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ABSTRACT

Offshore oil production platforms are subject to corrosion damage, and many old
platforms have deteriorated to the extent that their capacity has seriously diminished.
Corrosion has been observed to be very irregular and to occur mainly on the outside surface.
When the corrosion damage is relatively uniform over the surface, the member can be
analyzed as a regular tube but with reduced thickness and with the strength controlled by
overall column strength or local buckling. However, when the damage is mainly local with
the irregular thickness reduction concentrated over a small portion of the tube {(patch
corrosion), the failure can develop in such a weakened area over the affected cross section
leading to the collapse of the whole member. No convenient tools are presently available

for analyzing the effects of such damage.

The objective of this study was to formulate a simple engineering procedure for
computing the ultimate strength of tubular columns with localized patch corrosion damage.
The scope was limited to short columns with one corrosion patch on the outside surface

although two long-column tests were also conducted on salvaged members.

The experimental part of the research included the testing of four specimens salvaged
from old platforms: two long columns (24.5 and 205 & long with 10.7 and 14 inch
diameters, respectively) and two short (3.3 and 6 ft long, both with D=10.7 inches). All
four had spherical bearings to achieve pinned end conditions. In addition, tests were made
on eleven (11) short specimens (12.5 to 28 inch long, all with D=35.5 inch) which had
corrosion patches simulated by grinding. These simulated patches all had the "Constant-
Thickness Patch” pattern with sinusoidal fransition 1o the original thickness. Five specinens

had spherical bearings, three cylindrical, and three were fixed-ended.
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Geometrically and materially nonlinear finite element analysis (using program
ABACUS) was performed on the latter 11 test specimens (with simulated patches), as well
as, on additional 12 specimens so that a wider range of patch geometries would be covered.
All 23 specimens were analyzed for both pinned and fixed end conditions. Comparison of
the computed and the test ultimate loads and the load-deformation relationships indicated that
FE analysis was sufficiently accurate, and that the analytical resuilts may be used in

parametric studies.

A parametric study using the data base consisting of the 15 experimental and
46(2 X 23) analytical results of this project, as well as, 18 experimental and 30 analytical
results from other previous and concurrent research, led to the conclusion that the most
dominant parameter influencing the ultimate strength of such tubular columns with a single

corrosion patch is the reduction of the cross-sectional area caused by the patch.

Other parameters, such as, the ratio of the diameter to the reduced thickness in the
patch (D/t,) which would affect the local buckling strength, and the circumferential extent
of the patch, appeared to have relatively small effect on the ultimate strength. The
longitudinal dimension of the reduced thickness in the patch was found to have essentially

no effect as long as it was greater than approximately one-fifth (1/5) of the radius.

Regression analysis of the available data with respect to the area reduction resulted
in two simple 3-term formulas: one for pinned and the other for fixed ends. Since the actual
tubular members are neither pinned nor fixed, a formula corresponding to the ultimate load
for pinned ends increased by one-third (1/3) of the difference between the loads for fixed
and pinned end conditions is proposed as an engineering design formula. In comparison
with the available expertmental loads, this design formula gives a correlation within

approximately 15%.



It was found that the very irregular variation of the thickness in field-corroded
(salvaged) members around the circumference can be conveniently represented by a series
of segments with linear thickness variation. This idealization was used as the basis for
developing an interactive computer program for determining the loads according to the

following five criteria:

(1) Initial yielding anywhere in the cross section.
(2) Local buckling in the corrosion patch according to the API Specification.
(3) Local buckling in the corrosion patch according to the DnV Specification.
[The effect of load eccentricity is taken into account for these three cases.]
(4) The value from the proposed approximation formula for the design load.

(5) The ultimate load from the approximation formula for pinned ends.

Outside clamped-on sleeves with Epoxy interface were found to be an effective

method for repairing tube segments with patch corrosion damage and/or local buckles.
It is recommended that future research address the following topics:

1) Extension of the proposed formula to include a refinement for the effect of other
parameters besides the area reduction, such as, D/t,, the mean circumferential extent
of the patch, and the degree of damage beyond the maximum of 35% of the area
reduction used in the current study.

2) The effect of length and end conditions.

33 The effect of multiple corrosion patches since they give a more realistic representation

of the actual patterns of corrosion darmage.
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1. INTRODUCTION

1.1 Project Organization

This Joint Industry Project "Residual Strength and Repair of Damaged and
Deteriorated Offshore Structures” at Lehigh University covered the following three areas of

research:

Area One -
"Corrosion Damage -- Effect on Strength"
with Dr. Alexis Ostapenko, Principal Investigator

Area Two -
"Corrosion Damage -- Assessment in the Field" -

with Dr. Stephen P. Pessiki, Principal Investigator

Area Three -
"Repair of Dented Tubular Columns -- Whole Column Approach"

with Dr. James M. Ricles, Principal Investigator

This report describes the research conducted in Area One on the general topic entitled

"Tubular Columns with Patch Corrosion”.

1.2 Research on Tubular Columns with Patch Corrosion

Tubular circular steel members are used as structural components in offshore
structures because they are symmetrical and have equal strength in all directions and offer
least resistance to wave action. Exposure to harsh marine environment causes corrosion

damage in these members. The effect of this damage is a reduction in strength of the
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members which must be determined in order to accurately evaluate the safety of the

structure.

it has been found that corrosion damage occurs primarily in two forms: uniform
corrosion over the entire surface of the member, and localized, or patch, corrosion which
affects only small portions of the tube surface. Prior research on uniformly corroded mibular
members indicated that the ultimate load can be readily determined by analyzing them as
tubular members with constant, but reduced, thickness according to currently available design
procedures.[2,8] It is more difficult, however, to determine the strength of members

damaged by patch corrosion, and this is the topic of this study.

Ostapenko found previously that patch corrosion causes a modification in the
distribution and magnitude of stresses in the vicinity of the damaged area, and may result in
the development of local buckles depending on the effective D/t ratio in the patch, the yield
stress and the corrosion patch geometry.{8] It was also found that the post-ultimnate strength
of members decreases more rapidly if local buckling develops at a stress level below yielding
than if the section yields prior to local buckling. The tests of patch corroded members also
revealed that local buckling developed only if the damaged area extended sufficiently for

forming local buckles.[8]

The tests conducted at Texas A&M University on field-corroded salvaged tubular
members included some specimens that failed by local buckling in corrosion patches.[9]
Although the reported data are rather sketchy, the results were considered in the study of the

current project.

Research by Hebor and Ricles concurrent with this study included twests and FE
analysis of short mibular members with patch corrosion of sinusoidal variation simulated by
grinding. {5,10] However, the study was limited to the degree of damage which led w0 the
initiation of yielding prior to local buckling. The results of that work were included in the

current study to supplement the data base.



The project described here included four tests on corroded tubes salvaged from
decommissioned platforms. Two tests were on long columns, while the other two were on
short specimens. In addition, eleven short specimens were tested with the corrosion damage
simulated by grinding. To provide greater flexibility in modeling the geometry of corrosion
patches in actual members, the geometry of the paich was defined by a portion of constant
thickness with a sinusoidal transition to undamaged portions. The values of the controlling
parameters of the paich were selected to specifically look into the effect of local buckling

developing before the ultimate load.

The experimental observations and strain gage readings and the output from finite
element analysis were used to pinpoint the initiation of local buckling and its effect on the
ultimate load. Finite element analysis was performed on twelve additional cases in order to
expand the ranges of patch geometry. The tests and the finite element analysis were used

to also evaluate the effect of the end conditions-- pinned or fixed.

A parametric study of all the available results from this project and other sources led
to a derivation of an approximate "engineering type" formula for estimating the ultimate

capacity of patch corroded tubular columns typical for offshore structures.

A FORTRAN-77 program was prepared to facilitate computation of the capacity of
tubular members with paich corrosion using the strength limitations by the following criteria:
first yielding in the cross section, local buckling according to the API and DnV
Specifications, and the ultimate strength from the formula developed in this study.

L.3 Outline of the Report

Separate groups of chapters deal with the material relevant to salvaged test specimens

and test specimens with patch corrosion simulated by grinding.



Chapters 2 to 6 describe the specimens, instrumentation, testing procedure and the

results of the four specimens made from field-corroded salvaged tubes.

Chapters 7 to 12 describe the eleven test specimens with the patch corrosion damage
simulated by grinding. All of them were made from one original tube. The corrosion
damage had the "constant-thickness patch” pattern with various values of patch parameters,
and three types of end fixtures were used: spherical, fixed and cylindrical. Preparation of

the specimens, instrumentation and test observations are presented.

Chapter 13 gives the details of the finite element analysis of the eleven test specimens
and compares the computed values with the test results. Twelve more specimens were

analyzed to extend the ranges of damage parameters.

Chapter 14 presents the models that were used for approximating the irregular pattern
and thickness variation in field corroded tubular members. Specifically, two thickness

variation models for cross sections through the patch are detailed.

Chapter 15 outlines the procedures employed to develop simplified formulas for

computing the axial strength of tubular columns with patch corrosion damage.

Chapter 16 addresses the problem of local buckling in the corrosion patches,
observations from tests and finite element analysis, and the approach which was found to be

convenient for engineering application.

Chapter 17 briefly describes the FORTRAN computer program which was developed
for analyzing ircegular cross sections idealized with the “linear-segment patch” model. (A
more detailed description of this program is given in Appendix A.) The chapter also gives
a comparison of various methods with the test results and a discussion of the tests at Texas

A&M University.
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Finally, Chapter 18 summarizes the work performed in this project and lists the
recommendations for the use of the developed procedures and formulas. The chapter also
gives the recommendations for future research that is needed to consider extended ranges of

damage and to generalize the "engineering” analysis of patch corroded columns.






2. MEASUREMENT OF GEOMETRICAL
PROPERTIES OF SALVAGED SPECIMENS
P1-C1 TO P4-C2

The four salvaged corroded specimens, P1-C1, P2-C1, P3-C1 and P4-C2, had the
original cross-sectional and material properties of Specimens C1 and C2 of Ref. 8, and these
are listed in Table 2-1. The extensions -C1’ and *-C2’ designate the corresponding source
specimens. Specimens P1-C1 and P4-C2 were tested as long columns. The shorter columns,
Specimens P2-Cl and P3-C1, were made from Specimen P1-C1 after it was tested, and they
had lengths of 40 inches (=4D) and 72 inches (=7D), respectively. The L/r ratio was not

considered to be a factor in these tests due to the short length of the specimens.

All four specimens had local (patch) corrosion. Patch corrosion is *...corrosion only
over local portions of the tube surface that limits the member strength by local buckling or
an earlier yielding in the areas affected by corrosion..."[8] Patch corrosion is irregular
around the circumference and leads to an amplification of stress in the thinnest area(s) where,
then, yielding and/or local buckling would initiate. Early yielding may lead to subsequent

local buckling in the plastic range.

All of the specimens labeled *-C1° developed local buckles and their strength was
limited by localized yielding of the cross section. These three specimens all failed well
below the yield load based on the original dimensions of the tube cross section.
Specimen P4-C2 failed globally as a column at a larger relative load than the *-CI°*
specimens since the reduction n thickness of this specimen was not significant enough to

induce local buckling.
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2.1 Thickness Measurements

2.1.1 Thickness Measurement Procedure

After visual inspection and selection of potentially endangered areas, thickness
measurements were taken by means of a micrometer and/or an ultrasonic thickness measuring
device. A +0.001-inch micrometer was used to take thickness measurements only in areas
near the end, and an ultrasonic unit' was used for points away from the ends. The areas
were then ranked according to the amount of thickness reduction and the extent of the
corroded patch with the most severe patch being labeled "A’. Six areas were selected for
more detailed measurements on Specimen P1-C1 and three areas on Specimen P4-C2. These
pre-selected areas were used as a guide for cutting Specimens P2-Cl and P3-Cl from

Specimen P1-C1 after it was tested.

