitting and stress-corrosion cracking produce local
deteriorations of the structural members that could lead to loss of
containment of the liquid waste in the tanks. The uniform corrosion
would result in thinning of the steel plate. Both of these types of
corrosion, local and global reduction in thickness, could result
leakage of the waste material but would not cause dome collapse as
described in Section 5.5.2.

SSTs ~ The steel Tiner plate at the inside face of the
reinforced concrete tank is a ieak barrier. It is not designed
as a structural member. Corrosion of the steel liner could
create a lTeak passage but would not compromise the structural
integrity of the concrete tank.

DSTs - The primary steel tank of the DSTs are subject to the
corrosive waste material and may result in cracking due to
stress-corrosion cracking and holes due to pitting. The liquid
waste could leak into the annulus and again cause damage in the
secondary liner. Eventually the waste material could leak to
the adjacent soil through cracks in the concrete. However,
these are local effects and would not cause dome collapse.
Similarly, the uniform corrosion could cause the primary steel
tank to fail but would not cause the dome collapse.

B. Thermal Effects

SSTs - The 241-AX tanks were analyzed for a thermal loading
consisting of a temperature rise from 65 °F to a maximum of
350 °F in 100 days. The analysis was then continued for a
sufficient duration such that stationary creep and cracking
condition were established. As a result of the analysis for
the load combination of all other design loads, the structure
was found adequate for these loading conditions.

In the Single-Shell Waste Tank Load Sensitivity Study (Ramble 1983), a
bounding thermal case was assumed for the tank structural analysis. In this
case the liquid waste was assumed to vary from 93 to 204 °C (200 to 400 °F)

for 100 years.

A maximum content of 3.8 ML (1 Mgal) of waste was assumed.

This equates to an approximate waste height of 9 m (30 ft) and a waste
specific gravity of 1.7 was used in the analysis. The tank structure was
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found to be adequate for the design Toads that included the assumed thermal
condition.

It is believed that this could be considered as a bounding case that
envelopes the temperature variations due to changes of waste levels and
thermal cycling effects over time. The established specific gravities for the
waste range from 1.0 to 2.0. Since the hydrostatic pressure due to the liquid
waste is not a governing Toad in tank design, it is judged that a specific
gravity of 2.0 would not change the results significantly as compared to the
specific gravity of 1.7 which was used in the analysis.

The aging effect could result in some damage in the tank structure but
would not cause dome collapse.

e DSTs - Various temperatures were used in the DST analyses. It is
believed that a waste temperature of 350 °F could be used as a
bounding temperature. Since the reinforced concrete tanks are
similar to the SSTs, it is judged that the structural behavior would
be close to the SSTs.

The aging effect could result in some damage in the tank structure but
would not cause dome-collapse.

5.5.4 Heavy Loads Suspended From the Dome
A. Assumption

a. There are 22 airlift circulators, 15 c¢cm (6 in.) in diameter.
Assume waste buildup 30 c¢m (12 in.) in diameter over 4.6 m
(15 ft). Use SpG of 1.7. Load is 9,071 kg (20,000 1bs).

b. Pump is installed in 1.1 m (42-in.) diameter riser. Assume
1.1-m (42-in.) diameter waste buildup over 4.6 m (15 ft) on the
pump shaft. Use SpG of 1.7. Load is 6,803 kg (15,000 1bs).

c. The weight of steam coil assemblies suspended from the AY and
AZ tank domes is about 10,000 kg (22,000 1bs).

B. Assessment: The airlift circulators are supported from the dome and
the total weight is approximately 9,071 kg (20,000 1bs). The steam
coil weighs about 9,979 kg (22,000 1bs). The pump is assumed to
have a weight of about 9,071 kg (20,000 1b). With the waste weight
of 6,803 kg (15,000 1bs) attached to the pump the overall total
weight is 34,927 kg (77,000 1bs) which is about 77% of the
concentrated design Toad of 45 t (50 tons) for DSTs. This load is
not expected to compromise the tank structural integrity.
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5.5.5 Rebar Corrosion within the Dome
A. Assumption:

a. Small _area corrosion - The sizes of corroded area are small,
holes less than a few inches in diameter.

b. Large area corrosion - Large area of concrete and rebar are

corroded resulting in significant loss of materials, an area of

the entire inside face of the wall with a depth of 38 cm
(15 in).

