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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Storage tanks are an important component in the technological chain of the
processes involving extraction, storage, transportation and the processing of crude oil and
gas. According to the survey conducted by American Petroleum Institute (API), there are

about 700,000 petroleum storage tanks in North America.

Industrial storage tanks are generally used to store liquid petroleum products. From
the instant a storage tank is commissioned it begins to deteriorate. Although storage tanks
are of impo e in the petroleum failures due to ¢ sion defects have become
as _ ficant, recurr mex isive ional, safety and envirot concern.
Stor : tanks experiences external corrosion due to em mer  conditions on the
exterior surface of the steel tank (e.g. from the natural chemical interaction between the
exterior of the tank and the air, water or soil surrounding it). Internal corrosion occurs in
steel storage tank due to chemical k on the interior surface of the tank due to the

commodity stored. Liguid storage tanks generally experience difterential hydrostatic



pressure due to the stored liquid head, while the pressure vesscls and piping systcms
generally experience uniform pressure. Therefore, the structural behavior of the storage

tanks is different than thatof  ctures like pressure vessels and piping.

When local metal loss occurs in industrial storage tanks duc to corrosion, the
Locally Thin Area (LTA) undergoes higher deformation than the surrounding undamaged
region. This differential deformation of the structure is generally termed as “bulging”.
Excessive bulging in a pressurized component is undesirable and is a considerable threat
to the structural integrity. In practice, the so-called “Folias factor” is used to quantify the
bulging effect at LTAs in shell structures. The phenomenon exists in the case of internal
pressure and is more pronounced  shells with smaller diameter c.g., piping. Industrial
storage tanks generally have a very large diameter and hence the use of this parameter is

not relevant.

On account of the hydrostatic head in the storage tank, the LTA or the corroded
region bulges outward. This bulging effect produces bending moments at the edge of the
LTA with the surrounding shell. The magnitude and significance of the bending moments
depends on the size and relative thickness of the LTA compared to the surrounding wall
thickness. If the thickness of the LTA is very large compared to the surrounding wall

thickness, then the effect of the e~ bending moment becomes significant.



1.2 STRUCTURAL INTEGRITY ASSESSMENT

Structural integrity asscssment is one of the principal tasks that has been
implemented by the petrochemical, nuclear power mneration and oil and gas industrics. It
plays a major role in preserving safety and economy of the plant, cquipment and system
operation. Integrity assessment is a multidisciplinary effort and with regard to the oil and
gas industries; it involves interactions of diverse fields such as process chemistry, process
engineering, thermo-fluids, n ianics, materials, applied physics and computational
technology. The assessment activities are carried out in three phases: design, construction
and post construction. The p construction activity is subdivided into operations,

inspection, maintenance and restoration activities.

Structural integrity assessment in the oil and s industry is practiced in three
levels. Level 1 assessment procedures provide conservative screening criteria that can be
used with a minimum quantity of inspection data or information about the component.
Level 2 is intended for use by facilities or field e neers, although some owner-operator
organizations consider it suitable for a central engineering evaluation. Level 3
assessments require sophisticated  alysis by experts, where advanced computational

procedures are often carried out.



Recommended practices and pro i associated with FFS assessment are
available in API 579 [I], R6 ', SINTAP [3], and RSTRENG [4]. The practice for
conducting FFS assessments for pressurized components in oil and gas sector is APl 579
[1], in which the procedi : arc based on ASME 31G and the RSTRENG criteria. The
API 579 assessment provides a consistent result for regions « metal loss with significant
thickness variability. Sims et al. [12] have studied ....\ in gas stor: :tanks in the context
of FES assessment. They have pc d results of some parametric analysis using inelastic
FEA, and have attempted to provide empirical equations for FFS assessment.
Development of a comprehensive assessment criterion for e corroded liquid storage
tank is difficult due to the nur  ous variables (tank geometry, defect geometry, material
properties and hydrostatic | sure) influencing the behavior and failure of the corroded

region.



1.3 OBJECTIVE OF THE RESEARCH

The current study will focus on developing an improved Level 2 FFS assessment
method for the structural integrity assessment of industrial storage tanks undergoing
corrosion damage. The study of the fitness-for-service assessment methodology assumes
elastic-plastic ductile material which is able to absorb significant deformation beyond the
¢ tic limit without the danger of fracture. Strain hardening is assumed to be small for

the entirc analysis.

Internal differential hydrostatic pressure due to stored liquid head is assumed to be
the only significant load in this work. Corrosion damage will be considered for a tank
with the remaining thicknes: (defined as the ratio of the corroded wall thickness to
the nominal thickness) not less than 0.5. The storage tank studied in the current work is
assumed to be originally des and construc . in accordance witk  recognized code
or standard. Therefore two alternative methods are proposed. The first approach is based
on an analytical method, and t  second approach is based on two linear elastic finite
clement analysis (LEFEA). The proposed methods arc shown to give a conservative
assessment of the remaining stre 1 of storage tanks containing local thin areas (LTAs).
The results obtained from the proposed Level 2 assessment procedure are found to be in

good agreement with the corresponding inelastic finite element results.



1.4 STRUCTURE OF T.... THESIS

This thesis is composed of six chapters. The first chapt  of the thesis addresses the

general background, objectives and scope of the proposed rescarch work.

Chapter 2 presents a brief review of literature. This chapter covers theoretical aspects of
liquid storage tanks, tank selection critcria and types of storage tanks. This chapter also
covers a review of tank basc  sign, materials, corrosion and corrosion detection in

stor  tanks according to recognized code and standards.

Chapter 3 presents a brief review of literature pertaining to the current research work. The
chapter covers theoretical asp  of plasticity, the classical lower and upper bound limit
load multipliers and the m,-tangent multiplier method which is the basis of the current
research. This chapter also describes the evaluation of hydrostatic pressure on the storage

tank containing corrosion damage.

Chapter 4 studies the factors influencing the behavior of pressure vessels containing
corrosion damage. The general methodology of the proposed Level 2 Fitness-for-Service

assessment based on the concept of  2rence volume is also presented.




In chapter 5, finite element modeling details for the present study and materials del is

discussed. [lustrative numerical examples are provided. The recommended methods for

proposed Level 2 Fitness-for-Service assessments are validated by Level 3 inelastic finite

clement analysis.

Chapter 6 summarizes the o contributions to this thesis. This chapter also

concludes by providing recommendations on future research work in this area.




CHAPTER 2

LIQUID STORAGE TANKS

2.1 INTRODUCTION TO STORAGE TANKS

The word Storage Tank identifies only a sii e type or piece of equipment in an
ir strial facility. Tanks have 'n used in innumerable ways both to store cvery
conceivable liquid, vapor and in a number of processing applications. For this present

work a tank primarily is considered as a vertical liquid storage vessel.

The analysis and design of welded steel tanks for hydrocarbon storage are based on
the API Standard 650 [18]. ...e standard is applicable to storage tanks of various sizes

and capacities operating at int pressures close to atmospheric pressure.

Storage tanks used for stor hydrocarbon are usually large in diameter. Large
diameter liquid Storage tan” have different course thickness and are built on either a
compacted fill or concrete ring wall foundation. Large diameter storage tanks are usually
field erected due to economic cc  Jerations 1 ease of construction. A typical large
diameter field erected storage tank having a height of 576 inches and a radius of 1728

inches and a capacity of 500,000 ba s is shown in Figure 2.1 [36].
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2.2 TANK SELECTION CRITERIA

The selection of tanks is a complex process of optimizing an array of information to
yi . a particular design as, indicated in Fig.2.2.Sev.  factors must be considered when
selecting the various characteristics of a proposed storage tank system. The characteristics

include:

. AST or UST;
¢ Tank Material;
¢ Single or Double Wall Tank;

¢ Piping materials.

As shown in the Fig.2.2, once the specific liquid to be stored is established, the
physical properties then determ  the range of possible tank types. Although vapor
pressure is a major component in tank selection, other propertics such as flash point,
potential for explosion, temperat  and specific gravity all  tor in the selection and

design of tanks.

In addition to fundamental physical properties influencing tank selection, size,
regulations, current best practices and external loads (such as wind, snow and scismic
loads), as well as numerous additional engineering issucs, play a role. The ultimate
selection criteria are keenly dependent on the actual site-specific conditions, local
regulations, cost considerations, req  d operati | potential for fires and explosion

and many other factors.






2.3 CLASL. . CATION C. ABOVE GROUND STORAGE TANKS

There are many ways to classify a tank, but there is no universal method. However,
a classification commonly employed by codes, standards and regulations is based on the
internal pressure of a tank. This method is useful in that it depends on a fundamental
physical property to which all tanks are subjected internal or cxternal pressure. In this
present work only ; >ve Ground Storage Tanks (AST) that arc used extensively arc

considered.

2.3.1 Atmospheric Tanks

The most common type of tank is the ¢ spheric tank. Although called
atmospheric, these tanks are usually operated at internal pressure slightly above
atmospheric pressure around Yz psi (3.447 kpa). The fire codes define an atmospheric tank
as operating from atmospheric up to 2 psi (3.447 _ ) above atmospheric pressure. The
API 650 [18] governs the design, material, fabrication, erection and testing requircments
for above ground vertical cylindrical storage tanks of various sizes and capacitics for

internal pressures approximating atmospheric pressures.



2.3.2 Low Pressure Tanks

Low pressure in the context of tanks means tanks designed for a higher pressure than
atmospheric tanks. These tanks are designed to operate from atmospheric pressurc up to

15 psi.

2.3.2 High Pressure Tanks (I sure Vessels)

Since high pressure tanks (vessels operating above |5 psi) are actually pressure
vessels, the term high-pressure t  are not used by those working with tanks. Because
pressure vessels are a spe ized form of container and arc treated separately from tanks
by all codes, standards and regulations. The ASME Boiler and Pressure Vessel Code [48]
is one of the primary standards that have been used throughout the world to ensure safe

storage vessels.

Various substances such as  imonia and hydrocarbons are frequently stored in
spherically shaped vessels which are often referred to as ta ;. Most often the design
pressure is above 15 psi and they are really spherical pressure vessels and their design and

construction fall under the rules of the ASME Boiler and Pressure Vessel Code.



24 TANK BASE DESIGN

The design of the stor - tank base depends upon several factors:

* The type of foundation (carth grade, compacted or concrete ring wall).
¢ Size of the storage tank.

¢ The operating temperature of ank.

*  Corrosiveness of the liquid.

e Amount of sedimentation of suspended solids.

2.4.1 Foundations

The type of construction and the configuration of the foundation are very relevant
factors from a standpoint of design and operation of the tank. While it is difficult to
classify all possible foundation types for storage tanks, some general types have proved to
be most common for specific __ ications. Foundation types may be broken into several

classifications in generally inc 7 order of costs:

Compacted soil.

Crushed-stone ring wall.

¢ Concrete ring wall.

Slab.

Pile-supported.

14



Depending on the type of foundation, appropriate tolerances must be maintained. I
a concrete ring wall is provided under the shell-to-annular plate connection, the top of the
ring wall must be level within £ 1/8 inch, in any 30 feet circumference, and + 1/4 inch, in
a total circumference measured from the average elevation [18]. If a concrete ring wall
not utilized i.e. compacted foundation, the specified tolerance of the shell level should be
within + 1/8 inch, over any 10 circumference with + 1/2 inch, in total circumfercnce

measured from the average clevation.

Tolerances are specified for the tank foundation, because they have a direct effect on
the behavior of the tank shell 1d any components connecting to the shell. If the
tolcrances are exceeded tank behavior will be affected. In this current work mainly the
shell is taken in consideration to evaluate the Remaining Strength Factor (RSF) of a

storage tank.