At each of the selected areas, a 2.0 X 2.0 inch grid was drawn completely around the
circumference of the tube and centered on the location of minimum thickness. One to three
ultrasonic thickness measurements were taken within each square. For each thickness
measurement, the distance from End A of the tube (Figs. 2-1, 2-2 and 4-5a and 4-5b) and
the location around the circumference from the 0° longitudinal reference line were recorded.
Since visual observations and the sample thickness measurements were not fully indicative
of the location of potential local buckling, thickness measurements on a more refined grid

were made after the test in the area or areas where local buckles did develop.

These thickness measurements were later used to generate contour and surface plots.
Program Surfer’ matches the measured points exactly and creates a smooth transition surface
in-between.  Thickness measurements, including their longitudinal ("y’ location) and

circumferential {"x’ location) positions, are entered into the program. Surfer then generates

! Epoch Model 2002 Ultrasonic Thickness Gage by Panametrics

* Golden Software Corp., Golden, CO
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a function, t=f(x,, v,), relating thickness, t,, to the x and y coordinates by the use of splines,
s0 that the thickness at intermediate points for specific x; and y; can be computed. Each

surface plot in this study is a graphical representation of this function.

2.1.2 Micrometer Readings

Micrometer readings at the ends of the specimen were used to provide calibration of
the ultrasonic measurements. To obtain reasonably accurate thickness measurements, fine-
grain sandpaper was used to produce a proper "seat” for the micrometer. A proper "seat"
allows the micrometer to give measurements of the actual thickness, thus excluding the layers
of mill scale, rust and paint. Micrometer readings were taken at approximately two-inch
intervals around the circumference. Readings at exactly the same points with ultrasonic
equipment served the purpose of calibration. Table 2-2 presents the micrometer and
ultrasonic measurements taken at some specific points and then used to calibrate the

ultrasonic equipment.

2.1.3 Measurement of Thickness with Ultrasonic Testing Equipment

The primary advantage ultrasonic thickness equipment has over a micrometer is that
measurements can be taken at any point along the specimen. A micrometer is limited to
taking measurements only near open edges, such as at the ends. Also, a micrometer requires
both the inside and outside surfaces of the wall to be clean, whereas the ultrasonic equipment

requires only the contact surface (outside) to be clean.

Prior to measuring the thickness of the tubes, four rectangular-shaped pieces of steel,
each with a different thickness representing the range of thicknesses expected, were used for
calibrating the ultrasonic equipment. A +0.001-inch micrometer was used to measure the
thickness of the steel pieces for comparison with the ultrasound measurements. Comparative
measurements at the ends of the tubes provided data for adjusting the ultrasonic unit for the

type of steel measured.




The ultrasonic transducer requires a flat, smooth contact surface that is free of rust
in order to ensure accurate readings. Since the transducer is roughly one-quarter of an inch
in diameter, a grinder was used to provide a clean, smooth surface of this dimension at each
location where an ultrasonic thickness measurement was made. The surface in areas of
heavy corrosion is very irregular and pitted. Since the smallest thickness is often located
within these irregular and pitted areas which the ultrasonic transducer cannot reach, the
measured and smoothened thickness (Sect. 2.1.1) may actually be an upper bound of the

actual smallest thickness.

Previously, the critical areas for Specimens PI-Cl and P4-C2 where the specimen
wall was the thinnest were identified visually. They are indicated by the letters "A” through
'F* and ’A’ through 'C’ in Figs. 2-1 and 2-2, respectively.[8] For Specimens P2-C1 and
P3-C1, additional thickness measurements were taken in order to have more data for the
areas susceptible to local buckling. The location of these areas relative to the original length
of Specimen C1 together with the areas that were ‘Qreviously established is shown in

Fig. 2-1.
2.2 Pre-test Measurements

Prior to the axial tests, thickness measurements were taken in areas where the
expectation of local buckling was greatest. The measurement study of each suspected area
was made on a 2.0 X 2.0 inch grid, and a point visually representative of the average
thickness within each square was ground to a smooth surface to allow for the ultrasonic
transducer. In the areas with very irregular pitted surfaces, it was sometimes impossible to
grind a smooth surface within the central portion of the square and grinding was done in a
more accessible portion.  Photo 2-2 shows a typical grid in the vicinity of the area with a

hole for Specimen P1-Cl.



2.3 Post-Test Measurements

A finer grid was used in order to get a more accurate representation of the variation
of thickness in the regions that developed local buckles. The original 2.0 X 2.0 inch grid
was subdivided into a 1.0 X 1.0 inch pattern. The resultant circumferential thickness plots
and contour maps of thickness variation in the areas of local buckling are described in

Chapter 6.






3. MATERIAL PROPERTIES OF
SALVAGED SPECIMENS

Table 2-1 summarizes the material property data previously obtained for the source
Specimens C1 and C2 of Ref. 8 and valid for the current Specimens P1-C1, P2-C1, P3-C1
and P4-C2. The methodology for determining these material properties is discussed in that
reference.[8] At that time, hardness measurements as well as tensile coupon tests were

conducted to obtain the static yield stress and the static ultimate stress.
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4. TEST PROGRAM OF
SALVAGED SPECIMENS P1-C1 TO P4-C2

4.1 General

Specimens P1-C1 and P4-C2 were tested in the Baldwin 5-million pound universal
testing machine." Specimens P2-C1 and P3-C1 were tested in the 800-kip machine.?
Spherical bearing end fixtures were used for all specimens, and they are shown in Fig. 4-1
and Photo 4-1. A 2.5 million pound capacity spherical bearing was used at the top while a
1.5 million pound spherical bearing was used at the bottom. These bearings allowed rotation
of the specimen ends in any direction. The instrumentation was designed to measure the
overall axial shortening, the rotation at the ends and the strain at several locations on the

specimen.
4.2 Instrumentation

The labeling scheme identifying each measuring device and its location was based on
longitudinal reference lines that had been established in previous tests.[8] The line of
maximum convex out-of-straightness was labeled the 180 degree’ line and the maximum
concave out-of-straightness was labeled the '0 degree’ line. The "90 degree’ and *270
degree’ lines were determined by going clockwise at the specimen end labeled A.(Fig. 4-2)
These four longitudinal reference lines at 0, 90, 180 and 270 degrees around the
circumference and the distance from the A end of the specimen uniquely identified the

position of each gage.

'Baldwin-Lima-Hamilton Corp., Philadelphia, PA

"Riehlé Testing Machine Corp., 1905
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A l6-channel data acquisition systern’ using software written by the Lehigh
University Fritz and Imbt Labs personnel was used for the tests of Specimens P2-C1 and
P3-C1. This system could not be used for Specimens P1-C1 and P4-CZ since the long
column tests required more than 16 channels. The MEGADAC Acquisition Unit’ was used

for these tests instead.

4.2.1 Arrangement of Gages

This section describes the placement and identification of the instrumentation used to
measure strains, rotations, lateral displacement and axial shortening. The instrumentation
included the following: strain gages, dial gages, LVDT’s (linear voltage displacement

transducers), and rotation gages.

4.2.1.1 Instrumentation of Specimens P1-Cl and P4-C2

The general arrangement of the instrumentation for Specimen P1-Cl is shown .in
Fig. 4-3 and Photo 2-1(a), and for Specimen P4-C2 in Fig. 4-4 and Photo 2-1(d). There
were six strain gages for Specimen P1-C1 and four for Specimen P4-C2, two rotation gages,
ten lateral LVDT s, two vertical LVDT’s, four LVDT’s used for measuring rotation at the
bottom end, one vertical dial gage and two horizontal dial gages.

The ranges of the instrumentation were as follows:

The maximum stroke for twelve of the LVDT's was +2 in. and for the other two +3 in.
The 3-in. stroke gages were used at Level 2 (mid-height) where most of the lateral deflection
was expected. The vertical dial gages had a maximum stroke of 2 inches, and the lateral

+3 inches.

‘Keithley Metrabyte Corporation, Taunton, MA, 1991,
*MEGADAC Data Acquisition Unit, OPTIM Corp., Germantown, MD
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Specimen P1-C1 had two sets of three strain gages attached around the circumference
at each end of the sleeved repair (see Sect. 4.3 below).(Fig. 4-3} The strain gages were
placed at the 0°, 135° and 225° longitudinal reference lines two inches from the ends of the
repair. These strain gages were identified by labels SGA1, SGA2, SGA3, SGBI, SGB2 and
SGB3. The pattern of designation was the following: SGA1 indicates Strain Gage, Level A,
Number 1 where Level A is at the top of the sleeved repair. The other set of three gages

was at Level B at the bottom of the sleeved repair.(Fig. 4-3)

The placement of the LVDT’s at the five levels along the length of the specimen
provided information on the lateral movement of the specimen in any direction. (Figs. 4-3 and
4-4) The LVDT’s were labeled according to the following scheme: LVDT L3E, for
example, indicates LVDT, Level 3, East, and LOW indicates LVDT, Level 0, West.
Level O and Level 4 were one diameter from each end. Levels 1 and 3 were at the quarter
points, and Level 2 was at mid-length. Each level had two lateral LVDT's at a 435 degree

angle with respect to the 180 degree line (one to the west, the other to the east).

Two LVDT’s were used for measuring the axial shortening of the specimens, one on
the east side and the other on the west. The labelling scheme for these LVDT’s was LVE
for LVDT, Vertical, East, and LVW for LVDT, Vertical, West. The LVDT was attached
to a weighted block (1o prevent any movement of the LVDT) at the bottom of the specimen.
The LVDT was connected directly to the top end plate of the specimen by a small-gauge
wire. To assure siraightness, the wire was vielded by stretching right before the final

connection.
To measure the end rotation of a specimen, two rotation gages were attached at the

top. They were five inches from the top of the specimen on both the north and west sides

and were labeled Tilt N and Tilt W, respectively (Figs. 4-3 and 4-4)
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Since no more rotation gages were available, four LVDTs (two for the N-S direction,
two for the East-West direction) were used at the bottom to measure rotation. They were
positioned vertically on the lever arms which were attached directly to the bottom of the
specimens on the north and west sides.[8] Two LVDT’s were placed on each lever arm, one
at the end and the other next to the specimen. The difference in readings of the two LVDT’s
divided by the distance between them gave the rotation of the specimen in the direction of
the arm. These LVDT’s were labeled as: TN1, TN2Z, TWI1 and TW2 (LVDT TNI1 indicated
Tilt, North, Number 1 while LVDT TW2 indicated Tilt, West, Number 2).

Finally, the dial gages were used for two purposes: 1) as a backup for the vertical
LVDT measurements in case of malfunction or power failure, and 2) to provide additional
data. Three dial gages were used. One 2-inch dial gage was used to measure the machine
head displacement from the head to the base of the machine. The dial gage was labeled as
DV1, standing for Dal gage, Vertical, Number 1. The other two dial gages had maximum
strokes of 6 inches and were placed laterally at the mid‘dength. Both were connected to the
specimen by means of a yielded wire attached to small screws tapped into the specimen wall.
These two gages were labeled as LVDT L2W (LVDT at Level 2, West) and L2E (LVDT
at Level 2, East).