B. Assessment: For small area corrosion, the weakening of the
structure in the corroded area are local in nature and would not
cause dome collapse. In case the dome corrosion reaches to the
extent as assumed in A.b, significant structural materials, both
concrete and reinforcement steel, would fall from the dome. The
structure would not have the required section capacity to resist
the load. Under this condition, the dome could fail in many ways
depending upon the loading conditions. Since the corrosion is
typically a slow process, cracking begins at the weakest section

which is presumably near the apex region. Holes would be formed due

to loss of materials and soil above the dome would fall into the

tank. If the corrosion continues to cause more deterioration of the

dome structure, a larger hole would be created. Eventually a large
portion of the dome would fall off into the waste. If the wall
below the haunch were deteriorated to the point that it could not
support the haunch then the entire dome could collapse. This
scenario is based on the assumption that the corrosion would

deteriorate the material as much as 38 cm (15 in.) into the dome and

no preventive action would be taken to mitigate the corrosion or
transfer the waste to a safer location over a long period of time.
It is concluded that this scenario is not a credible event.

5.6 BEYOND DESIGN BASIS EARTHQUAKES

5.6.1 Load Description

The design basis earthquake load for the waste storage tanks was
discussed in Section 4.3. The tank structural responses to the above design
basis earthquakes vary with the magnitudes of the free-field peak ground
accelerations. The failure modes of the tank structure due to seismic
excitation could be interpreted in many ways depending on the definition of
the failure pattern and potential consequences. In this part of the
discussion, the failure mode is defined as that induced from the seismic
excitation. Any section of the concrete structure experiencing significant
cracking to a degree that the concrete section could not resist the applied
load and could not function as a continuous integral part of the concrete
structure is considered to have failed. The on-set ground acceleration for
this failure mode is assumed as the limiting earthquake Toad.
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5.6.2 Tank Grouping

The tanks are grouped into 200-Series SSTs, 100-Series SSTs, and DSTs
based on their design configurations.

5.6.3 200-Series SST Failure Mode

In Appendix A, an assessment of the 200-Series SSTs was made by using the
simplified hand calculations and engineering judgement which is mainly based
on the review of code requirements and safety margins built into the design
from the safety factors and inelastic capacity of the structural members. The
estimated onset peak vertical ground acceleration is 0.48 g. It is assumed
that the flat roof would collapse at a vertical ground acceleration of 0.48 g
and result in a hole on top of the tank. If the ground motion is measured in
terms of horizontal ground accelerations, then the Timiting horizontal ground
acceleration that would cause the roof to collapse is 0.72 g, assuming that
the vertical is two thirds of the horizontal.

5.6.4 100-Series SST Failure Mode

The original design criteria for the SSTs were not found during this
evaluation. However as discussed in Section 4.5.2, several post-construction
evaluations of the tank structure were performed for the various load
combinations including the seismic Toad. The peak free-field horizontal
ground acceleration used in these evaluations is 0.25 g. Resultant stresses
in the tank structure in all these analyses were found well within the code
allowable Timits of which an inherent code safety factor of 1.5 to 2.0 is
expected. Further, in the case of making an estimate of the onset load of
structural failure, the inelastic capacity of the structural materials should
be taken into consideration. Assuming the inelastic factor is around 2.0, an
overall Toad factor of 3.0 to 4.0 could be used for calculating the onset load
of structural failure. The ground accelerations calculated from these factors
are based on a ground acceleration of 0.25 g are 0.75 g and 1.0 g. Because
some of the SSTs have experienced high operating temperatures, an onset ground
acceleration of 0.6 g for SSTs is judged to be appropriate.

Based on the existing structural seismic analyses, higher loads are
applied by the interaction of the soil and tank at the wall near the base mat.
This leads to initial failures at that location. Since the seismic response
is non-axisymmetrical, load intensities vary both horizontally and vertically
along the wall and the dome. At a horizontal ground acceleration of 0.6 g the
failure mode of the tank structure is likely a localized area with deep cracks
in the wall near the footing due to base shear, resulting in some failure in
the Tliner in the same general location. Dome cracking on both the inner and
outer face would occur due to the vertical excitation. No continuous large,
through-the-thickness cracking is expected. Some spalling may occur due to -
the high dynamic compressive stresses on the inner wall.
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5.6.5 DST Failure Mode

Similar to the SSTs several DST seismic analyses demonstrated that

the response of the tanks satisfy the code requirements. Due to relative
Tower operating temperatures that the DSTs have experienced, the concrete
degradation due to thermal load is believed to be less than the SSTs. Based
on the same factors used in estimating the ground acceleration for the SST
failure mode, the onset ground acceleration for the DSTs is assumed to be at
0.8 g which is higher than the g-level used for SSTs due to less degradation
in the DST concrete.