15



2.4.2 Tank Bottom

The shapes of cylindrical stor:  tank closures (e.g., top and bottom) are a strong
function of the internal pressure. Because of the varying condition to which a tank bottom
may be subjected, scveral types of tank bottoms have cvolved. Tank bottom

classifications may be broadly classified by shapes as:

¢ Flat-bottom.

¢ Conical.

¢ Domed or spheroid.

Because flat-bottom tanks usually have a small designed slopc and shape, they are sub

classified according to the followi  categories:

Cone up
Cone down

Single -slope

Tank bottom design 1s important because sediment, water, or heavy phases settle at the
bottom. Corrosion is usually the most severe at the bottom, and the design of the bottom

can have a significant effect on the life of the tank.



2.5 TANK ROOFS

The type of roof used on liquid storage tanks presents an important deign
consideration. Liquid sto e tanks at refineries are generally fixed roof tanks, external
floating roof tanks and internal floating roof tanks. If vapor pressure is less than 1.5 psi,
open top tanks or fixed-roof tanks works well. Fixed-roof tai s greatly reduce the risk of
fire and limit the amount of vapor that evaporates, when compared with open top tanks.
Floating roof is used to reduce the probability of combust le gas mixture for certain
volatile petroleum products havii  a vapor pressure higher than 1.5 psi. Roofs of low

pressure atmospheric storage tar . 1 be divided into the following way:

Low Pressure Atmospheric” nks

Cone roof tank Floating roof tank
I
| I ]
Column supported Truss supported Open top Internal
I
Pontoon Pontoon  cone roof  Geodesic roof

(Single deck) (Double deck)

F 2.3 Types of Roofs [30]

17



2.6 MATERIALS OF CONSTRUCTION

Materials selection for above ground vertical cylindrical storage tanks of various
sizes and capacities for internal pressures approximating atmospheric pressure is based
upon the API Standard 650. But the principles are applicable to other codes such as API
620 [19] or AWWA D-10 [30]. Materials for tanks are selected on the basis of four

primary characteristics:

* Corrosion resis e: resistance to wall thinning, pitting, cracking and
metallurgical transfc  tion.

» Shop and field fabricability: ease of transport, assembly, and erection,
including bending, machining, welding and coating.

»  Mechanical properties: strength, ductility, and toughness, through the
operating temperature range (from crecp temperatures down to cryogenic
service).

= Cost.

The construction of new tanks in the different temperature categories is covered by
API Standards 650 [18]) and ~~~ [20]. API Standard 650 covers the construction of
storage tanks for ambient tem -ature o]  tion. Appendix M of API 650 covers tank
design temperatures bet: °F and 500°F by applying a derating factor for the
allowable stresses of the steels. . .r low-temperature tanks, API Standard 620 gives

specific material requirements that allow for operation to as low as 270°F.




2.7 CORROSION OF TANKS

Industrial storage ks are used to store liquid products. These tanks experience
hydrostatic pressure due to the liquid head, while pressure vessels and piping systems
generally experience uniform pressure. When corrosion occurs in storage tanks, the LTA
undergoes higher deformation t | the surrounding undamaged region. Excessive bulging

in a pressurized component is undesirable and can be a threat to the structural integrity.

Most tanks are made of carbon steel, which can corrode when exposed to air and
water. Over time, uncontrolled rusting can weaken or destroy the components of a tank,
resulting in holes or possible structural failure, and release of stored products into the

environment.

Rusting in storage tank can be accelerated by factors including:

* Increasedte _ -ature.

= Corrosive environment.

»  Stray electric currents between interconnected components.



2.8 CORROSION DETECTION IN STORAGE TANKS

To evaluate the Remaini  Strength Factor (RSF) of an in-service component metal
loss should be detected properly. Several non destructive inspection techniques are
available to inspect tanks; vessels and piping are presented by API 579. The choice of the
technique depends on the material, the type of flaw, access to the surface, availability, and

cost.

Typical monitoring methods include the use of the following tools or procedures:

* UTwm urements and scanning
* Radiographic examination

*  Magnetic ticle testi

*  Thermography

. ‘ation Testi

*  Eddy Current Testing

*  Corrosion probes

» Hydroger »bes

*  Laser profiling

» Visua' ~ amination

20




The keys to accurate inspections are:

*» [nspection technique consistent with expected damage.
» Expertise and qualifications of inspectors

* [ndependence of inspector

* Cleanliness of component

*  Access to the component

* Good quality, calibrated instruments

2.8.1 Ultrasonic Testing (UT)

Thickness readings whict (uired to determine the metal loss on a component
are usually made using straight beam ultrasonic thickness examination (UT). This method
can provide high accuracy and 1 be used for point thickness readings and obtaining
thickness profiles. Advantages L  onic thickness exanination is, only one side
needs to be accessed and can be used on complex shapes. The limitations of UT are
associated with uneven surfaces and access. Obtaining accurate thickness reading using
UT is highly dependent on the surface condition of the component. Surface preparation
techniques vary depending on the surface condition, but in many cases wire brushing is

sufficient. However, if the surface has a scale build-up or is pitted, grinding may be

21




necessary. Temperature compensation and special UT couplants are required if the

thickness readings are obtained on high temperature components.

2.8.2 Radiographic Testing (RT)

Radiographic Testing (RT) may also be used to determine metal loss: however,
accurate thickness data may only be obtained by moving the component containing the
metal loss, or moving the so  around the component to obtain multiple views. This
type of manipulation is typically not possible for many pressure containing components.
However, RT examination can be cffectively used to qualify the existence, extent and
depth of a region of metal loss  d has been used in conjunction with UT to determine

whether the metal loss on a component is general or local.

Advantages of RT

¢ Detects surface and volumetric flaws.

¢ Covers a relatively large area.

¢ Providesap  nentrecord (filmor dig )
o Recognized by construction codes.

o Detects narrow, ¢k like flaws.

22




Limitations of RT

¢ Requires a personnel exclusion zone.

¢ Requires experienced, certified operators.

* Requires an X-ray or gamma-ray (radioactive source).

* Gamma rays have limited life.

e [tis difficult to decipher radiographies of complex shapes.

¢ Detects length of crack like flaws, but may not characterize their depth.

2.8.3 Magnetic Particle Testing (MT)

A magnetic field is created on the surface of the part, for cxample, by using a yoke
and a powder or solution of m etic particles is dispersed on the surface. The magnetic
particles orient themselves along the magnetic lines, and surface discontinuities become
visible as the magnetic lines appear distributed. Wet fluorescent magnetic particles are
particularly well suited for ~ examination of pipe, vessels, and tank welds. The
advantages of using the magnetic particle testing is flaws do not have to be open to the
surface, portable, detects surface and slightly subsurface flaws. This technique is
applicable only to ferromagnetic materials; surface must be sufficiently smooth to permit
particle movement. This technique of inspection to be followed by vapor degreasing or

chemical cleaning.

23



Advantages of MT

¢ Detects surface and slightly subsurface flaws.
¢ Flaws do not have to be open to the surface.

¢ Portable.

Limitations of MT

* Appliesonlyto f if ¢ materials.

¢ Surface techniques c¢: it determine depth of flow.

® Discontinuities only  cted if perpendicular to magnetic ficld.

*  Surface must be sufficiently smooth to permit particle movement.

* Inspection to be followec ' vapor zasing or chemical cleaning.

¢ No permanent record.

24




2.8.4 Eddy Current Testing

Eddy currents are generated by a probe into the wall of a specimen. The presence of
a flaw in the wall or a change in wall thickness will be detected by a disturbance of the

current,

Pulsed eddy currents arc used to measure wall thinning under insulation. Changes in
the wall thickness can be detected on pipe wall thickness from 0.3 into 1.5 in, with
accuracy on the order of a few mils. This ability to measure wall thickness while the linc

is in service and without removi:  insulation can lead to significant cost savings.

2.8.5 Visual Examination

Visual examination (Vis  Testing, .., is the most common examination
technique. It can be direct or assisted for remote access, for example, through mirrors,
borescope, and cam | | I tion Institute Standard ES-27 defines visual
examination as examination with the “unaided eye,” other than the usc of corrective
lenses, within 24 in. Examiners are classified in increasing order of qualification from

VT-1to VT-3.
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2.8.6 Liquid Penetration Testing (PT)

A visible or fluorescent penetrate is applied to the surface for a few minutes (dwell
time), during which time the penetrant seeps into surface connected flaws. The excess
penetrant that did not penetrate the flaws is then wiped away. Finally, a contrasting spray
or powder developer is applied to draw the penetrant back to the surface by capillary

action. This will outline the flaw shape.

Advantages of PT

¢ Can be used on uneven surfaces.

e Portable.

Limitations of PT

¢ Flaw t opento the surface.

¢ Affected by surface cleanliness, roughness.

¢ No permanent record.

¢ Surface technique cannot determine depth of flaw.

¢ Inspection to be follov by vapor degreasing or chemical cleaning.
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2.9 CLOouRE

The current chapter provides the information about liquid storage tanks. An
overview of the tank selection criteria is presented. Research work here in is limited to
above ground storage tanks system, the tank base design, foundations; materials of
construction are presented accordingly, Cc  ion in liquid storage tanks is described
briefly, and corrosion detection procedures are presented in this section according to the

recognized codes and standards.
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CHAPTER 3

BASIC CONCEPTS IN PLASTICITY

3.1 INTRODUCTION

This chapter presents a summary of the theoretical concepts pertaining to the
proposed research work. A brief review of theory of plasticity, limit analysis including
limit load multipliers and est tions of remaining strength factor for storage tanks is
presented. Evaluation of hydrostatic pressure on liquid storage tanks and inelastic finite
element analysis is also cov | briefly. Literature regarding Fitness-for-Service
assessments for liquid stora  tanks containing corrosion damage from previous
investigations is reviewed and discussed. These theorics and concepts are used

extensively in this current research work.
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3~ THEORY OF PLAL..CITY

For limit analysis of components or structures theory of plasticity is considered as
the basis. Structures or components are assumed to reach a certain limiting plastic state of

the material before failure.

In the plastic range, the strains are dependent on the history of loading. In order to
determine the final plastic strain, the incremental strains must be added over the full
loading history. The principles and mathematical interpretations of the theory of plasticity

and its field of applications are available in [29].

3.2.1 The Yield Criteria

When the stress is uniaxial, a yield point at which the material begins to deform
plastically can be rcadily determined. On the other hand, when the material is subject to
muitiaxial stresses yielding will occur. The most common yield criteria which are

generally termed as failure theories for metal structures are briefly discussed below.
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3.2.1.1 Tresca Yield Criterion (Maximum Shear Stress Theory)

Maximum shear stress theory assumes that yielding will occur when the maximum
shear stress in multiaxial state of the stress reaches the value of the maximum shear stress
occurring under simple tension test. The maximum shear stress is equal to half the
difference between the maximum and minimum principle stresses. For simple tension,
only one principle stress exists (i.¢ 61 - 0y) and 6, = 03 = 0. If the principle stresses are oy,

o, and 03 (0| >0; >03). According to Tresca yield Criterion, yiclding will occur when,

0|-03 [=0y 3.1

where o , is the yield strength of the material. The Tresca yield criterion takes the form of
a hexagon in two-dimensional . space. The size of the hexagon depends on the yield
strength of the material. The plot of the Tresca yield criterion f  a two-dimensional state

of stress is shown in figure 3.1.1  Tresca yield criterion is used extensively in design
because of it simplifies the analysis  d design, and is slightly conservative compared to

the Von Mises criterion.
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3.2.1.2 Von Mises Criterion (Distortion Ene  Theory)

Due to the elastic deformation strain energy is stored in the material. This
deformation can be vicwed as a combination of volume change and angular distortion
without volume change. The energy that is stored in the body due to angular distortion is

called the shear strain energy or distortion energy.