Prior to testing, all LVDT’s were calibrated on a calibration stand. All electronic
sensors (strain gages -- P1-Cl only, rotation gages and LVDT’s) were read and recorded
using the MEGADAC Data Acquisition System and the OPUS 2000 operating software. The
MEGADAC system was operated with a backup power supply in case of a power failure.

The dial gages were read and recorded manually.

The general arrangement of the instrumentation for Specimens P2-C1 and P3-Cl i
shown in Figs. 4-5a and 4-5b, and Photos 2-1(b) and 2-1{(¢}. The instrumentation consisted
of eight strain gages, two rotation gages, five LVDT’'s (linear voltage displacement

transducers), and two 0.001-inch dial gages. Strain gages, rotation gages and LVDT’s were

i s
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read and recorded using the data acquisition system listed in Section 4.2. The dial gages

were read and recorded manually.

Specimens P2-Cl and P3-C1 used identical labeling schemes for instrumentation.
Two sets of four strain gages were located at the 0°, 90°, 180° and 270° reference lines at

one diameter away from the ends. Theses gages were identified as SG1 through SGS.

Four of five LVDT’s, labeled LVDTI1 through LVDT4, were attached around the
bottom of the specimen, at a distance of approximately six inches away from the specimen
wall. The fifth LVDT, labeled LVDTS3, was used to measure the displacement between the
base and head of the machine. Figures 4-5a and 4-5b, and Photos 2-1(b) and 2-1(¢) show
the location of LVDTS5 with respect to the machine head. It was placed approximately
8 inches from the specimen surface. This reading, combined with the dial gage readings,
provided the overall shortening of the specimen under load. The LVDT’s were attached. to
the bottom base plate with magnets and connected by {Jéry thin wire to the magnets on the
top end plate. LVDTS was attached to the machine head with a C-clamp and Epoxy to

ensure it would remain secure during the test.

Two rotation gages were attached to the top end plate, one at the north and the other
at the east side of the plate as shown in Figs. 4-5a and 4-5b. The purpose for the placement

of the rotation gages at 90° to one another was to measure rotation in any direction.

Finally, two 0.001-inch dial gages were placed on the west and east sides of the
specimen as shown in Figs. 4-5a and 4-5b. These dial gages were used as a backup to
LVDTS in case of electrical failure as well as providing additional data. These dial gages
were labeled DVE and DVW (DVE - for Dial Vertical East, DVW - for Dial Vertical West).
Each gage was secured with a magnet to the bottom end plate and connected with a thin wire

to another magnet attached to the top end plate.
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4.3 Epoxied Sleeve Repair of Previous Buckle in Specimen P1-C1

Specimen P1-C1 was made from Specimen C1 which was tested in a previous
research program and had developed local buckles as shown in Fig. 2-1 and Photo 4-2.[8]
These buckles had to be repaired before testing Specimen P1-C1 to be able to reach a higher
load than the load that caused the original buckling in Specimen C1. The use of an Epoxied
sleeve was selected as the method of repair. In this method, two half circular shells are
clamped over the locally-buckled damaged area with the void between the specimen wall and
the shells filled with Epoxy. The shells would be bolted to each other on the sides, thus,
creating a circular sleeve over the damaged portion of the tube. The sleeve should extend
far enough to either side of the local buckles to develop sufficient bond strength for
transmitting adequate forces over the buckled area. Photo 4-2 shows the specimen and the

two sleeves before application of the Epoxy Repair.

Epoxy PC-7 was chosen because of its zero-slump consistency, ease of handling and
ready availability. However, it turned out that no consistent information was available on
the bond and shear strength characteristics. Thus, it was necessary to conduct some small-

scale tests to determine these material properties before the sleeve could be designed.

The shells (half-sleeves) were made from a 25-inch length (approximately two
diameters) of a 3/8-inch thick 12-inch diameter pipe, and the bolting lugs welded at the

longitudinal edges. The installation of the repair sleeve consisted of the following five steps:

1) Surface Preparation. All bonding surfaces of the specimen and the repair sleeve were
sandblasted down 1o the base metal in order to remove corrosion and paint, and create a
rough surface for bonding the Epoxy.(Photo 4-2) [t was necessary to keep the sandblasted
specimen surface clean by blowing off the dust from sandblasting and cleaning with a solvent

{(e.g., Denatured Alcohol) any hand smudges or other contaminants.
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2) Test Fitting. The sleeve was test-fitted to the specimen without Epoxy in order to check
dimensions and clearances and define the position. A wooden block was clamped to the
specimen to mark the longitudinal position. During the test fitting, spacers (wooden wedges)
were inserted between the sleeve and the specimen to establish the proper uniform clearance.
The location of the spacers was marked so that the position of the slesve could be re-

established during the final assembly with Epoxy.

3) Mixing and Application of Epoxy. The Epoxy was mixed in a I:1 ratio of the A (white)

and B (black) components. The process was found to be done most thoroughly by scraping
the mixing board with the putty knife and “folding’ the Epoxy over onto itself until a uniform
gray color was developed. To 'wet’ the bonding surfaces with the Epoxy, a thin layer of
approximately 1/16 to 1/8 inch was smeared to all bonding surfaces. A large mound of

Epoxy was then heaped at the center of the bonding area on each half of the sleeve.

d) Application of Sleeve Shells. The first shell was pressed onio the surface of the

specimen. As the Epoxy mound was compressed and spread out, with the excess squeezing
out from the open ends and at the sides, any air pockets would also be pushed out. The
small wooden spacers were inserted at their pre-marked locations to maintain the proper gap
between the specimen wall and the sleeve. The shell was pressed down with a ’rocking’
motion to help squeeze out the excess Epoxy and the spacers had to be checked and kept in
their locations. When the first shell of the sleeve was in position, it was fixed in place with
a piece of steel angle laid across the back of the shell and clamped to the specimen at both

ends of the sleeve.

The second shell was then applied in the same manner. When both shells of the
sleeve were matched up, the bolts were inserted and hand tightened. The position and
spacers were checked, and the bolis fully tightened. Photo 4-3 shows the specimen in the

testing machine with the Epoxy repair.
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5) Hardening of Epoxy. The Epoxy allows approximately one hour of working time before
it starts setting. This provides sufficient time for completing the repair. The nominal
strength is reached in approximately twenty-four hours, and the specimen can be tested after

this time.

4.4 Test Setup and Procedure

4.4.1 Test Setup

The installation of the specimens into the testing machine followed the same
procedure for all of them. The specimen was lifted inte the testing machine with the
overhead crane. Next, the machine head was lowered and attached to the top of the
specimen. Then, the specimen was lifted by the machine head to provide clearance for the
placing of the bottom spherical fixture and aligning it. The specimen was centered and
lowered onto the bottom spherical fixture. Four-inch square wooden blocks were placed
between the test bed and the bottom end plate to prevent any tilting of the specimen as the
machine head was lowered. At this point, all instrumentation was checked for proper
functioning. Finally, the machine head and the top spherical fixture were lowered into the
final. position onto the top end plate. Once the top spherical fixture was properly centered
on the top end plate, it was secured by driving wooden wedges between it and the lugs

welded to the top end plate.

The final step was to connect all wires, LVDT’s, gages and dials to the data

acquisition unit and check that all were functioning properly before commencing with testing.

4.4.1.1 Specimens P2-C1 and P3-Cl
The short specimens, P2-C1 and P3-C1, were tested in the B00-kip Riehlé Testing

Machine' with one 2.5-million pound capacity spherical end fixwure at the bottom and one

'Riehlé Testing Machine Corp., 1905
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with a capacity of 1.5 million pounds at the top. (Figs. 4-5a and 4-3b, and Photo 4-1)
Before being placed into the machine, the specimen had a two-inch thick end plate tack
welded at each end. These plates had four steel lugs welded to them to keep the spherical
fixture in the center of the end plate. Small gaps between the lugs and the round end fixture

allowed for minor adjustments for more refined centering.

4.4.1.2 Specimens P1-C1 and P4-C2
Both long specimens, Specimen PI1-C1l and P4-C2, were tested in the five-million

pound Baldwin' universal testing machine.

Specimen P1-C1 was made from the previously tested Specimen C1 from Ref. 8 by
repalring the damage due to local buckles as described in Section 4.3. Specimen P1-C1 had
a maximum out-of-straightness of 1.25", which was in the area of the buckles. Figures 4-6

to 4-9 show the out-of-straightness of Specimen P1-C1 over the full length.

Specimen P4-C2 was made from the previously tested Specimen C2 of Ref, 8 by
cutting off 30 inches at the B end, thus removing the portion with local buckles. Prior to
testing, Specimen P4-C2Z had limited out-of-straightness as can be seen in the
profiles (Figs. 4-10 to 4-13). However, after the specimen failed as a column, the total out-

of-straightness became much more pronounced as shown in Fig. 4-13.

‘Baldwin-Lima-Hamilton Corp., Philadelphia, PA
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5. TESTING OF SALVAGED SPECIMENS
(P1-C1 TO P4-C2)

The testing procedure for the specimens was divided into the pre-ultimate and post-
ultimate ranges. The pre-ultimate range was controlled by load increments while the post-

ultimate range was controlled by displacement increments.

5.1 Description of Individual Tests: Short Columns

5.1.1 Specimen P2-C1

Figures 5-1 and 5-2 show the plot of load vs. shortening for Specimen P2-C1. The
specimen was loaded in 15-kip increments up to a load of 60 kips. Then, the increments
were doubled to 30 kips. At 150 kips, it was noticed that there was a slight drop-off of ihe
load when the machine was stopped to take readings. Then, 20-kip load increments were
used up to a load of 270 kips. At this point, the specimen had difficulty sustaining the
applied loading of 270 kips and the load dropped to a static reading of 260 kips. The load
was increased to 265 kips and then to 270 kips. Local buckles began to appear at this point
in the area marked 'E’ in Fig. 4-5a.(Photo 5-1) An attempt to increase the load up to
280 kips resulted in the static load of 268 kips. Two more attempts were made to increase
the load (up to 280 kips). Each time the load immediately dropped to 268 kips, the static
ultimate load. At this point, the transition was made from load increments to displacement
increments. Displacement increments of 0.03 inches were taken until the total shortening
of the specimen was three times that at the ultimate load. At the total shortening of
0.338 inches and the load of 231 kips, the specimen was unioaded in seven displacement
decrements using the eastern dial gage as the control with steps of approximately .01

inches,



5.1.2 Specimen P3-C1

The load vs. average shortening curve for Specimen P3-C1 is shown in Fig. 5-3. The
specimen was loaded in 20-kip increments to a dynamic ultimate load of 280 kips, which
stabilized to a static ultimate load of 275 kips. The linear relationship between the load and
axial shortening began to deviate at the load of 260 kips. Local buckles were observed
developing in the area labeled "C’ at this point.(Fig. 4-5b and Photo 5-2) After reaching the
static ultimate load of 275 kips, the specimen gradually lost strength and loading was then
controlled by displacement increments of 0.02 inches. Loading continued until the total
shortening of the specimen reached three times that at the ultimate condition. At the total

shortening of 0.394 inches and a load of 232 kips, the specimen was unloaded in seven steps.