The failure mode of DSTs at 0.8 g would be localized. Cracks would
develop in the dome, wall, and footing. The primary tank would remain intact
at the dome, thus no release would occur at the dome. No open crack failure
is predicted in the dome. Possible Teak at weld cracks of primary tank due
to high stress concentrations at the bottom and corners. Damage to secondary
liner at base due to tank wall movement inward and outward resulting in
failure at the connection between the base mat and wall is possible.

5.6.6 Delphi Findings

A Delphi expert panel evaluated the tank structure of SSTs and DSTs for
the seismic loads. Their findings are similar to the above described
assessments.

Following are Delphi Structural Panel's conclusions (Leach 1996):

The SSTs begin to fail at an acceleration level of about 0.6 g. This
failure mode is defined as follows:

s Localized shear failure of the wall near the footing

e Failure of the Tiner at some locations due to wall failure near
footing

* Dome cracking on both the inner and outer face
* No continuous Targe through-the-thickness cracking of dome

e Some spalling on inner wall of dome due to high dynamic compressive
stress.

The DSTs begin to fail at an acceleration level of about 0.8 g. This
failure mode is defined as follows:

e Base of wall shear damage; wall may "walk"
¢ Dome cracking

e Primary liner holds; no release from the dome
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* Possible leakage may occur, and welds may crack
e Secondary liner at the wall base would be damaged.

These conclusions and the evaluation results were presented in
Sections 5.6.4 and 5.6.5 and are in close agreement.

5.6.7 Probabilistic Safety Assessment Report

A probabilistic safety assessment report (MacFarlane 1995) presented
the results of a risk evaluation of all 177 waste storage tanks. The basis
used to determine the failure mode and the corresponding ground acceleration
in this risk evaluation was obtained from the assessment of the 241-AX
probabilistic capacity (EQE 1993) which defined the failure mode as the
circumferential tensile failure of the tank dome near the haunch. It further
stated that this failure mode is controlled largely by the horizontal seismic
input. Loads from vertical seismic input and hydrodynamic response of the
tank contents were found to have no impact on the failure mode and only a
small impact on the estimate of the factor of safety. This definition of
failure mode is assuming that the circumferential tensile stress which causes
dome failure near the haunch is continuous along the dome circumference.
Since seismic loads are non-axisymmetrical, any structure subject to the
seismic excitation during an earthquake event would have compression on one
side and tension on the opposite side. It is not likely to have either
tensile or compressive stress all around in the structure at the same time.
The risk evaluation assumed that the SST dome would collapse due to
circumferential tensile failure caused by a horizontal ground acceleration
of 0.43 g. The dome collapse here is defined as the entire dome shearing off
and falling straight down into the tank as a complete section. This
assumption is very conservative. In Section 5.6.4 of this report the on-set
ground acceleration for tank failure (shear cracks at Tower wall near the
base mat) is 0.6 g. The difference in g-levels (0.43 g versus 0.6 g) that
cause the tank failure is solely dependent upon the conservatism considered in
the assumptions. A more conservative approach would result in lower g-level
and vice versa. The 0.6 g ground acceleration is based on the evaluation of
the existing analytical data and typical structural behavior of the tanks
during a seismic excitation and is considered an adequate load for the SST
failure mode.

Similarly the 0.8 g ground acceleration for the onset of failure of the
DSTs as discussed in Section 5.6.5 is an appropriate and justifiable seismic
Toad.
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6.0 ENGINEERING NEEDS FOR ISSUE RESOLUTION

6.1 GENERAL

In order to continue safe operation of the Hanford Site waste storage
tanks, the tank structural integrity must be ensured for present and future
waste conditions and operation requirements. The essential factors that
affect the structural integrity include loads, material properties, and
structural configurations. For the waste storage tanks, the structural
configurations are fixed. The only two variables that have impact to the tank
structures are loads and material properties. Brief discussions of the
engineering needs are provided in the following sections.

6.2 LOADS

Loads consist of mechanical loads and thermal loads. Since all tanks are
operated within the established load Timits it is not expected that current
and future loads would significantly compromise the structural integrity.
However, as discussed in Chapter 4.0, thermal loads have the greatest effects
to the structural integrity of the tanks. The waste temperatures,
particularly the high-heat tanks, should be closely monitored. A program that
establishes the current status of the waste temperatures and distributions on
the tank structures and continue to monitor and record the temperature
variations in the future operation would enhance the engineering ability to
readily determine the realistic safety margins at a given time as required for
the tank operation. The program should include the following:

e Establish the best estimated historical thermal data based on the
temperatures and waste levels reported in WHC-SD-WM-TI-591, Rev. O,
(Huisingh 1994). Governing temperature-time history and
distribution of the past and current thermal information are
required for generating a continuous database to be used for future
thermal monitoring activities and evaluations of material
degradation, thermal creep, and thermal stress of the tank
structures.