The distortion energy t  ry assumes that yield begins when the distortion energy
equals the distortion energy at yield in simple tension. The distortion energy can be
calculated as Uy = 1/ (2G) J; , where G is the shear modulus and J, is the second invariant

of the deviatoric stress tensor which can be written in terms of principle stresses as :

5= 116 |(01- 02) + (01- 63)° + (63~ 62)°] (3.2)

At the yield point in simple tension, J,=1/3 ozy‘ The von Miscs yicld  erion can be

expressed as

[(61- 62" + (01- 03)" + (03 62)°] = &y (3.3)

The plot of the von Mises yield criterion for a two dimensional state of stress is shown in

the figure 3.1
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Figure 3.1: Von Mises and Tresca Yield Criteria [ 17]

In the Figure 3.1 it is observed that Tresca’s yield surface is circumscribed by von
Mises. Therefore, it predicts plastic yielding already for stress states that are still clastic
according to the von Mises ¢ ion. As a model for plastic material behavior, Tresca's
criterion is therefore more conservative compared to the von Mises yield criterion as it

relates to failure.
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3 ) Yield Surface

Generally, the yield criterion depends on the complete three-dimensional state of
stress at the point under consideration. For a material loaded to the initial yield, the

relationship for a yield criterion can be expressed as,

[ oy =K (3.4)

where, Gj; is a stress tensor in ( dimensional space, K is a known function. Equation

(3.4) is called yield function and represents a hyper surface called yield surfuce. Any point
on this surface essentially indicates the beginning of yielding. The yield surfacc is usually
expressed in terms of (and visualized in) a three-dimensional principal stress space (o),
02, 03), a two- or threc-dimensional space spanned by stress invariants (J),Jx,J/3) or a
version of the three-dimensional Haigh-Westergaard space. In the Haigh-Westergaard
stress space for principle stress (0, 02, 63) coordinate system, a line having equal angles
w the coordinate axes (i.c., o)1= 02= 03= 0y) corresponds to a hydrostatic stress state
where the deviatoric stresses are equal to zero. The yield surface is plotted as a cylinder or
prism along this line for Von M or Tresca criterion, respectively. The intersection of
this yield surface with any plane :rpendicular to the centerline will produce a curve

called the yield locus (Figure 3.2)
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Figure 3.2  Yield Surfaces [34]

The yield locus is the boundary of t  elastic zone in three-dimensional stress space.

3.3 THEORL. ICAL CONSIDERATIONS

Limit analysis plays an important role in design and integrity assessment of
mechanical components and t1 5. Limit load is the load at which uncontained
plastic flow (plastic deformation) occurs in a perfectly plastic structure, and the structure

is on the verge of collapse. The estimation of limit load for mechanical components
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provide a better means of structural integrity assessment and fitness-for-service
evaluation. Limit analysis is especially attractive as it simplifies the inelastic analysis by

assuming an elastic perfectly plastic material model.

Lower bound limit load is the load that a structure is able to carry safely during its
service life and there is no permanent deformation of the structure. Lower bound limit
load is attractive as it provides accurate margin of safety against load controlled plastic
failure modes. The exact limit load multiplier is available only by performing a plastic
limit analysis. Several estimates and bounds of the exact limit load multiplier can be

obtained from an elastic analysis.

3.3.1 Classical Lower Bor 1 Mu )lier

The lower bound multiplier can be directly obtained by applying the lower-bound
theorem of plasticity. Assuming that some stress distribution throughout the component
or structure can be found, which is everywhere in equilibrium internally, balances the
external loads and at the same time does not violate the yield condition. Then the
corresponding applied loads will be less than or equal to the exact limit load, and will be
carried safely by a sufficiently ductile material. If o, is the yield strength of the elastic-
perfectly plastic material, then the classical lower bound multiplier (;m,) can be expressed

as
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[e)
m, = - P=Pm (3.5)

max

where, P is the applied load and Py is the limit load.

Statically admissible stress distributions can be constructed by “inspection”, or by
using a closed form linear elastic solution. When a finite clement analysis is performed,
the stress distribution inside each element is approximate. Therefore, m, obtained from
linear elastic FEA is only a m  -dependent estimate that is expected to converge to the

exact value as the mesh is refined successively.

3.3.2 Upper Bound Multiplier

In classic limit analysis,  statically admissible stress field (equilibrium set) can
not lic outside the yield surface and the stress associated with a kinematically admissible
strain rate field (compatibility set) in calculating the plastic dissipation should lie on the
yicld surface. Mura et al. proposed an approach that climinates such a requirement and
replaced it by the concept of integral mean of yield based on a variational formulation.

The integral mean of yield criterion can be expressed as,

[l + @y av =0 (36)

=
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where, 5 is the statically admissible deviatoric stress for impending plastic flow; ¢” is a

. ~ . » o v _0 . . . .
point function which takes on a value of zero if s is at yield and remains positive below
yield. The flow parameter 1’ is defined through the associated flow rule as,

. d
£, uZL 37

—}
where, #° >0 (statically admissible sct) and £, is the strain ratc. Now, $; =m' s,

where s,.‘j’ corresponds to the applied traction, 7,. The von Mises yield criterion can be

expressed as,

- 3=
f(Sij):ES:jSij_o-; (3.8)

Assuming an unspecified but cons  t flow parameter 1 and performing the necessary

mathematical manipulations Eq. (3.8) becomes [6],

m = e =0 (39)

where, o,, is the von Mises equivalent stress and V7 is the total volume. Proof of the

upper-boundedness of " i nted in | and: hadri[l1]
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The region bounded by m’ ), 1< m%my < 1+V2, and 1< m%m< 1+V2 is designated as

the m, triangle.

3.3.4 The m, — Tangent

The m, multiplier method [6] was developed on the basis of variational

concepts in plasticity. The method has explicit dependency on the upper bound multiplier

m” and the classical lower-bo | mul lier my . The upper bound multiplier, m’, depends

on the entire stress distribution a component or structure whereas m; depends on the
magnitude of maximum stress, Therefore, for components with sharp notches and cracks,

the value of m% m, willbe h™ " due to the presence of peak stresses.
W™ respect to figure 3.4, the followi  can be stated:
(1) When m approaches my, , the domain of statically admissil . m" is bounded by the
45-degree (R0 (max)) line and the positive x-axis.
(2) When m approaches m’, the domain of statically admissible m” is represented by the
0

line m=m-".

(3) The exact solution (m) locus would lie somewhere between the positive x-axis and

the 45-deg line (R® (max)).
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(4) The tangent to the A curve at the limit state (my, - m’ . m) will locate the m,-

tangent, which can then be used to estimate the multiplier m.

The determination of the m,- ta nt is as follows. Equation (3.10) can be represented by
a curve in two dimensional space, as shown in Fig. 3.3. The slope of the tangent at the

limit state, where m=m"=m;=m,  be obtained as

dR, e 3.12)

£.,

Therefore, the slope of the  zent (Rar = l) line at the converged limit state is

tan (0) =0.2929

The equation corresponding to RaT =1 can be obtained as

——=1+({ - 1)tan(@) (3.13)
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As can be seen from this figure, the magnitude of the equivalent peak stress (o) at
the notch tip is considerably high; however, it is assumed that the peak stresses are very

localized and that the following expression is valid

[o,da=0 (3.14)

A

Where A is the representative ar  Hn which gy acts.

With respect to the constraint map Rar =1 line can be identified, as shown in Figure

3.4. This line is tangential to the RaT:l curve at the origin m°tm=1, m’hm;=1).

3.3.6 Significance of {'=1+\2

The point D (Figure 3.4) can be " ter * :d by finding the intersection of the

RaT = line and the reference two-bar model [23] equation, tt s,

—=l+({—l)tan(0):M

m 2\/1

I
Where } %and tan(0)=1- (3.15)

J2

The intersection points work out to be {'=1.0 and [+V2. The Rar= 1 line represents a

combination of primary and s¢  1d set st in the pressure components.
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3.3.7 The m,-Tangent Method

Oncethe R, =1 line is identificd, the ~ value can be readily estimated by the
relationship

]
v m

m, = — - (3.16)
1+0.2929(¢ —1)

0
m

m,

The slope of the RQT = | line is equal to the tan (6) = (1-1/¥2). The value of m” and £ can

be determined from statically admissible distributions obtained from linear elastic FEA.

Two cases are considered next.

Case I < 1432, negligible peak stresses. For this case, point A (Figure 3.4) is assumed
toliconthe R, 1 line ue of the m! can be obtained from equation (3.16). This

case usually applies to well-designed pressure components with gentle geometric

transitions.

Case 2: { > 14\2, presence of peak stresses. This case applics to well-designed

components that develop flaws or cracks in service or to components with sharp notches.

The aim here is to blunt the peak stresses prior to evaluating m, .
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With respect to F ire 3.4, the initial lingar elastic FEA locates point B on the RHT =
I line and point B’ on the TBM [23] locus corresponding to :m,.” /my_ ;. The subscript i
refers to the initial point B and B’. The calculation procedure is as follows.

1. Perform a linear elastic analysis.

2. Locate points B and B’. Point B represents the combination of primary and secondary
stresses whereas point B’ represents the combination of primary, secondary, and peak

stresses.

3. Construct a horizontal line from points B to B’' ¢« iifying an invariant m,.” (blunting of

cak stresses). Designate the value of mo/m,‘ at B as (s, which can be obtained b
p g Y

solving the following equation:

5

0 §r o+l
M 1402929 ~1)=L (3.17)
m 2,
The roots of equation (3.17) are
{, =(1+0tJ140) -1 (3.18)

Where C =0.2929 (§-1)
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4. The value of mZ can be evaluated by the equation [13]

m! =- - (3.19)
[+0.2929¢ , - 1)

For some geometric transitions for which > 2, redistribution secondary stresscs

. - 0 .
could occur along with peak stresses. In such cases, the value of m, 1s not constant

during the blunting of peak strc i, and there is a gradual reduction in its magnitude.
These cases are usually attributed to components undergoing highly localized plastic flow

such as beams and frame structures.
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3.4 REMAINING STRENGTH FACTOR (RSF)

The remaining strength factor (RSF) proposed by Sims et al. [12] is used as a basis
for the evaluation of thinned are : in pressure vessels and storage tanks. It is a
dimensionless parameter and is based on the primary load carrying capacity of the
structure. The RSF of a component containing damage is computed as the ratio of the
strength of the damaged component to that of the component before damage. The

remaining strength factor is defined as:

I.
RSF = (3.20)
where
Ly = Limit or plastic collap  load of the damaged component (Component with
flaws), and
L. = Limit or plastic coll load of the undamaged component
For tankage, the RSF acceptance criteria is [32]:

MFH=MFH (RSF/RSF,) for RSF<RSF, 3.21)

MFF 1] for RSF  RSF, (3.22)
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where

RSF = Remaining strength  tor computed based on the flaw and damage mechanism
in Component

RSF,= Allowable remaining strength factor

MFH, = Reduced permissible maximum fill height of the damaged tank course, and

MFH = Maximum fill height of the undamaged component

If the calculated RSF is higher than the allowable RSF, the component is safe for
operation. The recommended value for the allowable Remaining Stre  h Factor is 0.90
for equipment in process servic | 1]. This value may be reduced based
upon the type of loading (¢ normal operating loads, occasic 1 loads, short-time upset

conditions) and/or the consequence of failure.