5.2 Description of Individual Tests: Long Columns

5.2.1 Specimen P1-C1

The static load vs. axial shortening curve for Specimen P1-Cl is shown in Fig. 5-4.
The specimen was loaded in 15 kip increments to a load of 195 kips. At this point, the
curve began to deviate from a straight line and then leveled off, indicating the onset of
yielding. Loading continued until a dynamic ultimate load of 232.3 kips was reached. The
load stabilized to a static ultimate load of 223.2 kips. Between 150 and 195 kips, ’crackling’
of corrosion material could be heard, and it became more prevalent as the load approached
the ultimate level. As the test continued past the ultimate Joad, corroded material began to
flake off from the surface, indicating yielding at some locations. After the dynamic load
dropped to 221 kips, displacement increments of approximately 0.07 inches were used to
control the test. It was at this point that local buckling was first observed at the hole below
the repair sleeve. Photo 5-3 shows these buckles near the hole. After three additional
displacement incremenis past this poini, the test was stopped af the total axial shortening of
(.20 inches and the load of 150 kips. [t was decided that it would be undesirable to deform

the specimen excessively since more tests on it were anticipated. The specimen was



unloaded in three decrements of 50 kips each. The tube rebounded elastically 0.2 inches,
making the final axial deformation of 0.09 inches.

Figure 5-5 shows the plot of the lateral deflection at all levels for the specimen. The
total lateral deflection at mid-length was 0.95 inches in the north-northeast direction. It can
be seen from the figure that the largest lateral deflection was at Levels 1 and 2, located
approximately 28 and 101 inches above the hole, respectively, and in the direction of the 45°
line (north-northeast). The hole was located on the west face (270° line) of the specimen.
As a result, it was expected that the specimen would buckle in the 90° direction. However,
the specimen had significant initial out-of-straightness in the north-south direction (0°-180°
line).(Figs. 4-6 to 4-9) Thus, the initial out-of-straightness of the specimen (00S8=1.23 in.
at 18 ft from End A) lzad a greater effect on the direction of lateral displacement than the

centroidal shift due to the thickness reduction in the vicinity of the hole (¢=0.88 in.).

5.2.2 Specimen P4-C2

The static load vs. axial shortening curve for Specimen P4-C2 is shown in Fig. 5-6.
The specimen was loaded in 25-kip increments to a load of 150 kips. Then, the load steps
were increased to 50 kips. Between 350 and 450 kips, ’crackling’ of corrosion material
could be heard, and it became more prevalent as the load continued to increase. The load
step was decreased between 450 kips and 575 kips to 25 kips. At this point, the static load
vs. axial deflection curve was still linear. However, from 575 to 600 kips, the curve began
to flatten out and the drop to the static load began to steadily increase. From 600 to 608 kips
the specimen stopped accepting additional load and the flaking off of corrosion material
indicated yielding was occurring in corroded areas. Starting at 608 kips, the specimen began
to slowly accept more load up to a dynamic ultimate load of 635 kips, which dropped to the
stanic maximum load of 613.65 kips. There was a large amount of flaking during this phase
of lcading, particularly at the south side and bottomn of the specimen. There was no
noticeable lateral displacement in any direction. As the load dropped from 532 kips to
500 kips, the total axial shortening grew by 1.04 inches and the southwest lateral deflection
at Level 3 grew to a total of 1.91 inches. Then, the specimen was unloaded in five 100-kip
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decrements with an elastic rebound of approximately 0.23 inches. Thus, the permanent axial

deformation was 0.81 inches.

It was discovered in the post-test observations that a portion of the specimen Cross
section had ovalized in the upper half of the specimen, and the ovalization was in the
southwest direction. Post-test longitudinal profiles, shown in Figures 4-10 to 4-13, indicate
that most of the curvature was in the half of the specimen where the cross section had
ovalized. It can be concluded that the increase in the axial shortening and lateral defiection
as the load dropped from 552 kips to 500 kips was due to extensive yielding in the ovalized

areas.

Figures 4-10 and 4-13 show that the initial out-of-straightness was opposite in
curvature to the final out-of-straightness. Thus, it can be surmised that the centroidal shift
due to thickness reduction had a greater effect on the maximum stress developed in the cross

section than the initial out-of-straightness.
Figure 5-7 shows the lateral displacement for Levels 0 through 4. Most of it was in

the upper half to two-thirds of the specimen. The specimen failed as a column, deflecting

in the southwest direction.
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6. BEHAVIOR OF SALVAGED SPECIMENS
AND TEST RESULTS

6.1 Behavior of Specimens P1-C1, P2-C1 and P3-C1

Specimens P1-Cl, P2-C1 and P3-C1 were all made from the same Specimen C1
tested in a previous research project and are described in Sects. 4.2 and 4.3. Thus, they all
had the same material properties and original uncorroded wall thickness and diameter.
Ultimate loads are provided in both kips and in non-dimensionalized form with respect to the

original uncorroded yield load.

P =F A (6-1)

y ¥ Torig

6.1.1 Specimen P1-C1

Specimen P1-CI reached an ultimate static load of 223 kips, that is, at 0.53 of the
yield load of the original uncorroded cross section, P,. The specimen buckled locally around
the hole, but only after some yielding had taken place in the reduced cross section. Later,
local buckles also developed at the very bottom of the specimen on the east side.
Specimen C1 (the source for Specimen P1-C1) reached a static ultimate load of 177 kips
(0.42P).[8] At that time, the load was limited by local buckling in the weakest patch
corroded area. After that area was repaired (see Sect. 4.3), Specimen P1-C] reached a static

ultimate load of 232 kips, that is, there was an increase of 31% in ultimate load.

6.1.2 Specimens P2-C1 and P3-C1

Specimens P2-C1 and P3-C1 both reached the same ultimate dynamic load, 280 kips.
However, Specimen P3-C1 came down 1o 2 static ultimate load of 275 kips (0.66P,) while
Specimen P2-Cl had an ultimate static load of 268 kips (0.64P ). The specimens failed by
significant yielding of the weakened areas followed by local buckling. Both specimens
sustained a higher load than Specimen P1-C1. For Specimen P2-C1, the increase in the
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static ultimate load was approximately 17% and for Specimen P3-Cl, 23%. In comparison
to the original test on Specimen Cl of Ref. 8, the increase in the ultimate load for

Specimens P2-C1 and P3-C1 was 51% and 55%, respectively.

Figure 2-1 shows that Specimen P2-Cl had more areas of heavy corrosion than
Specimen P3-Cl. In comparing the post-ultimate behavior of the specimens, it can be seen

that the slopes of both post-ultimate curves were similar (Figs. 5-1 and 5-3).

6.2 Behavior of Specimen P4-C2

Specimen P4-C2 reached an ultimate static load of 614 kips, which is 0.85P,. It
failed in the column mode, that is, not by local buckling as the other specimens. It appears
that the amount of cross-sectional reduction in any one area was not severe enough to make

local buckling govern the strength.

Specimen C2 (from which Specimen P4-C2 was made) reached a static ultimate load
of 556 kips (0.77P,).[8] It failed by local buckling after considerable yielding in the patch
corroded arez. In comparison, Specimen P4-C2 (614 kips) showed a 10% increase in

ultimate load capacity after the previously buckled portion was removed.

6.3 Test Results

6.3.1 General

This section discusses the results obtained from the four patch-corroded specimens,
P1.C1, P2-C1, P3-Cl and P4-C2. Three of the specimens, P1-C1, P2-Cl and P3-C1, had
their ultimate strength Himited by local buckling. Specimen P4-C2 failed as z column,
indicating that patch corrosion did not reduce the thickness sufficientdy to indtiate local

buckling before column-type failure.

t’.?\.
[



Thickness measurements in the most-corroded areas were made by using uvltrasound.
These areas are marked "A’ through 'F’ in Fig. 2-1 (Specimen P1-Cl), "A’ through *C’ in
Fig. 2-2 (Specimen P4-C2), and 'E’ and 'F’ in Figs. 2-1, 4-5a and 4-5b (Specimens P2-C1
and P3-C1, respectively). Results o‘f the analysis of the thickness variation for these areas
are presented n the form of tables, graphs and contour maps. In addition, out-of-

straightness was examined for the long specimens P1-Cl and P4-C2.

In the later Chapters 14, 15 and 17, an idealized model of the variation of thickness
around the circumference was used in the development of a simplified engineering method.
This method allowed the calculation of the expected stress level and the determination of
whether local buckling or first yielding would control the ultimate strength of a patch-
corroded member. Currently available local buckling formulas for tubes with constant wall

thickness were used to calculate the local buckling load.
6.3.2 Thickness Variation in Corrosion Patches

6.3.2.1 Specimen P1-Cl
The overall view of Specimen PI-Cl in Fig. 2-1 and Photo 2-1(a), includes the

location and extent of corrosion patches. To illustrate the effect of patch corrosion on the
reduction of thickness around the circumference, Figs. 6-1 and 6-2 show the cross-sectional
profiles of the thickness variation at the hole and where local buckling originally took place
(Specimen C1 of Ref. 8), respectively. One hundred equally spaced values of thickness were
used in each plot. The original, uncorroded thickness (0.385 inches) of the tube is shown

in Figs. 6-1 and 6-2 by a solid horizontal line.

The area that had buckled previously during the testing of Specimen C1, is shown in
Fig. 6-4. The exient of reduced thickness in this area was greater than in the vicinity of the
fiole as can be seen in Fig. 2-1. After repairing this buckled portion with an Epoxy sleeve
(Sect. 4.3), the next weakest area was at the location of the hole. For Specimen P1-Cl,

local buckling occurred at this hole as shown in Photo 5-3. To more clearly illustrate the
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variation of thickness in this area, a contour map and an isometric view are shown in

Fig. 6-3.

6.3.2.2 Specimen P2-C1
The overall view of Specimen P2-C1 in Fig. 2-2 and Photo 2-1(b) shows the location

and extent of the corrosion patches. Thickness measurements were taken before the test at
End B and at what was formerly grid location "E’ for Specimen P1-C1 in Fig. 2-1 and
Photo 5-1. These were the two areas where local buckling appeared to most likely occur.
In fact, local buckles did develop at section 'E.’ The extent of the buckles was almost
entirely confined to this grid. A small amount of bulging extended above the grid, as shown
in Photo 5-1. After the test, the grid was extended 5 inches above the original grid to
include this bulging. Measurements were then taken over the entire extent of these buckles.
The original 2.0 X 2.0 inch grid was subdivided into a finer 1.0 X 1.0 inch grid in order to
produce a more accurate representation of the thickness variation in the buckled area.
Figure 6-5 shows the thickness variation around the éiNICumference 2 inches from End A,
where no local buckles developed. The original uncorroded thickness is shown as a straight

solid line.

Figures 6-6, 6-7 and 6-8 show the thickness variation around the circumference in the
three areas that buckled 25, 23 and 22 inches from End A, respectively. The corrosion patch
extended around the whole circumference. The reduction in thickness at the thinnest point
(Buckle 2) was 67.18% with respect to the original, uncorroded thickness. Contour maps
of the thickness variation in the area of local buckles are presented in Figs. 6-9, 6-10, 6-11
and 6-12. Figure 6-9 shows the contour map in the area of the specimen where local buckles
did develop, with the location of these buckles shown. Comparison of Figs. 6-10, 6-11, and
6-12 with Fig. 6-5 more ciearly shows this amount of thickness reduction in the areas with

jocal buckles.