* Develop a thermal monitoring and survey plan for collecting the
temperature data of the tanks, particularly the high-heat tanks.
Waste temperatures should be taken at locations of discontinuities
of the structure, such as the junction of the wall and the base mat
and the springline. Soil temperatures surrounding the tanks should
also be collected to verify the assumptions used in the existing
analyses and for future use.

e There are currently some outstanding thermal issues that have not
been addressed related to the fill and drain cycling. These concern
the through wall thermal gradients and the damage incurred to the
upper wall sections of the single shell tanks from these high
differential temperatures and high rates of temperature change.
Mathematical models currently tried to date have not had the ability
to accurately model these thermal conditions.
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6.3 MATERIAL PROPERTIES

Material degradation due to thermal effects and corrosion could
compromise the tank's structural integrity if unmitigated. Methodology of
predicting the degraded material properties should be developed to ensure that
appropriate material properties are used in the tank structural integrity
evaluation in the future.

6.3.1 Thermal Effects

As discussed in Chapter 3.0, a set of fitted equations were developed
based on test data of PCA samples using Hanford concrete mix parameters
(Henager 1988). These equations have been established and used for tank
structural analyses. However, there is another set of equations for
predicting the material properties for long-term thermal effects being
developed by a different approach (Peterson 1994). In order to maintain a
consistent and clear track of thermal evaluation, only one set of equations
should be used on site. A thorough investigation of the test data and
methodology used for these two sets of equations should be conducted. Results
of this investigation should be documented and the equations, rules, and
provisions should be incorporated into the official engineering procedures.

6.3.2 Corrosion

Corrosion of primary steel tank and secondary liner of DSTs and the steel
Tiner of SSTs could compromise the containment integrity of the waste storage
tanks. A program should be developed to monitor the corrosion of these steel
structures. The program should include the following two investigative
activities (Jensen and Ohl 1996):

¢ Determination of the current condition. Develop a plan to assess
the current condition of the steel structures by field survey,
inspection, testing, and analysis of the gathered corrosion data.

e In conjunction with planned annuli NDT examinations, a program for
visual inspections of the tank interiors and sampling of the waste
chemical contents should be developed for all tanks to generate a
broad database. A consistent corrosion prediction methodology using
the database should be established for the assessment of the useful
life of the tanks structures.

In addition, to minimize future leaks of sound SSTs that are not going to be
interim stabilized in the near future and are suspected of having liquids that
do not meet the tank waste specifications (Anantatmula et al. 1994)

e Add a corrosion inhibitor (e.g., sodium hydroxide) to assure that
the stored waste is in the passive region.
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6.4 STRUCTURAL ANALYSIS

Most accident loads are dynamic in nature. Input for the structural
evaluation of these loads are limited to either bounding case or peak loads.
Detailed structural responses under dynamic loads are often desirable. In
order to provide sound analytical justification to the structural failure
mechanism for those accident loads, more accurate prediction by computerized
analysis is required, particularly the accidents that are transient/dynamic in
nature. It is recommended that analytical data be generated for the following
accident Toads.

e Drop Load Case. Impact analysis by finite-element method is
required. Equipment weight, height, and the impact area that would
be dropped should be defined. Expected results of this analysis
would be impact energy, structural response in terms of velocity and
displacement, and post-accident condition of the structure.

¢ Hydrogen Deflagration, Solvent Fire, and Organic Salt-Nitrate
Reaction Load Cases. Transient pressure and thermal analysis by
finite element method is required. Transient pressure and thermal
time history data should be generated and provided for the
structural evaluation. Expected output of this analysis would be
stresses and strains at various critical sections of the concrete
structure and post-accident structural conditions.

e Thermal Effects Due to High Waste Temperature. Long-term thermal
Toad should be identified and a thermal model established for the
computer analysis. Elevated temperature-time history and thermally
degraded concrete properties should be defined for input of the
analysis. Expected output should be temperature gradients and
thermal stresses at the critical sections of the concrete structure.

6-3



WHC-SD-TWR-RPT-002 REV 0

This page intentionally left blank.