The von Mises yield criterior ~ be expressec

fGi)= 6, -61=0 (3.23)

where m), is the statically admissible multiplier for the damaged component, o, is the
statically admissible equivalent stress, and o, is the yicld stress. For components

containing corrosion damage, the integral mean of yield using von Mises criterion can be

expressed by integration of Eq. (3.6) as
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[(m((l)o-el/)z _0'_“ Vy +[(m:1)0-el))2 _0'_3] V, =0 (3.24)

where suffix U refers to the  orroded r "»n of the reference volume and suffix D
refers to the corroded region, o, is the equivalent stress in the original shell and o, is

the equivalent stress in the corroded area of the shell. Re  nging Eq. (3.24), we can

obtain

(3.25)

T RSFs are considered next for evaluation of industrial storage tanks containing

corrosion damage.

3.4.1 RSF Based on the Upper Bound Multiplier

The remaining strength factor RSFy is based on the integral mean of yield criterion,
along with the von Mises failure criterion. The upper bound RSFy is «  ained using m)

as

RSF, L (3.26)
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where m

u

' =0,/0,, isthe u) r bound multiplier for the undamaged shell, and m) is

obtained from the integral 1 n of yield criterion. Since RSFy is the ratio of an upper
bound multiplier of a dam: :d component to that of the component in the undamaged

condition, the RSF will be an upper bound estimate.

3. 2 RSF Based on the m, ..ngent Multiplier

The second RSF is ob by using the m-alpha tangent multipliecr (m),

proposed by Seshadri and Hossain [13]. The m-alpha tangent multiplier based on Eq.
(3.10), as described in section 3.3.6 of this thesis, can be used to calculate the RSF as

follows

.
RSFT =" (3.27)
m

u

While using Eq. (3.16) in order to evaluate RSF", the classical lower bound multiplier

can be obtained as m, =, 7, /0'(,,) and the upper bound multiplier m® is equal to

m) as defined in Eq. (3.25).
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3.4.3 RSF Based on Classical Lower Bound Multiplier

The third remz ing strer  h factor RSF, is based on the classical lower bound

limit load multiplier m, and is given by,

(3.28)

where the classical lower bound multiplier m,, =o‘\,/0'¢,D for corrosion damage. This

RSF gives very conservative est ition of the assessment. The abo  mentioned RSFs

are also used in this current research for FFS evaluation of storage tanks containing

corrosion damage.




3.5 INELASTIC FINITE ELEMENT ANALYSIS

The finite element 1 10d is a numerical technique, which can be applied for a wide
range of engineering structures. Generally, engineering structures are complex in
geometry and loading. Such problems are mathematically complex to be solved by
classical analytical methods. FEA is a discrete analysis technique in which a large
structure is divided into a number of simpler regions for which approximate solutions arc
easily obtainable. The procedi  results in a large number of simultaneous algebraic

equations, which are effectively, solved using a computer.

Non-linear finite element methods make inelastic analysis a viable approach for
many engineers with the recent advancements in computer technole . If non-linear
analysis can be performed, application of code rules is considerably simpler than the
elastic stress categorization aj  ach. Inelastic analysis is often performed using

¢ nercially available software packages (ANSYS, ABAQUS)

[t is easier to solve structures with linear elastic | avior rather, than those
experiencing inelastic deformation. In linear elastic analysis, the load-displacement
relationship is linear. The problem is solved in a single-stage solution procedure. In
inelastic analysis, the load-displacement relationship is nonlinear and therefore, the total

load applied in increments. T prot nissolvedinit itive lis 1 ona
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piece wise linear or incremental solution method. For each load increment, the stiffness
matrix is updated to take account of changes in material properties of the elastic-plastic
region. Moreover, each load step must satisfy certain convergence criteria, thereby

balancing the calculated internal forces and moments and applied load.

Inelastic FEA is elaborate and provides considerable information about the
structural behavior between the yield stress and collapse state of the structure. The
analysis is complex and requires  2ater computing resources in order to perform several
iterations to find the equilibrium displacements of load increments and store the

intermediate data,

However, the non-linear FEA poses certain drawbacks. The definition of material
models and the control of load increments to define the material properties have to be
d : precisely. Knowledge ot lable non-linear techniques is mandatory to achieve
convergence. Conve  nce failure occurs for the load steps when the plasticity spread is
significant and near collapse states thereby underestimating the limit loads. Selection of
appropriate element and its mesh density greatly atfects the inelastic analysis results. The
designer’s experience and expertise also plays a major role in deciding the solution

control process.
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In this current research Level 3 inelastic RSF is evaluated to verify the Level 2
RSFs obtained from the proposed analytical and linear elastic FEA based methods.
Appropriate strain limits arc used to obtain the collapse load of the structure. Sims ct al.
(1992) proposed a conservative limit on the amount of plastic strain in LTA based on
numerous inelastic FEA. They argued that a limit of 2% plastic strain at any location
provides a reasonable and conservative estimate of the actual collapse load of the
structure. In the present work, 1% plastic strain at the middle fiber of any location in the
LTA is considered as the limit for plastic collapse load estimation. The approach is
consistent with the work rep  lin [5, 7, 8, 10] on FES assessment of thermal hot spots

and corrosion damage.

3.6 HYDROSTATIC 1 s v anns ON LIQUID STORAGE TANKS

Liquid storage tanks experience differential pressure on the vertical wall of the tank
due to "~ hydrostatic head. ..cssure vessels and piping systems generally experience
uniform pressure. In order to apply the concept of decay lengths and reference volume,
originally derived for pressure vessels and piping subjected to uniform internal pressure,
equivalent hydrostatic pressure needs to be calculated for the kinematically active

volume.
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A —p =

Fig 3.7 Graphical representations of hydrostatic forces on a vertical rectangular surface

With respect to figure 3.7, e nt hydrostatic pressure on the LTA is evaluated using

the following equation:

Pee = X ;P8 (3.29)

_ {4 Y, AzXz)
where X AT (3.30)
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For calculating the equivalent hydrostatic pressure the total area of the reference
volume LTA where the hydrostatic pressure acting is divided into two regions as shown

in Fig. 3.7 For triangular region centroid lies at one third of its height from the basc and
for rectangular region it lics at half of height from the base. Equivalent distance X, is the
vertical distance from the fluid surface to the centroid of the LTA. Equivalent distance
()?G) is obtained by using the centre of gravity for triangular (X,) and rectangular (X,)

profiles and there respective areas.

The current approach to find the equivalent distance is consistent with the work
reported by Munson et al [16] to evaluate the location of the resultant force on a

cylindrical oil storage tank. Equivalent pressure (Pev) on LTA is calculated using

equivalent distance ( X ,), density of liquid ( 0 ) and gravitational acceleration (g).
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3.7 CLOSURE

A review of the theory of plasticity, classical lower bound multiplier, upper bound
multiplier, m, method and the m,-tangent multiplier method has been undertaken in this
chapter. Three remaining str  h factors e  ised in the current study are based on
classical lower bound multiplier, m,-ta  nt multiplier and upper bound multiplier. These
remaining strength factors are employed in chapter 5 to cvaluate the RSF of a liquid storage
tank containing corrosion damage. Level 3 inelastic finite element analysis is discussed
briefly in this chapter, as it is u in this current research to validate the results obtained
from the proposed methods. This chapter also presents the procedures for evaluating the
equivalent hydrostatic press  on liquid storage tanks containing corrosion damage. The
application of the m,-tangent multiplicr to evaluate the remaining strength factor of a liquid

storage tank with corrosionda e will be presented in chapter 4.
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CHAPTER 4

FITNESS FOR SERVICE (FFS) PROCEDURE

4.1 INTRODUCTION

[ntegrity assessment of mechanical components and structures is a multidisciplinary
effort. Structural integrity is of considerable interest in many industrial sectors e.g., ol
and gas, nuclear, and petrochemical industries. Integrity assessment is considered an
essential tool in order to ensure t  safety and economy of an operating plant. Fitness-for-
service (. . ) assessments  performed in order to demonstrate the structural integrity
of mechanical components and structures undergoing damage. FES assessment also aids
in optimal maintenance and ¢ tion of the plants. In practice, FFS evaluations are
conducted periodically in o to assess the acceptability of the components for
continued service as well as to estimate the r ining life of the components or
structures. Recommended practices and | cedures associated with FES assessment are
APIL 579 (1], R6 [2], SINTAP [3], and RSTRENG [4]. For pressurized equipments in

operating plants, API 579 has provided three levels of assessment.
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4.2 EFFECTIVE AREA METHODS

The study of pressure vessels containing blunt metal-loss or corrosion damage,
usually considered as a locally thinned area (LTA), has been far more claborate compared
to that for thermal hot spot problems. However, most studies are on the evaluation of

piping and cylindrical vesscls.

The ASME B31G, modified B31G and RSTRENG methods form a class of
evaluation methods that replace the actual metal loss with an “effective” cross sectional
area. The remaini  pressure carrying capacity of thc component ie. pipeline or
cylindrical vessels are calculated based on the amount and distribution of metal loss, and
the yield strength of the component. Note that for crack-like defects and defects caused
by stress corrosion cracking (SCC), the failure mechanism is based on material toughness
and the evaluation procedures different. SCC is cracking due to process involving
conjoint corrosion and straining of a metal due to residual or applied stress . This requircs
specific combinations of metal and environment such as chl ¢ king of stainless
steel or hydrogen embattiement of high strength steels (Cottis, 2000). This type of
corrosion is currently dealt with by Level 3 assessment according to API 579 {1] and is

not of direct interest in the current  :arch.
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The effective area method was first developed from a semi-empirical fracture
mechanics relationship by Maxey, et al. (1972). The method assumes that the strength
loss due to corrosion is proportional to the amount of metal loss measured axially along
the pipe (s). The remaining strength factor is based on a Dugdale plastic-zone-size model
and a “Folias” factor. Folias factor is a bulging stress magnification factor used in
through-wall crack in pressur | cylinder [12]. An empirical flaw-depth-to-pipe-
thickness relationship is used to modify the Folias factor to account for part-through wall
effects based on “effective” cross sectional arca. This method assumes that the flaw fails
when the stress in the flaw reac : the flow stress opow. The nominal pipe wall hoop

stress at failure in the flaw ic  “ven by

[ 1-aya,

4.1
|1-A7A(M ") D

yuil =0 flow

Where, A is the corroded area in the cross section, Ay is the cross sectional arca, M is
Folias factor. The term in the bracket is proposed as the effects from effective area for a

surface flaw.
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4.2.1 ASME B31G Ciriterion

The expression for nominal hoop stress at failure o g of a flaw used by ASME

B31G [9] is

T fil = L Ty RSF (42)
. :l L-@iyin_ } @
1-QI3dInM ™)

where, ¢ , is the yield stress, d is the maximum depth of corrosion and ¢ is the pipe
thickness. The Folias factor, used in this assessment is a function of the corrosion axial

length s, the pipe diameter D, and r as

M 1+o.8(£j (4.4)
Dt

It can be observed by comparison of Eq. (4.1) and (4.2) that this method assumes that
flow stress & gow = 1.1 g, . The flow stress used in this method is conservative when
compared with yield stress for cylinders calculated using von-Mises criterion with elastic-
pertectly plastic model which is equal to 2/ 3 oy or 1.15 g, . The corrosion flow is

a o ¢ b and hence parameter A = 2/3 sd and Ay = st. The two-
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term form of the Folias bulging factor is used to simplify the calculation. However, this

two-term is only applicable to flaws with s/vxs < 6.3 and ¢t > 0.175. Beyond this
length, the flaw depth is limited to 10 percent of the wall thickness. This limitation in a
discontinuity in the flaw asses :nt criterion that contributes frequently to excessively

conservative evaluations 0 'As in pipelines

4.2.2 Modified ASME B31G Criterion

The modified B31G criterion attempts to reduce B31G simplifying

assumptions and associated conservatism. The modified B31G criterion is given by

0 i = (0, +10,000psi |RSF; (4.5)
. [ - (0.85VA 11 46)
- 6

1= (0.85)(d /1)(M ")

2

where, M = 1406275 2= [-0003375] * | for |- |<50 and
Dt DI Dt

M :0.032(ij
Dt
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2
for (i—) >50.
Dt

The flow stress used in Modified B31G is less conservative than B31G; for high
strength pipeline material such as API 5L X80, the flow stress calculated by using Eq.
(4.5) is 1125 o, . Flow lower s 2th material such as API 5L grade A, with a yicld
stress of 30000 psi, the flow stress becomes 1.333 o, . This assumes that the material
attains significant amount of strain hardening after yield. An cmpirical fit factor of 0.85 is
also used in this criterion instead of the “2/3” arca factor resulting Hm the assumed
parabolic shape. In addition, the more accurate 3-term expression for the Folias bulging

factor is utilized and hence the discontinuity that exists in B is eliminated.