6.3.2.3 Specimen P3-C1
Figure 2-1 and Photo 2-1(c) show the overall view as well as the location and extent

of patch corrosion. Thickness measurements were taken before the test at End A and at what
was formerly section 'C’ of the original Specimen P1-Cl as shown in Fig. 2-1 and
Photo 5-2. These were the two areas where local buckling appeared to be most likely, and
local buckles indeed developed at section 'C.° The extent of the buckles was entirely
confined to the grid of measured thickness (2.0 x 2.0 inch squares) previously marked on
Specimen P1-Cl. To study the thickness reduction in this area more accurately, a more
detatled 1.0 x 1.0 inch grid was generated by subdividing the original grid. For comparison
purposes, thickness measurements were also taken around the circumference 67 inches from

End A where no local buckles developed, and Fig. 6-13 shows the thickness variation there.

Figures 6-14 and 6-15 show the thickness variation in the two areas with buckles, 25
and 22 inches from End A, respectively. The original, uncorroded thickness is shown asa
straight, solid line. The reduction in thickness at the thinnest point was 71.53% of the
original, uncorroded thickness. Figure 6-16 shows the contour map In the area where iocal
buckles did develop, with the location of these buckles shown. Contour maps of the
thickness variation in the vicinity of the local buckles are shown in Figs. 6-17 and 6-18
together with the isometric views of the portions that buckled. In comparing Figs. 6-13,
6-14 and 6-15, it can be seen that the thickness reduction in the buckled areas was noticeably

greater than in the unbuckied area.

6.3.2.4 Specimen P4-C2

Specimen P4-C2 had several patches of corrosion as can be seen in Fig. 2-2 and

Photo 2-1(d). Utilizing the same procedure as for Specimen P1-C1, thickness measurements
were taken in the areas marked ‘AT, "B’ and "C, which were determined 1o be the areas
most affected by corrosion. Since Specimen P4-C7 failed as 2 column, one can conclude that
the thickness reduction was not severe enough or did not extend over a sufficient area fo

initiate failure by local buckling. Figure 6-19 shows the thickness variation for the thinnest
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area. It appears to be more gradual and not as irregular as the thickness variations shown

in Figs. 6-1, 6-2, 6-6, 6-7, 6-8, 6-14 and 6-15 for other specimens.
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7. TESTS ON SPECIMENS WITH SIMULATED
CORROSION DAMAGE (P5 TO P15)

7.1 Introduction

In addition to the four salvaged corroded Specimens P1-Cl to P4-C2, eleven
specimens with corrosion damage simulated by grinding were tested. These specimens,
Specimens P5 to P15, were all made from the long uncorroded Specimen P2PS and its
companion stub-column P2PS-SC which were tested in a previous project and themselves
were originally cut from one tube.[8] As a result, all these new specimens had the same

geometrical and material properties.

The new specimens consisted of two groups, Specimens PS5 to P9 which were 27.to
28 in. long and Specimens P10 to P15 which were 12.5 in. long. Specimens PS to P9 were
made from the undisturbed segments of Specimen P2PS and from Specimen P2PS-SC, and
Specimens P10 to P15 from Specimens PS to P7 after they themselves were tested. The
layouts for the necessary cuts, specimen labeling and longitudinal reference lines are

described next.

7.2 Layout of Specimens

Figure 7-1 shows the layout of the cuts made in Specimen P2PS which was tested in
a previous project as a column with a dent at mid-length.[8] The saw cuts had to be made
so that any inelastic distortions of the cross section near the dent were outside the new
specimens. This consideration controlled the lengths of Specimens PS5 to P8 to make them
each 28 in. long. The distorted middle portion of 24 in. was not used. Also shown in the

figure are the labels End A and End B which were used to differentiate between the bottom



and top ends of the specimen, respectively, during testing. These labels were transferred to

the new specimens.

As shown in Fig. 7-2, Specimen P9 was cut from Specimen P2PS-SC which was
originally tested as a stub-column.[8] This specimen had a buckled portion at one end, and
again, the saw cut had to be made so that any inelastic distortions of the cross section would
be outside Specimen P9. As a result, Specimen P9 was 27 in. long. The End A and End B
labels of Specimen P2PS-SC were also transferred to Specimen P9.

Figures 7-3 to 7-5 show the location of the cuts made in Specimens P53 to P7, after
testing, to make the second group of specimens, P10 to P15. Again, the saw cuts were made
to remove the portion with the cross section distorted due to buckling of the corrosion
patches. In the immediate vicinity of the buckle, the distortion was due to plastic
deformations. However, in the areas further away from the buckle, the distortion was caused
by elastic deformations, and the original geometry coulud— be recovered upon removal of the
plastically deformed buckle. As a result, Specimens P10 to P15 were made 12.5 in. long.

The End A and End B labels of Specimens P5 to P8 were again transferred.

The original Specimens P2PS and P2PS-SC were cut from a manufactured tube which
had been formed and then longitudinally welded during the manufacturing process. The weld
seam was used as a starting location for the four longitudinal reference lines drawn along the
length of the specimens.(Fig. 7-6) The line along the weld seam was labeled "N’ for north
and the remaining lines, spaced at 90°, were Jabeled °S’ for south, "W’ for west, and "E’ for
east. Four additional reference lines were used for Specimen P9 at 45 degrees from the
other four lines. They were labeled 'SE’, *NE’, '"NW* and 'SW’, as shown with dashed

lines in Fig. 7-6.
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7.3 Preparation of Specimen Ends

Two methods were used to make the ends of the specimens planar for uniform load
transmission: by grinding against a circular grinder (Specimens P35 to P9) and. an improved
method, by milling in a lathe (Specimens P10 to P15). Although neither of these methods
provided the ends perfectly perpendicular to the wall of the specimen, this was not a

requirement since the end bearing fixtures readily accommodated minor deviations.

Before making the ends planar, the end plates of the original Specimen P2PS were
removed by cutting through the tack welds and grinding off the remaining weld metal with
a belt sander. Also, after the saw cuts were made, the roundness of the ends was restored,

when necessary, by "pinching” the specimen end in a vice.

Grinding the ends of Specimens P5 to P9 involved pressing the end of the specimen
against a circular grinding stone which had a slightly larger diameter. The specimen was
supported so that it was perpendicular to the stone. Grinding continued until contact between
the grinding stone and the specimen was all around the circumference. To check if the ends
were planar, a flat, transparent plate with a slightly wetted surface was pressed against the
specimen end. If contact was made, the water would be squeezed out and the variation of-
the end surface could be determined. Grinding was completed when the ends were

acceptably planar.

The ends of Specimens P10 to P15 had to be milled since the specimens were much
shorter than the others, and the ends were in close proximity to the cotrosion patch. Any
irregularities of the ends would cause stress concentrations which may not fully disappear
in the short distance between the end and the corrosion patch. This consideration required
the ends of the specimens o be more accurately flat than could be achieved through the
grinding process described above. A lathe was used to mill the ends of the specimens. To

support the free end of the specimen in the lathe, a cylindrical wooden block with a diameter
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slightly smaller than the inside diameter of the tube was inserted into the specimen and held
in place with wooden wedges at both ends as shown in Fig. 7-7. These wedges were
inserted in a slow, even manner to minimize any irregular distortion of the tube. A 1/8 .
thick aluminum plate was nailed to the end of the cylindrical block as a bearing surface for
the center lathe support. The other end of the specimen was clamped from the inside by the
lathe chuck and the free end was centered using the procedure described later in Sect. 8.2.4,
The lathe cutter was perpendicular to the specimen end, and material was removed until the
cutter was in contact all around the end. The ends were checked using the same process as

was used for Specimens P5 to P9.
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8. INITIAL GEOMETRY OF SPECIMENS
P5 TO P15

8.1 General

Specimens PS5 to P15 had minor cross-sectional distortions which were present in the
original tube. The surface of Specimen P9 had additional distortions since it was made from
the stub column Specimen P2PS-SC.{8] Several methods were used to determine the extent

of these distortions, primarily by measuring the diameter at various locations.
8.2 Diameter Measurements

The diameter of Specimens P5 to P7 was not measured, although the surface
distortion of these specimens was detenninedl by measuring the out-of-
straightness (Sect. 8.4). The diameter of Specimens P8 to P15 was measured in four
different ways:

1. "Pedestal’ method with depth micrometer

2. "Pedestal’ method with dial gage rig

3. Six-inch micrometer (5 to 6 in. range)

4. Lathe’ method with dial gage rig
Whereas the first two methods could be used to measure the diameter only at the ends of the
specimens, the other two methods were applicable for measuring the diameter at any location

along the length of the specimens,

8.2.1 ’'Pedestal’ Method Using Depth Micrometer
Figure 8-1 illustrates the use of a depth micrometer to measure the diameter at the
end of a specimen. This method was used for Specimens P8 and P9 only. The first step

was to center the specimen on the circular steel pedestal by approximately making the edge
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distances equal on opposite sides at two or more locations around the circumference. A
minimum of three readings were then taken 1/2 in. from the end at each reference line and
then averaged. The measurements at opposite reference lines were then used to compute the

diameter from

Dy¢ =D, - m¥m% (8-1)

N«§

where
D, is the diameter of the pedestal equal to 6.01 in.
m™ and m® are the offset measurements at opposite reference
lines (shown here as North and South)

Dy is the computed diameter of the specimen
As an example, the resultant diameters for Specimen P9 are shown in Col. C of Table §-1.

8.2.2 ’Pedestal’ Method Using Dial Gage Rig

Figure 8-2 shows the use of the 0.0001-in. dial gage rig in conjunction with the
circular pedestal to measure the diameter of the ends of the specimen. First, the specimen
was centered on the pedestal and then at least three readings were taken 1/2 in. from the end
at each reference line and then averaged. The dial gage readings were calibrated against the
micrometer readings at some points, and the resultant adjustment parameter, §, from Eq. 8-2,

was used for all other readings,

8, = g-m &2

where g and m are, respectively, the dial gage and micrometer readings. The diameter was
then calculated from Eq. 8-3
Dyg =Dy - (g7+g®-28, (8-3)

where

D, is the diameter of the pedestal.



gY. & are the dial gage readings on opposite sides of the specimen (here,
North and South).

8y is the adjustment parameter computed from Eq. 8-2.

Dys is the computed diameter of the specimen.

The computed end diameters for Specimen P9 are shown in Col. D of Table 8-1.

8.2.3 Six-inch Micrometer

The third method used a micrometer with a range of 5 to 6 in. and an accuracy of
0.001 in. to measure the diameter of Specimens P8 to P15 along the specimen. These
diameter measurements were used primarily in calculating the diameter from the 'Lathe’
method. For Specimens P8 and P9, measurements were taken 172 in. from each end and at
the strain gage cross sections (Sect. 10.3), and for Specimens P10 to P15, 1/2 in. from each
end, at the 1/4 and 3/4-points of the specimen and at both edges of the corrosion patch just
outside the ground region. The measured diameters are shown in Col. E of Table 8-1 for

Specimen P9 and in Col. C of Table 8-2 for Specimen P13,

8.2.4 ’Lathe’ Method

For the "Lathe’ method, a lathe was used with the same dial gage rig as for the
"Pedestal’ method to measure the diameter of Specimens P8 to P15 at the same locations as
in the 6-inch micrometer readings. This method was idea] because, in addition to giving all
the diameters, it gave the longitadinal profile and, thus, the topography of the whole
specimen surface. First, End A of the Specimen was clamped into the head of the lathe.
The dial gage rig was attached to the movable support for the lathe cutter and positioned
1/2 in. from the free End B of the specimen. A geperal view of the setup is shown in
Photo 8-1. The free end was centered by gently nudging the specimen until the dial gage
readings for points on opposite sides of the specimen were within 0.01 to 0.02 inches of one
another.  Since the specimen could be rotated by turning the head of the lathe, it was
possible 1o position the dial gage rig at any desired Jocation around and along the specimen
surface. To convert the dia] gage readings to diameter values, an adjustment parameter, §, ,

was used.
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b = 5 (DY -(g%g%) (8-4)
Diameter D.° was measured using the 6-inch micrometer at the same locations as for the dial
gage readings, g" and g®. Parameter §, was computed at several locations, and then the

average value was used in Eq. 85 to compute the diameter at other locations.
D, = 26 +( gh+g®) (8-5)

The resultant diameters are shown in Col. F of Table 8-1 for Specimen P9 and in Col. D of
Table 8-2 for Specimen P13.