6-4



WHC-SD-TWR-RPT-002 REV 0

7.0 CONCLUSIONS

The structural integrity and the potential failure modes of the SSTs and
DSTs were evaluated. The structural integrity was assessed mainly based on
the existing documents consisting of research and analysis of the material
properties, loadings, and the structural capability under the combined effects
of normal operating loads and ground motions during a seismic event. The
potential failure modes of the tank structures were estimated by using the
existing analytical data, hand calculations, and engineering judgement.

In the structural integrity evaluation, it was found that both the SSTs
and the DSTs have a considerable safety margin under the operating conditions.
The structural stresses induced by the mechanical loads including dead load,
live load, soil load, pressures, and seismic responses are well within the
code allowable Tlimits. The thermal load has the greatest impact on the tank
structures. Elevated temperatures affect the concrete structure in three
ways: material degradation, thermal induced secondary stresses, and thermal-
creep due to long term concrete exposure to the high temperatures. Several
programs were conducted to investigate the thermal effects to the concrete
properties and thermal stresses. As discussed in Chapters 3.0 and 4.0 of this
report, equations for estimating the degraded concrete properties as a
function of temperature and time were established. Structural analyses based
on the bounding temperature-time history and the degraded material properties
corresponding to the time-history were performed. Results indicate that tank
structures have the appropriate capability to resist the combined mechanical
and thermal loads. It is concluded that the Hanford Site waste storage tanks
are adequate for the normal operating loads with current restrictions in
place.

The second part of the evaluation is to make an estimate of the potential
failure modes of the tanks for various accident scenarios consisting of the
following load cases: excessive concentrated load due to heavy equipment above
the tank; excessive uniform load above the tank; excessive load drop on the
dome; internal pressures and thermal loads due to flammable gas deflagration,
organic salt-nitrate reaction, and solvent fire; high internal vacuum as a
result of post solvent fire cooling effect; and, beyond design basis
earthquake. Both SSTs and DSTs have considerable safety margin against
concentrated and uniform loads above the tanks. The on-set concentrated load
to initiate the failure of SSTs is estimated to be in the range of 300 ton to
600 ton, and for DSTs is between 400 ton and 800 ton. The maximum uniform
load that would cause dome failure of both the SSTs and DSTs is equivalent to
additional 5.2 m (17 ft) of soil overburden on top of dome. The tank
structure would behave differently for a highly dynamic transient internal
pressure and a slowly building internal pressure. However under the
postulated pressure loads as discussed in Section 5.0, the tank structure
would Tikely fail and result in cracks and openings in the dome. The worst
case of a drop load condition was assumed as a drop into the pump pit. The
pit floor would be perforated if an equipment such as a vertical pump having
an impact energy of 200,000 ft-1bs and a impact area corresponding to a 2 ft
diameter area dropped directly onto a 15-in. thick bare concrete pit floor.
The pit floor rests on top of the 15-in. thick dome. In the case of a high
vacuum condition (between 6 to 8 psig) the structural integrity of the
reinforced concrete tank would not be compromised. However the primary tank
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of a DST would likely fail due to high buckling stresses. When the tank
structure is subjected to the high temperatures the tank structure would
suffer certain degree of damage depending on the through-the-wall temperature
gradients but unlikely cause the dome to collapse. The SSTs would be able to
withstand a beyond-design-basis earthquake excitation of 0.6 g and the DSTs
would withstand an earthquake excitation of 0.8 g. Under these ground
accelerations cracks in the wall of both SSTs and DSTs are expected. The
resulting failures associated with the accident scenarios are addressed in
Chapter 5.0, herein. Resulting offsite release consequences are addressed in
the TWRS-FSAR.

In addition to the effects of loads and thermal degradation of concrete
to the structural integrity, corrosion of structural steel is a major concern
for the safe operation of the waste storage tanks. Many SSTs have been
identified as leakers. Exact conditions of the steel liner plates are not
known but stress-corrosion cracking is believed to be the cause for the SST
leakage. No leaks have been found in the DSTs. However, pitting corrosion
and stress-corrosion cracking could breach the containment of the tank and
shorten their service life. Inspection of the walls and knuckle regions for
leaks by visual and ultrasonic methods will provide adequate basis for time-
to-future-leakage estimates.
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Figure 1-1. DOE Hanford Site.
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Figure 1-2. Location of 200 East and 200 West Area.
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DOE Hanford Site Tank Farm Locations.

Figure 2-1.
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DOE Hanford Site Tank Farm Locations.

Figure 2-2.
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Figure 2-3. Cross-Section of Single-Shell Tanks.
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Graphical Representation of the

100~-Series Single-Shell Tanks.

Figure 2-4