4.2.3 RSTRENG

The more accurate computation of the effective area is developed by applying more

detailed corr " 1 profiles with the help of PC-based softwarc known as RSTRENG.

RSTRENG uses the less conservative definition of flow stress and the 3-term Folias
bulging factor described in the Modified B31G. The equivalent axial profile can be made
by plotting points along the decpest path of the contour map, often referred to as the
critical thickness profile (CTP) or “river bottom” of the flow (Figure: 4.1) . RSTRENG
computes t ure pressure based upon all possible flaw  ometries along the river

bottom and reports the lowest  its result. Although RSTRENG provides morc accurate
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results, difficulties can often arise because of a large amount of information must be

collected.

(a) Longitudinal CTP (b) Circumferential CTP

Figure 4.1 Procedure to establish the critical thickness profiles (CTP)
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Note that the effective area method is a strength dependent method in which material
toughness is not considered. Toughness is the ability of the material to withstand fracture.
This implies the assumption of ductile material which is able to undergo large

deformation before failure and the fracture is non-crack-like.

4.3 FITNESS-FOR SERVICE ASSESSMENT PROCEDURE

Fitness-for-Service assess  its are quantitative engincering cvaluations that arc
performed to demonstrate the structural integrity of an in-service component containing

flaw or damage. Three levels of assessment are presented by API 579 as given below:

Level 1: The assessment procedures included in this level are intended to provide
conservative s :ning  cria that can be utilized with a minimum amount of inspection
or component information. Level | assessment may be performed by either plant

inspectors or engineering personnel.

Level 2: The assessment procedures included in this level arc intended to provide a more

detailed evaluation that produces results that are more precise than those from a Level |

assessment. In a Level 2 Assessment, inspection information similar to that required for a
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Level | assessment are neceded; however, more detailed calculations are used in the
evaluation. Level 2 assessments would typically be conducted by plant engineers, or

engineering specialist’s experienced and knowledgeable in performing FES assessments.

Level 3: The assessment procedures included in this level are intended to provide the
most detailed evaluation which produces results that are more precise than those from

a Level 2 assessment. In a Level 3 assessment the most detailed inspection and
component information are typically required, and the recommended analysis is based on
numerical techniques such as the finite element method. A Level 3 analysis is primarily
intended for use by engineering specialists experienced and knowledgeable in performing

FES assessments.

As mentioned previously, the current study aims at deriving Level 2 methods for
FFS assessment of liquid stor  tank experiencing hydrostatic pressure with corrosion
damage. Evaluation proced for cylindrical storage tanks are based on m,-tangent

multiplier, reference volume and variational principle.

68




4. API 579 EVALUATION PROCEDURE

The metal loss in pressure vessels due to corrosion is divided into two main

categories in API 579 (2000). The assessment procedure is classified as

e  General Metal Loss Rules

¢ Local Metal Loss Rules

In order to distinguish between general metal loss and local metal loss, characteristics of
the metal loss profile should be known in detail. The main difference between the
assessment approaches of these two types of metal losses is that the amount of data that is
rc ired for the assessment. The :neral metal loss rules are 1sed on the average depth
of metal loss while the local metal loss rules are based on more accurate metal loss
profiles, known as the critical thickness profiles (CTP’s). Both general and local metal
loss rules provide guidelines for Level 1 and Level 2 assessments. The present thesis
focuses on the evaluation of local metal loss, which is generally termed as “locally

thinned area” (LTA).
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4.4.1 Level 1 Assessment procedure from API 579

The API 579 assessment provides a consistent result for regions of metal loss with
significant thickness variability (Osage, 2001). Two acceptance criteria are included; a

simple level I criterion based on length and depth dimensions. Level 2 criterion is more
complex based on the detailed cross-sectional profilc. The assessment procedures for
circumferential stress in pressure vessels with LTA subject to internal pressure are as
shown below. The remaining thickness ratio, R;, and the metal loss damage parameter, 4,

are computed as

t, —FCA
R[ - mm (4.7)
12851
A= (4.8)
VDtl’llll’l
twm 1s the minimum measured remaining wall thickness.
twin 1S the minimum  uired wall thickness in accordance tal construction

code

FCA Future Corrosion Alloy  ce
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Lusa 18 the distance betweent  flaw and any major structural discontinuity
L, isthe measured axial extent of corrosion

D s the outer diameter of the cylinder

The stress at failure of LTA is computed as

o, -RSF

Oy =———— 49
Juil 09 ( )

F=—o
l—(l—Rl)Mﬁ' (4.10)

where, M = 1+ 0.484

The geometrical limitations on the region of local metal loss are

R, >0.20

med 2 1'8V\U‘min J

tuin - FCA > 2.5 mm, where L, is the shortest distance between the

edge of corrosion area and the  scontinuity.
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4.4.2 Level 2 Assessment procedure from API 579

Level 2 assessment procedures can be used to provide a better estimation
of the RSF (API 579, Sec 5.4.3). The inherent strength of the actual thickness profile is
evaluated using an incremental approach to ensure that the we est ligament is identified
and properly evaluated. The | tations are stated in equations (4.1) and (4.2) are
satisfied, and if A £5.0, then the RSF is computed for each of the subsections (Fig 4.2) of

the critical thickness profile in both longitudinal and circumferential directions using the

eq (4.10).
LS
L4
LS
. -
Y
t
Y

F* ire 4 ~ Subdivision process for Determining the RSF




. A
RSF' —
A , 4.1
l _ bt ]
A,
where, Ai(, = tin 1 the origi based on L'
- ~ 4 4 2 s . AN} ~ o~ ,: - 4 - ’ 4
i L0 1(A) @.12)

1+ 0.02642(4) +1.533(10™)(A)’

(15311
1

where “i” corresponds to respective subdivision

The RSF calculated in this expression gives more accurate results due to the smaller size

of the subsection.

4.5 FACTORS INFLUENCING CORROSION FAILURE

An accurate FFS evaluation for a liquid storage tank having a corrosion spot is
complex. A number of paramet  affecting the behavior of the flaw and the failure of the
component. From the experimental studies it is evident that the failure of corroded
component can occur either by ductile failure (non crack-like flaws) or toughness
d >ndent failure (crack-like flaws). This current study focuses on the non-crack-like

corrosion in storage tanks.
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In order to determine the strength of corroded components, corrosion damage is
considered as focally thinned area (LTA). The applied loadings, gecometry of the tank,
corrosion profile and its material characteristics all drive the failure of the locally thinned

area as shown in the Table 4.1.

Applied Loading Geometry Matcrial Characteristics

Internal Pressure s Tank Dimensions

* Yicld Strength

Diameter » Ultimate Strength
Wall Thickness * Fracture Toughness
*  Defect Geometry *  Plasticity/Strain
Hardening
Depth
* | iting Strain for
Length acceptable performance
Width
- Shape/Profile

le4.1 = tors influencing the behavior of LTA

The applied loads include the direct surface traction (internal pressure) and the net scction

tensile, compressive loads.
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4.6 METHODOLOGY FOR PROPOSED LEVEL 2 FITNESS-FOR-

SERVICE (FFS) EVALUATION FOR LIQUID STORAGE TANKS

In this current research, cylindrical liquid storage tank containing irrcgular profiles
of flaws are represented by equivalent regular shapes to facilitate the cvaluation
procedures for remaining strength factor. A flaw profile is replaced by an equivalent
rectangle enclosing the defect with the edges along circumferential and meridian

directions of the shell as shown in the Figure 4.4

Figure 4.4 Rectangular Equivalent Area in Cylindrical Vessel

When corrosion damage occurs in a component with internal pressure, the damaged
region undergoes higher defori ion than the undamaged region. Excessive plastic
deformation in a damaged area can lead to plastic collapse over a localized r - >n of a
component. The concept of ce vol has been introduced by Seshadri and

Mangalaramanan [6]. This concept is to identify the kinematically active portion of the
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4.7 DECAY LENGTH AND REFERENCE VOLUME

The concepts of decay length and reference volume has been discussed by Seshadri [5] in
order to identify the kinematically active portion of the shell that takes part in plastic
action. During local plastic collapse, the plastic action is assumed to occur in a localized

region as shown in Fig. 4.6.

4.6.1 Decay Length

The localized effect of discontinuities due to corrosion damage in pressurized
components is represented by introducing the concept of decay length. The decay length
is defined as the distance from the applied force (or moment) to the point where the effect
of the force is almost completely dissipated or becomes negligible. To deduce the
expression for decay lengths in the axial direction, consider a cylindrical shell subjected
to axisymmetric loadi  In this case, the displacements are independent of the
circumferential coordinate. . or pressure vessels and piping, taking v = 0.3, the decay

length in axial direction becomes [3]

x, =2.5JRh (4.13)

The decay length in circumferential direction for cylindrical shell can be calculated as

(14]
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x, =6.3VRh (4.14)

Since the extent of decay le  h in shells is dependent on shell curvature, the decay
lengths in circumferential and axial directions are different. Justification of the decay

lengths in cylindrical shells will  discussed in the following section.

4.6.2 Reference Yolume

When damage occurs in a pressurized component, a part of the volume, adjacent to
the damage, participates in the failurc mechanism. A reference volume is the sum of the
volume of damaged portion of the vesscl (LTA) and the adje 1t volume affected by the
damaged portion. The adjacent volume is the effective undamaged volume outside the
damaged area that participates in plastic action and is part of the reference volume. The
dimensions of the adjacent volume are calculated by using the decay lengths. An
equivalent rectangular shape is utilized to represent an irregular shape of a corroded
damage in cylindrical shells. # ugh the thickness of the corrosion is irregular in
practice, generally a unifi  depth is considered. Maximum corrosion depth is the
conservative assumption. Forac¢  aged area of width 2¢ in  umferential direction and
length 2b in longitudinal direction of a cylindrical shell, as shown in Fig. 4.6, thc volume

of the damaged spot V) can be calculated as,

V,, = 4abh, (4.15)
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where, hy is the thickness of the dam  d area. The adjacent volume is the strip around
the damaged volume that participates in plastic action and is bounded by decay lengths of

cylindrical shells. Therefore, the adjacent volume is given by,

V, = 4h{(x +a)x +b)-ab) (4.16)

where, x; and x. are decay lengths of cylindrical shells in axial and circumferential

directions, respectively. The reference volume is therefore the sum of the above volumes
Ve=Vi Wy @.17)
where , V), = Damaged Volume

Vy=Undar  ed Volume

Rectangular hot spot
or Corrosion damage

Reference  lume

Figurc 4.6 Decayle * i reference volume dimensions for cylindrical shell
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4.8 CLOSURE

Level 2 Fitness-for-Service assessment methods are developed to estimate the
remaining strength factor of cylindrical liquid storage tanks with locally thinned arcas. An
overview of the existing Fitness-for-Service assessments of corrosion damage is
presented. It is observed that there is a lack of procedures for evaluating RSF for liquid
storage tanks expericncing hydrostatic pressure rather than constant pressure, containing

corrosion damage.