Similar readings were made on other specimens, and the resultant average values are
summarized in Table 8-3 for all the remaining specimens. It can be seen there that, except
for Specimens P9 and P13, the diameters are very little different among the specimens as

well as from the originally measured diameter of 5.502 in.[8]
8.3 Out-of-Roundness (OOR)

Column G of Table 8-1 and Column E of Table 8-2 show the average relative out-of-
roundness for Specimens P9 and P13, respectively, which were computed for each cross

section from Eq. 8-6.

D _-D.
OOR = _ B ™ (8-6)
D _+D

max min

D... and D, are the maximum and minimum diameters computed from the "Lathe’ method,
and, therefore, do not necessarily correspond to the maximum and minimum diameters of
the specimen. The average relative OOR values were used to determine the extent of

ovalization of the cross section.
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8.4 Out-of-Straightness (00S)

Tables 8-4 and 8-S show the 031:~of‘straightness (OOS) values computed using the dial
gage readings from the ’Lathe’ method for Specimens P9 and P13, respectively.  These
values represent the deviations of the centroid of the specimen from a straight line between
the centroids 1/2 in. from each end of the specimen and were computed, for Specimen P9

for example, from Eq. 8-7

Li65 " Eos

— (. -0.5) -0 (8-7)
36505 5 098

008 =g, .~
where
Zos and gy 5 are the dial gage readings in the 'Lathe’ method at the ends of the
specimen

g 1s the dial gage reading at a distance d; from End A

The OOS values could have been used to determine the topography of the specimens,
however, as shown in Tables 8-4 and 8-5, the deviations were too small to make this

necessary.

For Specimens P5 to P7, the OOS was measured using a different procedure shown
in Fig. 8-3. Here, a feeler gage was used to measure the gap between a straight edge and
the specimen surface. The measurements obtained from this procedure indicated Very minor

distortion of the specimens.
8.5 Conclusions

T was decided, after studying the diameter, OOR and 008 measurements, that the
OOR and OOS values were small enough that they could be neglected in the analysis of the
specimens. To determine the effect of different diameters on the behavior, Specimen P13

was analyzed via a finite element program using both the original diameter of 5.502 in. and
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the measured diameter of 5.394 in. Shown in Fig. 8-4 is a comparison of the load-
displacement curves from these analyses where the difference in the ultimate load is
approximately 3%. This difference was considered to be small enough to accept the results
of the analysis performed with the original diameter before the diameter measurements were
made, and not to repeat the calculations with the measured diameters for the remaining

specimens.



9. CORROSION PATCHES ON TEST
SPECIMENS P5 TO P15

9.1 General

Test Specimens PS5 to P15 had corrosion patches which were simulated by manually
grinding the specimen wall. In the following, the geometry of the corrosion patches, the
methods for measuring thickness in the patch and the grinding procedure are described.

9.2 Geometry of Corrosion Patches

The corrosion patches on the specimens were centered 180° away from the seam weld
as shown in Fig. 9-1. Thus, the effects of the surface unevenness and the residual stresses
in the vicinity of the weld, were minimized. Figure 9-2 shows the geometry of the corrosion

patches as defined by the following principal dimensions:

a = length of the constant-thickness portion in the circumferential direction
b = height of the constant-thickness portion in the longitudinal direction
= overall circumferential length

overall longitudinal height

LI = 2
i

= wall thickness in the constant-thickness portion
t = original wall thickness

These dimensions were varied from specimen to specimen in a certain pattern so that each
specimen had a unique patch geoimetiry as listed in Table 9-1. Specimens P35 and 5A, P6 and
P7 had the same overal patch dimensions but different patch thicknesses. Specimens Pg,
PS and P10 had larger patches than Specimens P5 to P7 . but Specimens P8 and PY had the
same thickness as Specimens P6 and P7, respectively, and Specimen P10 had a smaller
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thickness of 0.035 in. The corrosion patches of Specimens P11 and P12 were much larger
in the circumferential direction, and they had the same thickness as Specimens P7 and P9.
The patch of Specimen P12 also had the largest longitudinal dimension b=1.5 in. The patch
of Specimen P13 had the same overall dimensions, a and ¢, as of Specimens P8, P9 and P10,
but a smaller thickness. Specimens P14 and P15 had the largest sinusoidal tramsition
dimensions, but the area reduction for these specimens was the same as for Specimens P9

and P13, respectively.
9.3 Methods for Measuring Patch Thickness

Three methods were used to measure the wall thickness in the patch during the

grinding procedure: the angle method, the fork method, and the ultra-sound method.

9.3.1 Angle Method For Measuring Thickness

The angle method was used primarily to monitor the depth of the patch during
grinding. The tool was constructed from a five-inch long equal-legged aluminum angle as
shown in Fig. 9-3. The tip of a 0.001-inch dial gage protruded through a hole in the middle
of the angle at the intersection of the legs. A dial gage fixture was used to attach the dial
gage, via a C-clamp, to the smaller angle. This assembly was manipulated so that the gage
bisected the angle and the circular arm of the C-clamp rested against the specimen surface
keeping the gage perpendicular to the specimen. A sharply rounded tip on the dial gage

stem minimized the effect of any rocking of the angle.

Before measurements were made, the dial gage was zeroed by placing the angle tool
on an undisturbed portion of the specimen and setting the dial gage to & zero reading. Then,
measurements of the patch depth were taken by positioning the angle over the corrosion
patch with the angle parallel to the longitudinal axis of the specimen and with the dial gage

tip at the desired location in the patch. The reading on the dial gage gave the depth of the
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pach. The wall thickness was then the difference between the original wall thickness and
the reading. For Specimen P9, he&ever, a different procedure with two sets of readings was
followed because of some unevenness of the surface of this specimen. The first set of
readings (denoted g, in Eq. 9-1) was made prior to grinding, and the second (denoted g, in
Eq. 9-1) after grinding. Then, the reduced wall thickness was given by the difference

between the two readings subtracted from the original wall thickness:

t, = t_]gi “g:;,[ (9-1)

The angle method was also used to make the final thickness measurements. A minimum of
three readings were taken at each grid point within the constant-thickness portion of the patch
and then the average of these readings was the wall thickness at the given location. The
angle method was the easiest and most convenient zﬁethod and it could have been used for
any size specimen and for corrosion patches of any size as long as the C-clamp was adjusted

to fit the radius of the specimen and the angle was long enough to bridge the patch.

9.3.2 Fork Method for Measuring Thickness

The fork tool was made from three pieces of aluminum angle connected to each other
with C-clamps as shown in Fig. 9-4. The fork tool can be seen in Photo 9-1 lying on top
of the tested Specimens P5, P6 and P7. The cross-bar joined the inner and outer arms and
Wwas approximately 5 in. long. The inner and outer arms were both 17 in. long. A hole,
large enough to accommodate the dial gage tip, was drilled through the outer leg of the fork.
The dial gage was C-clamped to the outstanding leg of the fork with its stem and rounded
tip protruding through the hole. A small nail with a rounded end was attached to the inner
leg of the fork directly opposite the dial gage tip. The purpose for the rounded tips on the
dial gage and the inside tip was to minimize the effects of small movements of the fork on
the dial gage reading. A small block of wood {the pivor bar) was taped to the outer arm o

be used as a pivor point during positioning of the too].

In order to measure the wall thickness directly, the dial of the gage was set to zero

when the dial gage tip and the inside tip were brought in contact. This was done while the
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fork tool was held vertically by the cross-bar so that there would be no bending of the arms
under their own weight during the zeroing process. As shown in Fig. 9-4, the fork tool was
positioned from the top end of the specimen over the specimen wall, and the wall thickness
was measured. The fork was supported by the cross-bar with one hand and at the bottom
of the outer arm with the other hand. The pivot bar was placed against the outside surface
of the specimen and the dial gage tip was positioned at the desired location. The fork was
then lightly tilted about the pivot bar and the reading was taken as the inside tip lightly
touched the inside surface of the specimen. (If the inside tip were pressed too hard against
the specimen, the measurement would not be accurate.) At least three readings were taken
at each grid point to obtain the averaged thickness. Periodically, the fork tool was removed
from the specimen, and the zero setting checked and, if necessary, adjusted to assure the
accuracy of the thickness measurements. This method was convenient for the short
specimens of this series as the corrosion patches were located only a short distance from the

open end.

9.3.3 Ultrasound Method for Measuring Thickness

Ultrasonic thickness measurements were taken with an Epoch Model 2002 Unit!
which had an accuracy of + 0.001 inches.(Fig. 9-5) The unit consisted of the transducer
which transmitted and received the ultrasonic signals at the measured point and the monitor
which displayed the ultrasonic wave variations and the thickness of the material. The
monitor had various function keys which were used, among other things, to calibrate the
equipment for the type of material being measured. The calibration was made at the ends
of the specimen at the points where ricrometer measurements were previously made. These
locations were sanded prior to the micrometer measurements to remove the mill scale.
Coupling gel was spread over the sanded points in order for the transducer to function
properly.  The sound-wave velocity in the rmoaterial and the range of the sound-wave
reflections were adjusted until the wall thickness measured ultrasonically correlated with the

micrometer readings.

! Epoch Model 2002 Ultrasonic Thickness Gage by Panametrics
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Within the corrosion patch, the final thickness measurements were conducted only in
the constant-thickness portion since the cosine transition portions were too steep for the
1/4-inch diameter transducer tip. Because of the curved surface in the circumferential
direction, the transducer had to be rocked back and forth at the measurement location and
the minimum thickness value was recorded. Three thickness readings were taken at each

grid point and the values averaged.

This method was very convenient because of the ease of use and the transportability
of the equipment. As with the angle method, it can be used for specimens and corrosion

patches of any size.

9.3.4 Comparison of Methods

Table 9-2 gives a sample of thickness readings for Specimen P5 which were
determined from the depth measurements taken with the angle tool. The column listing the
node locations refers to the numbering scheme used to niép the grid points on the one-eighth
inch grid (Sect. 9.4) to particular locations within the corrosion patch. The first number
gives the row and the second the column on which the grid point is located. This table
shows that there is very little variation, if any, between the three readings at each point.

This was characteristic of all the thickness measurement methods.

Table 9-3 lists the average and standard deviation of all the thickness measurements
taken in the constant-thickness portion with the three methods. The table also shows the
average standard deviation for each method. The ultrasound method has the smallest average
standard deviation, and thus, is the most accurate method. The difference between the
ultrasonically measured thickness and the desired, or nominal, thickness, t,. is small enough
to warrant using the nominal thickness from this point on. The difference between the angle
and fork methods and the ultrasound method is typically approximately 1.5%. Therefore,
it can be concluded that any of the three methods could have been used to measure the patch
thickness. However, because the angle method was very quick and easy to use, it is the

more practical method for use during the grinding process. For salvaged specimens with
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iregular patterns of corrosion, only the fork and ultrasound methods are practical. The
ultrasound method is the best becaﬁse of its accuracy, ease of operation and ability to access
points at any distance from the ends of the mbe. Its disadvantages, however, are that it
requires a flat surface of 1/4 inch diameter at the point of measurement and that coupling get
must be used at the measurement points which would be very impractical during the grinding

Process.
9.4 Patch Grinding Procedure

As shown in Fig. 9-6, a 1x1-inch grid extending 2 in. in the longitudinal direction
and 4 in. in the circumferential direction was laid out as a reference for defining the patch.
Soapstone was used to draw the grid lines and the grid points were center punched so that
the grid could be recreated if necessary. The patch layout lines were then drawn, initially

with soapstone and then with ink.