The main factors influencing the behavior of pressurized components containing
local damages such as corrosion damage, geometries of the damage 1d the shell and
material characteristics are presented in this chapter. These major factors have been
considered in the proposed Level 2 assessment based on the variational principle and the
concept of reference volume. The reference volume id  Tying the volume participates in

plastic action for cylindrical shells can be determined by using decay lengths of the shell.
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CHAPTER 5

A PLICATION TO CYLINDRICAL STORAGE TANK

5.1 INTRODUCTION

Accurate structural analysis  juires the concurrent satisfaction of the equilibrium
equations, static boundary conditions, strain-displacement relations or compatibility
conditions and kinematic bol / conditions. The stresses and strains are related by
approximate material constitutive relationship; strain-displacement  relations  and
equilibrium equations arc independent of material property but have to satisfy both in the
elastic and plastic range. ..z basic difference between elastic and inelastic analysis is the
choice of material constitutive relationship, which is lincar in elastic range and non-linear
in plastic range. The satisfaction of compatibility conditions within the structure
demonstrates the continuity of the structure in terms of the main degree of freedom,
which is the displacement in structural analysis. In elastic range strains can be determincd
uniquely from the state of stress. In the inelastic range for determining the strains requires
the knowledge of loading hist _ Conventional inclastic finite element analysis involves

an iterative solution using the Newton-Raphson method.

82



In this chapter, a detailed parametric study of liquid cylindrical storage tank
experiencing hydrostatic pressurc having internal corrosion has been carried out.
Indermohan and Seshadri [7] demonstrated the application of robust limit load solution
for internally corroded pipeline with a radius to thickness ratio of greater than 50.
Ramkumar and Seshadri [8] extended this work for a thicker pipeline having a radius to
thickness ratio of about 30 with both internal and external corrosion. Tantichattanont ct al.
[10] have studied corrosion damage in spherical pressure vesscls. Significant effort has
been made towards the study of structural integrity of pressure vessels and piping systems
undergoing damage. However, widespread research has not been reported in the area of
structural integrity assessment of industrial storage tanks with locally thin areas (LTA).
Sims et al. [12] have studied LTA in gas stor:_ tanks in the context of FFS assessment.
They have reported results of some parametric analysis using inelastic FEA, and have

attempted to provide empirica  uations fot . . 3 assessment.

In this current thesis a typi  liquid storage tank [20] cxperiencing hydrostatic
pressure, and having internal ¢ sion damage, is chosen for the study. Two alternative
methods based on statically admissible stress fields are proposed. The first method is a
simple analytical approach, and the second method is based on two linear elastic finite
element analyses. The proposed methods are shown to give a conservative asscssment of

the remaining strength of storage tanks containing local thin areas.
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5.2 FINITE ELEMENT MODELING

In general, engineering structures are complex in geometry and loading. Such
problems are mathematically complex to be solved by classical analytical methods. The
finite element method is numerical technique, which can be applied for a wide range of
engineering structures. FEA is a discrete analysis technique in which a large structure is
divided into a number of simpler regions for which approximate solutions are expedient.
The objective of the inclastic finite element analysis in this current work is to validate the
solution obtained analytically, since i+ A remains the most accurate numerical solution

that may be obtained for complex engineering problems.

Three-dimensional inelastic finite element analysis incorporating the effect of strain
hardening was carried out using ANSYS [15]. Finite element models were created for
simulating liquid storage tanks experiencing hydrostatic pressurc containing intcrnal
corrosion damage. The metal loss in the storage tank due to corrosion is modeled by a
reduced section thickness at the corrosion site, with other characteristic dimensions being
longitudinal and circumferent e it of corrosion. Due to the difficulty of modeling
highly irregular actual corrosion profiles, simplified regular rectangular and square
profiles of corrosion were simulated. Half of the structurc is modelled by taking

advantage of symmetry.
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A three-dimensional solid continuum finite element model was constructed using
the eight noded brick SC™ ™ 185 element. This element has 3 degrees of freedom per
node (displacements in X, Y and Z directions). Four elements were used through the
thickness in the corroded r . Since SOLID 185 element is linear element without
mid-side nodes, an increased number of elements were needed to simulate the
deformation behavior of the thinned area, and the discontinuity region between the
corroded and uncorroded regions of the tank. The element has plasticity capability.
Pressures may be input as surface loads on the element faces. Further, such a fine mesh
prevents the occurrence of common meshing errors such as the crror due to aspect ratio of
the elements in the reference volume. All elements are automatically tested for acceptable

shape in ANSYS.
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5.3 MATERIAL MODEL

The material used in the current research is SA 516 Gr. 55, which is common carbon
steel for pressure vessels. An clastic modulus of 30 10° psi and a Poisson’s ratio of 0.3
were used in the current research. Yield stress of 30,000 psi was used. The effect of strain
hardening is included in this analysis to take advantage of the post-yield behavior of high
strength steels. Accordi 'y, a representative bilincar material model with a plastic
modulus of 50x10*psi is used. Indermohan and Seshadri (2004) used elastic plastic

material model with plastic modulus of 50x10* psi..

Evaluation of a remaining strength factor in the present study assumes a material
model almost equivalent to elastic perfectly plastic behavior as shown in Fig 5.1. The
Bilinear Kinematic Hardening (L...N) option in ANSYS, which assumes that the
structural materials possesses ¢ ificant amount of reserve strength beyond their yicld
limit. Therefore, it is reasonable that a cer © po "~ 1 of the reserve strength could be
taken into account while , ng the assessment, given that the difference between the
yield and ultimate strength of the material is considerably large. By taking the elastic-
plastic material model and performing strain-based asscssment, a portion of the reserve
strength is taken into account, which reduces the conscrvatism and hence avoids the early

repair or replacement of the component.
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Figure 5.1 Material Model for Finite Element Analysis

Sims et al. [12] proposed a conservative limit on the amount of plastic strain in LTA
based on numerous inelastic FEA. They argued that a limit of 2% plastic strain at any
location provides a reasonable and conservative estimate of the actual collapse load of the
structure. API 579 [1] recommends limiting the peak strain at any location of the
remaining ligament to 5% when a Level 3 analysis is performed. In present analysis, | %

plastic strain is considered as the limit for plastic collapse load estimation.
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5. ILLUSTRATIVE EXAMPLE

[n this section of the thesis, the estimation of the limit load and remaining strength
factor of corroded storage tank with various configurations of corrosion profile is carricd
out. A liquid storage tank subjected to hydrostatic pressure, with no gas blanket pressure,
is considered in this example in order to demonstrate the proposcd Level 2 FFS
assessment methods. The tank details are given below wh : the values given in the

brackets are in SI units.

Shell inside radius (R;) :512.0000 in. (13.0048 m)

Shell overall height (H) ©394.0000 in. (10.0076 m)
Density of water ~ °C)(p) :  0.0369 [b/in® (998 kg/m] )
Operating pressure p, o 14.2282 psi (98.0999 kPa)
Design pressure py : 16 psi (110.3160 kPa)
Allowable stress (S) : 16,000 psi (110.3160 MPa)
Yield stress (a,) 30,000 psi (206.8430 MPa)
Corrosion allowance (CA) : 116in. =0.0625in (0.0016 m)
Joint efficiency 1.0
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5.4.1 Required Thickness calculation

For design conditions:

Design Thickness [25]:

_ (PJ'R,')
S-E 060,

d

=0.5130in. (0.0130 m)
Shell Thickness: h = ( 15+ CA)=0...,5 in, (0.0146 m)

Therefore 5/8 inch (0.0158 m) plate is considered.

5.4.2 Calculation of Decay |  gths

Longitudinal (x;) and circumferential (x.) decay lengths arc evaluated using Eq. (4.13) and

Eq. (4.14), respectively as
x1=2.5+Rh =44.7486in. (1.1370 m)

=634 Rh =112.7665 in. (2.8630 m)

Dimension of LTA:

For this calculation the area is considered as rectangular strip, circumferential and

longitudinal dimensions of the ...\ (F* 5.3) are considered as

2a=100in. 2.540C
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2t 100 1in. (2.5400 m).

The aspect ratio of the damaged area: (b/a) = 1.0.
Shell outside radius (R) = 512.6250 in. (13.0206 m)
Shell thickness (h) =0.625 in. (0.0159 m)
Corroded thickness (k) =0.1562 in. (0.0039 m)

Corroded radius (R.) =5~ 1562 in. (13.0087 m)

Calculation of Reference Volume: The reference volume is calculated as follows:

Volume of LTA: V, = (4ab)he=1,562.5001 in.* (0.0256 m’)
Uncorroded Volume:

Vy=[(2x +2a) (2x,+2b) - 4ab] h = 32,289.5600 in.” (0.5291 m")
Reference Volume:

Ve= (Vy+Vp) = 33,852.0601 in.* (0.5550 m’)

5.4.3 Evaluation of Hydrostatic Equivalent Pressure and Corresponding Stresses

[n order to apply the concept of decay lengths and reference volume, originally
derived for pressure vessels and piping subjected to uniform internal pressure, equivalent

hydrostatic pressure needs to be calculated for the kinematically active volume.
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=330.8342 in (8.4031 m)
For rectangular area vertical distance from the fluid surface to the centroid of the area:
Xz ={(1/2). (2X;,+2b) + H;}

= 299.2514 in (5.1934 m)

Triangular Area of LTA A, =[("2) {y (H-H,)} (2X, +2b)]

=651. )1 1bf/in (113,073.1512 N/m)

Rectangular Area of LTA A; = [(y H}) (2X;,+2b)]|

= 1,406.1701 Ibt/in (244,040.081 N/ m)

— (Ax +A.x)
Equivalent distance ~ X; =-
A+ A,

=309.2140 in. (7.8540 m)

Hydrostatic equivalent pressure on LTA:

Pag = chg

= 11.1528 psi (76.8930 kPa)
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5.6 RSF USING TWO LINEAR ELASTIC FEA

An alternative method for evaluating RSF based on the m,.-tangent method is
proposed here, which is evaluated usii  linear elastic FEA, circumventing need for decay

lengths and reference volume, as is necessary in the analytical approach. In this case, the
me-tangent multiplier (m!) is evaluated from the statically admissible stress field

obtained from a linear elastic FEA. The structure is subjected to hydrostatic internal

pressure without any blanket pressure.