Grinding the corrosion patches was a very time-consuming and repetitive process to
achieve the required accuracy. The procedure was to repeatedly remove some material and
check the remaining thickness with the angle tool until the thickness in the constant-thickness
portion was within +0.002 in. of the desired thickness.

The first stage was the coarse grinding to remove the bulk of the material. The
fastest way to accomplish this was to grind heavily in small areas, referred to as the initial
grind zones (Fig. 9-7), and then remove the ridges between these areas. The initial grind
zones adjacent to the circumferential limits were ground with the tip of the grinding stone,
pictured in Fig. 9-7, overlapping the patch layout line. The initial grind zones along the
circurnferential layout lines were centered on the line. Placing the initial zones at these
locations allowed for easier formation of the sinusoidal transitions simply by smoothening

the ridge formed outside the constant-thickness portion. The transition zones were formed



by eye although later checked at the mid-point with the angle tool. All initial grind zones

were ground to within 0.01 to 0.015 in. of the desired t.

The next stage of the grinding process was to refine the patch to achieve a smooth
patch area and to have a remaining thickness within 0.001 to 0.002 in. of t,. First, all the
ridges created by coarse grinding were completely removed to make the patch smooth. Then
material was removed in a much more controlled manner than before, with frequent checks
of the thickness using the angle tool. Grinding continued until the thickness was within the

acceptable limits.

The next step was to finish forming the transition zones by grinding them until they
were smoothly looking sinusoidal curves with 2 mid-point depth equal to one-half the

difference between t and % as measured with the angle tool.

In the final stage, a one-eighth inch grid was drawn over the entire patch, and
thickness measurements were taken at each grid point so that grinding adjustments could be
made where necessary. Photo 9-2 shows the grid for Specimen P9. All three methods for
measuring thickness were used in the constant-thickness portion. In the transition portions,
however, only the angle ool could be reliably used because the ultrasonic equipment works
only on flat areas, and the fork tool was too awkward to use on the varying thickness.

Specimens P8 and P9 with the corrosion patches completed are shown in Photo 9-3.






10. TEST SETUP AND INSTRUMENTATION
(SPECIMENS P5 TO P15)

10.1 General

Three types of end bearing fixtures were used in the tests on Specimens P5 to P15
to simulate different end conditions; Specimens P5 to P9 were tested using spherical bearings
which were intended to permit rotation of the ends of the specimens in any direction,
Specimens P10 to P12 were tested using fixed-end bearing fixtures which prevented the ends
from rotating at all, and Specimens P13 to P15 were tested using cylindrical bearings which
allowed rotation of the ends in one direction only. Instrumentation consisted of dial and

electric-resistance strain gages.

10.2 End Bearing Fixtures

10.2.1 Spherical Bearing Fixtures

Figure 10-1 shows a cross-sectional view of the type of spherical bearings used. The
spherical contact surfaces shown in the figure were greased for easier sliding, but the first
test (on Specimen P5) indicated that too much friction developed at the spherical interface,
and the bearing tended to freeze under higher load. To improve the free rotation, a grinding
and then a polishing compound were used to polish the contact surfaces. However, even
after additional grinding and replacing the regular grease with graphite grease and, later,
adding a teflon sheet in the interface, some binding still developed at higher loads, inhibiting
the free rotation of the specimen ends. Figure 10-2 shows the wooden centering blocks used
to aid in centering the specimen on the bearing fixture so that the load would be evenly
distributed over the cross section. These blocks were used at both the top and bottom of the
specimen. The wooden wedges shown in the figure secured the specimen once it was

properly positioned.
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The test setup with spherical bearings was started by attaching the top bearing 1o the
machine head and placing the bottom bearing on the machine pedestal at its center. Then,
the specimen was positioned with aluminum foil between the bearings and the ends of the
specimen. The foil compensated for small burrs, cuts and other imperfections of the contact
surfaces. The machine head was moved down until it almost touched the top end of the
specimen. Centering of the specimen on the bearings was refined and the wooden wedges
inserted. Then, the head was moved to make full contact with the specimen, and a 1-kip

load was applied to keep the assembly securely in place.

10.2.2 Fixed-end Bearing Fixtures

The arrangement for the fixed-end bearings is shown in Fig. 10-3. A 2-inch thick
circular plate with a diameter of 6 inches was used at the bottom of the
specimen.(Fig. 10-3b) The thickness of 2 inches provided enough clearance for the stems
of the dial gages attached near the bottom of the specimen to extend beyond the end of the
specimen. A 1-inch thick 7-inch square plate was used at the top of the specimen where the

only consideration was to have enough surface area to support the specimen.(Fig. 10-3a)

In the setup of the fixed-end bearings, the bottom bearing was positioned first.
Figure 10-3b shows the arrangement. A sheet of plastic was placed on the machine base,
then a small amount of Hydrostone, followed by another sheet of plastic. The plastic sheets
prevented the hydrostone from bonding to the plate or to the testing machine surface. Then,
the 6-inch diameter plate was centered on the machine base. The weight of the plate was
enough to squeeze out the hydrostone, and contact between the plate and machine base was
made at some three or more points. With a sheet of aluminum foil under it, the test

specimen was then centered on the circular plate.

The assembly of the top bearing is shown in Fig. 10-3a. The 7-inch square piate was
centered on top of the specimen which was covered with aluminum foil. Plastic sheets and
hydrostone were located on top of the plate. Prior to placing the plastic and the hydrostone,

the machine head was lowered to determine the location of the smallest gap between the
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7-inch plate and the machine flat plate. The machine head was then raised, the plastic sheets
and the hydrostone added, and the machine head lowered a second time unril the smallest gap
was approximately 1/16 of an inch. This was done to compensate for the possibility that the
7-inch plate and the machine flat plate were not parallel, and to insure that there would be
no metal-to-metal contact. In the two hours allowed for hardening of the hydrostone, the

instrumentation was connected and checked before the test was started,

10.2.3 Cylindrical Bearing Fixtures

The top and bottom fixtures of the cylindrical bearings are shown in Fig. 10-4 and
Photos 10-1(a) and 10-1(b). In addition to the 6-inch diameter plate and the 7-inch square
plate used for the fixed-end bearings, two more plates, another 7-inch plate and an 11-inch
Square plate with a 2-inch thickness, were used, as well as two half-circular 3-inch diameter
cylindrical bars. Photo 10-2 gives a close-up of the cylindrical components attached with
Epoxy to the end plates.

As shown in Fig. 10-4b, the 6-inch diameter plate and the 11-inch plate were used
at the bottom. A 3/4-inch thick section of the 3-inch diameter steel bar was used for the
cylindrical rocking surface and was attached with Epoxy to the round plate. This bar was
placed precisely at the center of the round plate. The 11-inch plate served as a bearing
sutface for the cylindrical bearing bar. As shown in the figure, the centering blocks used
with the spherical bearing fixtures were again used, but only on the bottom bearing fixture.
The two 7-inch plates were used in a similar manner at the top of the specimen as shown in
Fig. 10-4a. Another cylindrical bearing bar was centered on and attached with Epoxy to the
lower plate, and the upper plate served as the bearing surface.

To set up the bottom cylindrical bearing fixwre (Fig. 10-4b), the round plate was
centered on the 11-inch plate and the end of the specimen was centered on the round plate
which was covered with aluminum foil. This assembly was then centered on the machine
base. No hydrostone was used at the bottom, but it was needed at the top to eliminate

potential eccentricity of the load in the direction along the line of rotation. (Fig. 10-4a) The
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hydrostone, plastic sheets and aluminum foil were located as shown in the figure, and the
procedure used for placing the hydrostone was the same as was used for the top fixed-end
bearing fixture. A specimen with cylindrical bearing fixtures and ready for completing

insmnnentation (Specimen P13) is shown in Photo 10-3.

10.3 Strain Gage Instrumentation

The electric-resistance strain gages used were from the Micro-Measurements Division
of Measurements Group, Inc., and the procedure used to install the gages was in accordance
with the directions of the manufacturer. Each specimen had 10 to 18 gages. All the strain
gages were in the longitudinal direction of the specimens and were only on the outside
surface. The basic arrangement of the strain gages and the gage numbering system are
shown in Fig. 10-5. One row of four gages around the circumference was over the corrosion
patch cross section with one gage directly at the center of the patch. These gages were
intended to measure strains in the patch cross section. Another set of four gages was near
the bottom end of the specimen (End A) at a distance of 5.5 inches (one diameter) for
Specimens P5 to P9 and 1.25 inches for Specimens P10 to P15. The purpose of these gages
was to verify the intended uniform distribution of stresses at the end of the specimen. To
check the relaxation and redistribution of the stresses near the patch in the longitudinal
direction, two gages were positioned one-half radius or less from the cross section with the
patch. One of these gages was right below the patch and the other on the diametrically
opposite side.

As shown in Figs. 10-6 and 10-7, Specimens P8 and P9 had, respectively, two and
one additional cross sections with strain gages. These figures also show the gage numbering
systemn used for Specimens P8 and P9. One of the justifications for these additional gages
was 1o take advantage of some of the gages which were left from the parent test
Specimen P2PS .[8]

10-4



10.4 Dial Gage Instrumentation

Four dial gages were used on Specimens P5 to P15. The location of these gages,
shown in Fig. 10-8, was the same fo;f all specimens. Two of the gages were attached to the
specimen (specimen dials) and the other two to the testing machine (machine dials). The
purpose of the specimen dials was to measure the axial shortening of the specimen and the
relative end rotation. The purpose of the machine dials was to measure the downward

displacement as well as the rotation of the machine head.

10.4.1 Specimen Dial Gages

The specimen dial gages were attached via screws approximately 3/8 in. from Fnd A
of the specimen to plastic brackets which were attached with Epoxy to the specimen surface.
The brackets were located so that the line of action of the dial gage stems was parallel to the
longitudinal axis of the specimen and in line with the South and North reference lines.
Similar brackets were attached at End B, and a cannectihg wire was strung from them to the

top of the dial gage stems.

10.4.2 Machine Dial Gages

The machine dial gages were attached to the machine base using magnets,
approximately 6 in. from the surface of the specimen. Again, these gages were positioned
so that the line of action of the dial gage stem was parallel to the axis of the specimen and
in line with the South and North reference lines. A connecting wire connected the magnet

on the machine head to the dial gage.
10.5 Test Setup

With the exception of the type of the bearing fixtures, the test setup for Specimens P35
to P15 was the same as shown in Figs. 10-9 to 10-11. Once the bearing fixtures were set

up, a 1-kip load was applied, and then the specimen and machine dials were attached. The
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connecting wire was stretched to yielding prior to attachment so that it would remain
straight. If needed, either a weight was hung from the bottom of the dial gage stem

(Fig. 10-9) or a rubber band was used to keep tension on the connecting wire.