From the initial linear elastic FEA of the corroded tank, -=1.991 and m°=4.391 is
evaluated using Eq. (3.5) and Eq. (3.9) respectively. The corresponding (= 2.205 is

calculated using Eq. (3.11). 1 the value of the limit load multiplier is evaluated using

Eq. (3.10) as m_ = 3.240. The same procedure is used to evalua the limit load multiplier

for uncorroded tank, which gi ~ m!= 3.650. Finally, RSF", based on linear elastic

FEA, is evaluated as:

RSFT = 2 Corroded ) /(m; | Uncorroded ) = 887
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5.7 RSF BASED ON INELASTIC FEA

Level 3 inelastic RSF is evaluated in order to verify the accuracy of Level 2 RSFs
obtained from the proposed analytical and lincar elastic FEA based methods. The same
FE model as described in the previous section is used with plastic modulus of 50 10 psi
in order to account for the strain hardening effect. The inelastic RSF is calculated from
the ratio of the limit pressurc at 1% membrane strain in the LTA to the limit pressure of

the tank without LTA. For this example, RSF. is evaluated as 0.916. The same

inelustic
procedure is applied to LLTAs with different aspect ratios and corrosion depth. The results

are tabulated in Table 5.1 and Table 5.2
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Table 5-1

atin) [ban) | 70T
RSFU RSF 1L RSFm,', RSFm,’, RSFim'Iu\'li('
500 | 12.5 0.25 0.9932 | 0.7490 09120 0.9101 0.9930
50.0 | 25.0 0.50 | 0.9800 | 0.7490 0.9050 0.8910 0.9250
50.0 | 50.0 1.00 09701 | 0.7490 0.8891 0.8877 0.9160
500 [ 75.0 1.50 09 | 0749 0.8900 0.8890 0.9090
50.0 {1000 2.00 | 09650 [ 0.7490 0.8900 0.8700 0.8961
Table 5.1 RSF for Liquid Storage Tank having LTA with 25% corrosion
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The proposed assessment  thod is a simple step-by-step procedure that should be
attractive to plant engineers and designers. Remaining Strength Factor (RSF) can be
evaluated using proposed analytical expressions, and no FEA is required. The second
method RSF can also be evaluated using two linear elastic finite analysis, avoiding the
identification of decay lengths and reference volume as is necessary in analytical
approach. The results obtained using these two approaches are in good agreement with

each other.
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C \PTER 6

CONCLUSIONS, RECOMMENDATIONS AND FUTURE WORK

6.1 CONTRIBUTIONS OF THE THESIS

In this thesis two different approaches are proposed to evaluate Remaining Strength
Factor (RSF) for liquid storage tanks containing corrosion damage. The first method is a

simple analytical approach, and the second method is based on two linear elastic finite
element analyses (LI ZA). The methods are based on variational concepts, m, -tangent

multipliers, reference vol  : and the concept of decay lengths in cylindrical shells.

The principles leading to an improved lower bound limit load called the m,, -tangent

method (as developed in earl  studies) are discussed in detail in chapter 3. ..e m,-

tangent method has been shown to provide acceptable approximations to limit load of
various mechanical components, and thus is employed as the basis of the calculation of

the recommended remaining stre.  h factors proposed in the current study.
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The concept of reference volume is used in this current thesis which gives better
approximation of limit load multipliers than using the entire volume of the structure. The
effects of local loads on a shell structure are normally restricted to a limited volume in the
vicinity of the loads. This kinematically active volume participates in plastic action when
local damage occurs in a component and is termed as the reference volume. This

reference volume approach gives better estimation of remaining strength factor.

Both the methods are demonstrated through cxamples. Inclastic finite element
analysis also has been carried out in this current research in order to compare the results
obtained by the proposed methods. Strain hardening was accounted in this present work
to take advantage of the post-yicld behavior of high strer 1 steels in inelastic finite

element analysis.

6.2 Future Effort

In this thesis, Level 2 FFS assessment  thods are proposed for estimating the
strength parameter for liquid storage tanks containing “locally thin arcas”. In this current
research, an irregular profile of corrosion damage is represcnted by an equivalent
rectangular damaged arca in cylindrical storage tank. Corrosion spots observed in storage

tanks in-service are usually ir
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Although the proposed approach assumes uniform damage and does not account for
the irregularity, the methods can be ex  led to determine the remaining strength factors
for an irregular profile including i _ular damaged area and thickness loss. The level 2
Assessment rules of APl 579 (Sec. 5.4.1.2) provide for an estimate of the structural
int ity of a component when significant variations in the thickness profile occur within

the region of metal loss.

Current API 579 rules fort . . S assessment covers LTA remote from major structural
discontinuities. Also in this current research two  [jacent damage arcas are also assumed
not to interact. The interaction of LTAs is one of the problems encountered in the industry.
Procedures to calculate the rer  ing strength factor of pressure vessels with damaged
spots near structural discontinuities and multiple interacting damaged spots need to be

studied.

The proposed Fitness-for-  ice assessments in the current research have becn
shown to offer lower bound remaining strength factor estimates to pressure vessels of
cylindrical shapes. The proposed 1 hods should be extended for spherical liquid storage

tanks experiencing hydrostatic  sure.
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Another potential area of res  :h is the extension of this method for liquid storage
tanks having different shell thickness and locally thin arcas in between two shell
th iess. An experimental study with strain gauges set up can be conducted to obtain the
collapse pressure of a corroded component as well as to investigate the behavior of the
damaged pressure components at limit state. Results from such experiments can be used

to validate the accuracy and effectiveness of the proposed methods.

6.3 CONCLUSIONS

Level 2 FFS assessment methods are proposed in this research to estimate the
strength parameter for evalvating  wstrial storage tanks containing locally thin arcas.
The integral mean of yield cr  on in conjunction with the m,-tangent method is used to
develop the proposed Level 2 RSF. The RSF obtained by using the m,-tangent method is
shown to be conservative and is ir od agreement with the inelastic analysis based Level
3 RSF. Using the proposed method, nably accurate k... sstimates can be obtained
on the basis of two linear elastic FEA or analytically. The RSF” based on the m,-tangent
method is suggested as a parameter for performing FFS assessment of liquid storage tanks

undergoing corrosion damage.
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Appendix A

ANSYS batch files are used to perform the finite element analysis of storage tanks
containing corrosion damage as discussed in Chapter 5 are provided in this section. The

analysis type includes both elastic and inclastic finitc clement analysis.

A.1 Linear Analysis of Storage Tank without Corrosion Subjected to Internal

Pressure

/ Title Linear Analysis of Stor  Tank under Internal Pressure
fconfig, nproc/4

Iprep7

'Material Properties

ET,1,SOLID185

MF 77{,1,30e6 ! Modulus of Elasticity
MP,PRXY,1,0.3 ! Poisson’s Ratio
Ri=512

t=0.625

R 12,625

Len=394
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! Solid modeling

K, 1,0,0,0

K, 2,Ro,0,0

K 3,Ri,0,0

K, 4,0,0,-Ro

K, 5,0,0,-Ri

K, 6,0, Len, 0
LARC, 2,4, 1,Ro
L: C3,5 LRi

L.23

al,1,3,2,4

VDRAG,1,,,,,,5

! Mapped Meshing

lesize,12,,,150 ! Across Length
lesize,7,,,150 ! Across Length
lesize, 11,,,280 ! Circumferentially
lesize,6,,,280 ! Circumferentially
lesize,13,,,4

lesize,3,.,,4
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vmesh,All

!Apply Boundary Conditions

DA,5,SYMM
DA3,.SYMM
DA,1,UX,0
DA,LLUY,0
DA,1,UZ,0

! Load Application

SFGRAD,PRES,0,Y,0,-0.
NSEL,all

SFA.4,1,PRES, 16,0
DTRAN

SFTRAN

finish

/SOLU

ANTYPE,0

solve

save

finish
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A.2 Non-linear Analysis of Sto e Tank without Corrosion Subjected to Internal

Pressure

/ Title Non-linear Analysis of St ge Tank under Internal Pressure

/ config,nproc/4

/ prep7

IMMED,

! MAterial Properties

ET,1,SOLID185

MP.EX, 1,30e6

MP,PRXY,1,0.3

TB,BKIN, 1,1,2,1 !'Bilinear kingmatic strain hardening
TBDATA,,30000,0 ! Data table, yield stress, plastic modulus
Ri=512

t=0.625

Ro=512.625

Len=394

! Solid modeling

K,1,0,0,0

k,2,R0,0,0
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k,3,Ri,0,0
k,4,0,0,-Ro
k,5,0,0,-Ri
K,6,0,Len,0
LARC24,1,Ro
LARC,3,5,1,Ri
L,23

L4,5

L,1,6

al1,3,2,4
VDRAG,,,,,,,5

" ed Meshing

lesize,12,,,150 ! Across Length
lesize,7,,,150 ! AcrossLe h
lesize,11,,,280 ! Circumfc tially
lesize,6,,,280 ! Circumferentially
lesize,13,,,4

lesize,3,,.4

vmesh,All

!Apply Boundary Conditions

DA5.SYMM
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DA3,SYMM
DA,LLUX,0
DA,1,UY,0

DA,1,UZ,0

!Load Application

SFGRAD,PRES,0,Y,0,-0.81218_. .

NSEL,all
SFA4,1,PRES,320,0
DTRAN

SFTRAN

finish

/SOLU

ANTYPE,0
NSUBST,2000
foutput,out,dat

solve

$ave

finish

! Initial number of substep
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A.3 Linear Analysis of Storage ..nk with Corrosion Depth 25% Subjected to

Internal Pressure

/ Title, Linear Analysis of Storage Tank with Corrosion Depth 25%

IprepT

IMMED, |

!SOLID MODELLING Storage Tank
MAterial Properties
ET,[,SOLID185
MP,EX, 1,30e6
MP,PRXY,1,0.3
Ro=512.625
t=0.625

Ri=512

theta=5.59

b=100

x1=44.748
xb=144.748

Le 94
*set,dc,0.15625

*set,Rc,512.15625
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*set,P, 16

! Calculation of ARC Length

pi=3.141592654
arcl=(1.57*Rc)
arc4=(1.57*Ri)
arc5=(1.57*Ro)

arc”  pi*theta*Rc)/180
arc  pi*theta*Ri)/180
arcb=(pi*theta*Ro)/180
a=arc2/arcl
al=arc3/arc4
a2=arcb/arc$

! Element Size
Lon_Upper =95
xI_DIV =17

b_DIV=38

the div=20
ARC_DIV =260
Undamaged region
tc_Div=3

t_div=I

'Solid modelling

K,1,0,0,0

! No of elements along axial Direction above 2b

INc  elements along axial direction below 2b

! No of elements along longitudinal direction in 2b

! No of elements along Circumferential Direction in the LTA

! No of clements along Circumferential direction in

!Nun  of elements along corrosion depth

'Nun  Hf "~ 1ents along remaining thickness of the pipe
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k,2,R0,0,0
k,3,Ri,0,0

k,4,0,0,-Ro
k,5,0,0,-Ri

K,6,0,Len,0

!' New location for Corrosion

K,7,0,x1,0
K.8,Ro,x1,0
K,9,Ri,xL,0
K,10,0,x,-Ro

K, 11,0,xL,-Ri
LARC,3,5,1,Ri
LARC,24,1,Ro
LARC,9,11,7,Ri
LARC,8,10,7,Ro
L,3,2

LS54

L,1,6

L,1,7

L.8,9

L,10,11
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al,1,2,5,6

VDRAG,1,,,,.,7

! Corrosion Construction

k,20,0,xl,-Rec
k,21,Re,x1,0
LARC,20,21,7,Re
LDIV,19,a,71
LDIV3,1-a81
L,71,81
LCSL,19,10
al,24,19,22,21
vext,7,,,,b

vsby, 1,2

! Modification of Volume for M yped Meshing

LDIV.4,1-a2,10!
L,71,101
LDIV,!1,1-a2,102
LDIV,16,al,103
L,102,103
LDIV,1,1-a2,302

LDIV,2,1-al,301
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1,302,301
a,103,301,302,102
VSBA,3,2
k,54,(Ro+10),xL,-(Rc  0)
k,55,-(Ro+10),x1,-(Ro+10)
k,56,-(Ro+10),x,(Ro+10)
k,57,(Ro+10),xL,(Ro+10)
A,54,55,56,57

VSBA,L,1
k,54,(Ro+10),x1,-(Ro+10)
k,55,-(Ro+10),x1,-(Ro+10)
k,56,-(Ro+10),x1,(Ro+10)
k,57,(Ro+10),x1,(Ro+10)
A,54,55,56,57

VAR WA
k,54,(Ro+10),xb,-(Ro+10)
k,55,-(Ro+10),xb,-(Ro+10)
k,56,-(Ro+10),xb,(Ro+10)
k,57,(Ro+10),xb,(Ro+10)
A,54,55,56,57

VSBA4,1
k,54,(Ro+10),xb,-(Ro+10)

k,55,-(Ro+10),xb,-(Ro+10)
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k,56,-(Ro+10),xb,(Ro+10)
k,57,(Ro+10),xb,(Ro+10)
A,54,55,56,57

VSBAS,I

! Finite Element Mode and Meshing

! Set the Element Division

lesize,67,,,Lon_Upper
lesize,33,,,Lon_Upper
lesize,42,,,Lon_Upper
lesize,62,,,Lon_Upper
lesize,41,,,Lon_Upper
lesize,59,,,Lon_Upper
lesize,46,,x]_DIV
lesize,32,,x]_ DIV

les 50,,x1_ DIV
lesize,43,,,x1_ DIV
lesize,47,,,x]_DIV
lesize,49,,,x_DIV
lesize,35,,,Arc_Divl]
lesize,11,,,Arc_Divl

lesize,58,,,Arc_Divl
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lesize, ¢ ,,Arc_Divl

lesize,20,,,Arc_Div|
lesize,3,,,Arc_Divl
lesize,48,,,Arc_Divl
lesize,4,,, Arc_Divl
lesize,51,, Arc_Divl
lesize, 1,,,Arc_Divl
lesize,2,,,Arc_Divl
lesize, 16,,,theta_Div
lesize,34,,,theta_Div
lesize,55,,,theta_Div
lesize,25,, theta_Div
lesize,27,, theta_Div
lesize,21,,.theta_Div
lesize,19,,,theta_Div
lesize,45,,,theta Div
lesize, 13,,,theta_Div
lesize,37,,,theta_Div
lesize,38,,,theta_Div
lesize,28,,,tc_Div
lesize,53,,,tc_Div
lesize,23,,,tc_Div

lesize,44,,,tc_Div
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lesize,63,,,tc_Div
lesize,54,,,tc_Div
lesize,26,,,t_Div
lesize, 10,,,t_Div
lesize,24,,,t_Div
lesize,22,,.t_Div
lesize,29,,,b_Div
lesize,56,,,b_Di
lesize,31,,,b_Div
lesize,30,,,b_Div
lesize,64,,,b_Div
lesize,065,,,b_Div

lesize,66,,,b_Div

! Reverse line Directions to « the Desired Gradually varying Mesh

L™"/ERSE,33
LREVERSE,35
LREVERSE 41
LREVERSE,59
LREVERSE,3
LREVERSE,48

LREVERSE 4
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LREVERSE,S|
LREVERSE, |
LREVERSE,2

! Concatenate Lines and Areas to Enable Mapped Meshing
! Joint
LCCAT,26,63
LCCAT, 10,54
LCCAT,23,24
LCCAT,44,24
LCCAT,22,28
LCCAT,22,53

! Circumferentially Corrosion-Without corrosion
LCCAT,55,61

! Longitudinally
LCCAT,56,67
LCCAT,S6,46
LCCAT,64,62
LCCAT,64,50
LCCAT,31,42
LCCAT,31,43
ACCAT,75
ACCAT,8,23

ACCAT 31,11
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VMESH,ALL
! Boundary Conditions
DA,19,SYMM
DA34,SYMM
DA6,SYMM
DA,15,SYMM
DA,24,SYMM
DA,35,SYMM
DA,17,UX,0
DA,17,UY,0
DA,I7,UZ0
DA,3,UX,0
DA3,UY,0
DA,3,UZ,0
DTRAN

SFTRAN

! Load Application

. .ansfer Boundary Conditions From Solid to FE model

! Transfer Loads From Solid to FE Model

SFGRAD,PRES,0,Y,0,-0.040609137

NSEL,all
SFA,20,1,PRES, 16,0
SFA,2,1,PRES, 16,0

SFA10,1,P™77,16,0
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SFA,32,1,PRES, 16,0
SFA21,1,PRES, 16,0
SFA,14,1,PRES, 16,0
[ RAN

SFTRAN

Finish

/SOLU
ANTYPE,0
solve

save

finish
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A.4 Non-linear Analysis of Storage Tank with Corrosion Depth 25% Subjected to

Internal Pressure

/ Title, Nonlinear Analysis of Sto ¢ Tank with Corrosion Depth 25%

/config, nproc/4

fprep?

IMMED, |

ISOLID MODELLING Stor ~ Tank

IMAterial Properties

ET,1,SOLID185

MP,EX, 1,30e6

MP,PRXY,1,0.3

TB,BKIN,1,1,2,1 ! Bilinear kinematic strain hardening
TBDATA,,30000,0 ! Data table, yield stress, plastic
modulus

Ro=512.625

t=0.625

Ri=512

theta=5.59

b=100

x o 4.748

x 44748
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Len=394
*set,dc,0.15625
*set,Rc,512.15625
*set,P, 16

I'Calculation of ARC Length
pi=3.141592654
arcl=(1.57*Rc)
arcd=(1.57*Ri)

arc.  1.57*Ro)
arc2=(pi*theta*Rc)/180
arc3=(pi*theta*Ri)/180
arco=(pi*theta*Ro)/180
a=arc2/arcl

al=arc3/arcd4

a  cb/arcS

! Element Size

Lon_Upper =95 ! No of elements along axial Direction above 2b
x| DIV 7 ! No of elements along axial direction below 2b
b_DIV=38 ! No of elements along longitudinal direction in
2b

theta_div=20 ! No of elements along Direction in the LTA
ARC_DIV1=260 !'Noofel ntsalong Undamaged region
tc_Div=3 ! Number of elements along corrosion depth
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t_div=1|

'Solid modelling
K,1,0,0,0
k,2,R0,0,0
k,3,Ri,0,0
k,4,0,0,-Ro
k,5,0,0,-Ri
K.,6,0,Len,0
'New location for Corrosion
K,7,0,x1,0
K.8,Ro,x1,0
K,9.Ri,x1,0
K,10,0,x1,-Ro
K, 11,0,xL,-Ri
LARC,3,5,1,Ri
LARC,24,1,Ro
LARC9,11,.,Ri
LARC,8,10,7,Ro
L3,2

LS54

L,1,6

L,1,7

L.8,9

! Number of elements of the pipe

133



L,10,11

al,1,2,5,6

VI AG,|L,,,,7
!Corrosion Construction
k,20,0,x1,-Re
k,21,Re,x1,0
LARC,20,21,7,Re
LDIV,19,a,71

LI 73,1-a8l

L,71,81

LCSL, 19,10
al,24,19,22,21
vext,7,,,,b

vsbv,1,2

! Modification of Volume for ¥ ed Meshing
LDIV 4,1-a2,101
IL,81,101 (Previous Command working)
L,71,101
LDIV,11,1-a2,102
LDIV,16,a1,103

L 12,103
LDIV,1,1-a2,302

LDIV,2,1-al,301
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L,302,301
a,103,301,302,102
VSBA,3,2
k,54,(Ro+10),x,-(Ro+10)
k,55,-(Ro+10),x),-(Ro+10)
k,56,-(Ro+10),x1,(Ro+10)
k,57,(Ro+10),x1,(Ro+10)
A,54,55,56,57

VSBA,L,1
k,54,(Ro+10),xl,-(Ro+10)
k,55,-(Ro+10),x1,-(Ro+10)
k,56,-(Ro+10),x1,(Ro+10)
k,57,(Ro+10),x1,(Ro+10)
A,54,55,56,57

VSBA,2,1
k,54,(Ro+10),xb,-(Ro+10)
k,55,-(Ro+10),xb,-(Ro+10)
k,56,-(Ro+10),xb,(Ro+10)
k,57,(Ro+10),xb,(Ro+10)
A,54,55,56,57

VSBA 4,1
k,54,(Ro+10),xb,-(Ro+10)

k,55,-(Ro+10),xb,-(Ro+10)
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k,56,-(Ro+10),xb,(Ro+10)
k,57,(Ro+10),xb,(Ro+10)
A,54,55,56,57

VSBAS, L

! Finite Element Model and Meshing
! Set the Element Division
lesize,67,,,Lon_Upper
lesize,33,,,Lon_Upper
lesize,42,,,Lon_Upper
lesize,62,,,Lon_Upper
lesize,41,,,Lon_Upper
lesize,59,,,.Lon_Upper
lesize,46,,,x1_DIV
lesize,32,,,xI_DIV

le ¢50,,xI_DIV
lesize,43,,,x_DIV
lesize,47,,,x1_DIV
lesize,49,,,x|_DIV
lesize,35,,,Arc_Divl
lesize,11,,,Arc_Divl
lesize,58,,,Arc_Divl
lesize,61,,,Arc_Divl

lesize,20,,,Arc_Divl
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lesize,3,,,Arc_Divl
lesize48,,,Arc_Divl
lesize,4,,,Arc_Divl
lesize,51,,,Arc_Divl
lesize, 1,,,Arc_Divl
lesize,2,,,Arc_Divl
lesize, 16,,,theta_Div
lesize,34,, theta_Div
lesize,S5,, theta_Div
lesize,25,, theta_Div
lesize,27,,,theta_Div
lesize,21,, theta_Div
lesize, 19, ,theta_Div
lesize,45,, theta_Div
le e,13,,theta Div
le e,37,,theta_Div
lesize,38,,,theta_Div
tesize,28,,,tc_Div
lesize,53,,,tc_Div
lesize,23,,,tc_Div
lesize,44,,,tc_Div
lesize,63,,.tc_Div

lesize,54,,,t1c_Div

! Rectangular Strip
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lesize,26,,.t_Div
lesize, 10,,,t_Div
lesize,24,,,t_Div
lesize,22,,,t_Div
lesize,29,,,b_Div
lesize,56,,,b_Div
lesize,31,,,b_Div
lesize,30,,,b_Div
lesize,64,,,b_Div
lesize,65,,,b _Div
lesize,66,,,b_Div
!'Reverse line Directions to obtain -~ Desired Grdually varying Mesh
LREVERSE, 33
LREVERSE,35
LREVERSE 41
LREVERSE,59
LREVERSE,3
LREVERSE 48
LREVERSE 4
LREVERSE,51
LREVERSE, 1
LREVERSE,2

! Concatenate Lines and Areas to Enable Mapped Meshing
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! Joint
LCCAT,26,63
LCCAT,10,54
LCCAT,23,24
LCCAT 44,24
LCCAT,22,28
LCCAT,22,53

! Circumferentially Corrosion-Without Corrosion
LCCAT,55,61
'Longitudinally
LCCAT,56,67
LCCAT,56,46
LCCAT,64,62
LCCAT,64,50
LCCAT,31,42
LCCAT,31,43
ACCAT,7,5
ACCAT,8,23
ACCAT31,11
VMESH,ALL

! Boundary Conditions
DA,19,SYMM

DA,34,SYMM
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DA,6,SYMM
DA,15,SYMM
DA,24,SYMM
DA35,SYMM
DA,17,UX,0
DA,I7,UY0
DA,IT,UZ0
DA3,UX,0

D" 3,UY0
DA,3,UZ0

DTRAN

model

SFTRAN

! Load Application
SFGRAD,PRES,0,Y,0,-0.81218274
I iLall
$00,20,1,PRES,320,0
SFA2,1,PRES,320,0
SFA,10,1,PRES,320,0
SFA,32,1,PRES,320,0
SFA,21,1,PRES,320,0
SFA, 14,1,PRES,320,0

DTRAN

! Transfer Boundary From Solid to FE

! Transfer Loads From Solid to FE Modcl
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SF AN

finish

/SOLU

ANTYPE,0
NSUBST,2000
Joutput,out,dat
solve

save

finish

! nitial number of substep

141
