The next step was to attach the wire leads from the strain gages to the switch box.
The switch box, a Measurements Group SB-10 Switch and Balance Unit!, was capable of
maintaining ten strain gages and was used to balance each gage prior to testing, as well as,
to switch from one gage to another. The switch box was then wired to the strain indicator,
either a Vishay/Ellis-20 Digital Strain Indicator' (Specimens P35 to P9) or a P-3500 Digital
Strain Indicator' (Specimens P10 to P13), which displayed the strain values.

As the final step in the test setup process, the outside surface of the specimen was
whitewashed with the exception of the areas directly over the strain gages. Care was taken
to insure that the corrosion patch was well coated. A 1/4 to 3/8 inch grid was drawn with
pencil over the corrosion patch area in order to accentuate the development of buckling there.
Whitewash also helped to see the buckles and the yielding outside the patch as it would crack
and flake away in the areas of yielding. A view of a specimen ready for testing

(Specimens P3) is given in Photo 10-4.

! Instruments Division, Measurements Group Inc., P.O. Box 27777, Raleigh,
North Carolina 27511
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11. TEST RESPONSE OF SPECIMENS

11.1 General

All Specimens PS to P15 were tested under an axial compressive load in a
displacement controlled, screw driven universal testing machine with a maximum load
capacity of 120,000 pounds’. The initial strain and dial gage readings were generally taken
under a load of 1kip. The specimens were loaded and unloaded using controlled increments
of load or displacement. Dial and strain gage readings were taken at the end of each
increment. The final load in all tests was 1 kip which was released after removing the dial

gages and disconnecting the strain gages.

The results are presented by plots of load vs. deformation with deformation being the
strain or axial shortening. A zero adjustment was made- for each load vs. deformation plbt
by performing a linear regression analysis of the visually selected portion of the curve in the
loading branch. The horizontal-axis intercept determined from this analysis was then
subtracted from the deformation values for each data point. This adjusted the entire curve
so that an extension of the linear portion would pass through the point corresponding to zero
load and zero deformation. This adjustment may for some specimens cause the initial
portion of the load-deformation curves to be to the left of the zero deformation point. The
load-deformation curves were plotted with shortening treated as positive and to the right.

11.2 Static and Dynamic Ultimate Loads

Static and dynamic ultimate loads, as defined below, were recorded for each specimen
because, as the machine head was very gradually moved during the test, the load increased

0 a predetermined value. However, near the ultimate load, deformation increased, as

" Tinius-Olsen Co.
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observed from the motion of the needle on the dial gages and/or by the change of strain on
the strain indicator, without a change in the load. This indicated that the ultimate capacity
was reached, and the machine would be stopped, and the strain and dial gage readings taken.
The load recorded at this point is referred to as the dynamic ultimate load (P,). Invariably,
the load gradually decreased and eventually stabilized without any observable changes of the

strain or dial gage readings. This load is referred to as the static ultimate load (P,,).

The cause of this reduction in the load is apparently a mixture of material and
machine responses. Since essentially all specimens started yielding before the static load
level due to the curvature of the local buckles in the corrosion patch and elsewhere, the
effect of the strain rate led to some reduction in the load even for the slow rate used in these
tests. Another, albeit minor, contribution to the load reduction was made by the slow,
viscous squeezing out of the grease in the threads of the machine screws after they were

stopped.
11.3 Spherical Bearing Tests

Specimens P5 to P9 were tested using the spherical bearings. Loading increments
were 3 to 5 kips corresponding to approximately 4% to 6% of P,, the full plastification
("squash") load

P, = AF, = 86.8 kips (11-1)

¥

where

A = 7 (D-1)t is the undamaged cross-sectional area of the specimen.

The unloading increments were approximately 5 fo 10 kips (6% w0 12% of P). To
limit the distortion of these specimens so that later they could be cut for reuse as additional
shorter specimens, the post-ultimate axial shortening was limited to only ome or two

additional deformation increments beyond the ultimate load.
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11.3.1 Specimen P3

The strain indicator used during the test of Specimen PS5 malfunctioned and was
giving incorrect readings. This was noticed from the strains since they did not correlate with
the strains anticipated for the load increments. Since at the time it was impossible to take
any corrective measures, the test was continued in the hope that the data could still be
salvaged. Later, the source of the error was found and the readings

corrected. (See Sect. 11.3.2) Specimen P5 before the test 1s shown in Photo 10-4.

The load-deformation curve for Specimen P5 (t, = 0.07 inches) is shown in F ig. 11-2.
For Specimen P35, inward motion of the constant-thickness portion of the corrosion patch was
observed during the range from 57 to 62 kips, as indicated by the deviation of the strain
curve from linearity toward compression in Fig. 11-1. Outward buckling of the corrosion
patch started at approximately 80 kips as indicated by the sudden strain reversal into the
region of tension of the curve in Fig. 11-1. Yielding outside the corrosion patch was also
observed at a load of approximately 80.0 kips. The ioad.iﬁg was continued up to the dynamic
ultimate load of 84.5 kips. This ultimate load stabilized to the static ultimate load of

P, = 81.5 kips with an axial shortening of 0.063 in.

11.3.2 Specimen P5a

This was a retest of Specimen P5 with a new strain indicator. The slopes of the
strain gage curves for Gages 1 to 4 of Specimens P5 and P5a were compared and a
multiplier of 2.8 was determined to be used for correcting the strain readings recorded during
the test on Specimen P5. Photo 11-1 shows the Jocal buckle in the pre-test condition of
Specimen P5a. The local buckle grew in the testing of P5a, and areas of yielding developed

on the sides of the patch. This can be seen in Photo 11-2.
The load was applied in increments up to the dynamic ultimate load of 73.0 kips

[P, = 60.5 kips]. The curves for this test are shown in Figs. 11-1 and 11-2 together with

the curves for Specimen P5.
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11.3.3 Specimen P6

Photo 11-3 shows Speci.meﬁ P6 before the test. Specimen P6 (t, = 0.05 inches) was
loaded in increments, and local buckling was observed during the range from 60 to 64 kips
as indicated in the strain curve shown in Fig. 11-3. Yielding outside the corrosion patch was
noticed at approximately 68 kips. A dynamic ultimate load of 76.3 kips was attained with
an axial shortening of approximately 0.053 in. This value was approximated because the dial
and strain gage readings were taken at the static ultimate load [P, = 73.0 kips] and not at
the dynamic ultimate load. Figure 11-4 shows the load-deformation curve for Specimen P6.
The local buckle in the patch after the test is shown in Photo 11-4.

11.3.4 Specimen P7

Specimen P7 (t, = 0.04 inches) was loaded in increments, and Jocal buckling was
observed during the range from 64 to 69 kips as indicated in Fig. 11-5. The specimen at the
start of the test and the final view of the local buckles are shown in Photos 11-5 and 11-6,
respectively. Yielding outside the corrosion patch was noticed at a load of approximately
69.0 kips. Load increments were continued to the ultimate load of 76.5 kips
{P, = 73.4 kips], and the axial shortening at the ultimate load was approximated to be

0.078 in. The load-deformation curve for Specimen P7 is shown in Fig. 11-6.

11.3.5 Specimen P8

The corrosion patch for Specimen P8 (t, = 0.05 inches) was larger than for the
previous specimens. However, the wall thickness in the constant-thickness portion of the
corrosion patch was the same as for Specimen P6. Specimen P8 was loaded in increments,
and local buckling was observed during the range from 48 to 534 kips as indicated in
Fig. 11-7. Photo 11-7 shows Specimen P8 during the test. Yielding cutside the corrosion
patch was npoticed at a load of approximately 60.0 kips. The loading imcrements were
continued to the dynamic ultimate load of 68.6 kips [P, = 63.8 kips] at an axial shortening

of 0.087 in. Figure 11-8 shows the load-deformation curve for Specimen P8.
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11.3.6 Specimen P9
The corrosion patch of Specimen P9 (t, = 0.04 inches) was of the same size as the
paich of Specimen P8. However, the thickness in the constant-thickness portion of the patch

was the same as for Specimen P7. Specimen P9 is shown in Photo 11-8 before the test.

During the test of Specimen P9, the load indicator on the testing machine
malfunctioned, and, before this was realized, a load of 54 kips was already reached. At this
load, a slight buckle was already visible in the corrosion patch. The first strain and dial gage
readings taken for this specimen were therefore at the load of 54 kips, and the readings for
the loading path before this were lost. The specimen was unloaded in increments to a load
of 10 kips and then reloaded to a dynamic ultimate load of 66.0 kips [P,, = 63.0 kips] with
a 0.031 in. axial shortening. For this specimen, yielding outside the corrosion patch was
observed at a load of approximately 64.0 kips. In order to avoid confusion in the
presentation of the strain and deformation readings in Figs. 11-9 and 11-10, the unloading
branch from 54 kips to 10 kips is shown offset by -approximately 1500 microstrains
(Fig. 11-9) and by approximately 0.015 in. (Fig. 11-10) from the reloading branch and the

remainder of the test.
11.4 Fixed Bearing Tests

Specimens P10 to P12 were tested using the fixed bearings. These specimens were
loaded, for the most part, in increments of 5 kips (6% of P)). Smaller increments were used
as the ultimate load was approached. The post-ultimate deformation range for these
specimens was made much larger than for Specimens PS5 to P9 using displacement controlled
increments of 0.02 to 0.04 inches until the deformation was approximately three times the
deformation at the ultimate load. Unloading was done using load-controlled steps of

approximately 15 kips (18% of P).



11.4.1 Specimen P10

For Specimen P10 (t, = 0.035 inches), local buckling started at approximately 40 kips
as indicated by the strain readings in Fig. 11-11. However, the strain readings indicate that
the corrosion patch stiffened after the initial buckling because the curve reversed at
approximately 55 kips, and then the buckle continued to bulge outward at approximately
65 kips. The cause of this behavior is not clear. Yielding outside the corrosion patch was
observed at approximately 65.0 kips. Loading was continued until a dynamic ultimate load
of 76.0 kips [P, = 74.9 kips] was reached with a shortening of 0.034 in. Loading continued
using displacement increments to a final shortening of 0.202 in. at a load of 57.5 kips.
Figure 11-12 shows the load-deformation curve for this specimen, and Photo 11-9 the final

configuration of the buckled cross section.

11.4.2 Specimen P11

Specimen P11 (t, = 0.04 inches) buckled locally in the patch during the range from
35 to 37 kips as indicated in Fig. 11-13. Yielding outside the corrosion patch was noticed
at a load of approximately 55.0 kips. The dynamic ultimate load for this specimen was
67.1 kips [P, = 63.9 kips] with an axial shortening of 0.031 in. Post-ultimate loading
continued to a final shortening of 0.123 in. at a load of 53.7 kips. Figure 11-14 shows the

load-deformation curve for this specimen, and Photo 11-10 the buckled corrosion patch.

11.4.3 Specimen P12

Specimen P12 (t, = 0.04 inches) had the largest corrosion patch in the longitudinal
direction (the b dimension). The local buckle developed during the range from 42 to 45 kips
as indicated in Fig. 11-15. Yielding outside the corrosion patch for Specimen P12 was
noticed at a load of approximately 55.0 kips. The dynamic ultimate load was 65.0 kips
[P, = 61.8 kips} with an axial shortening of 0.03 in. Loading continued using displacement
increments to a final shortening of 0.139 in. at a load of 53.1 kips. The load-deformation
curve for the specimen is shown in Fig. 11-16, and the final shape of the local buckle in

Photo 11-11.




11.5 Cylindrical Bearing Tests

Specimens P13 to P15 were tested using cylindrical bearing fixtures, but otherwise
in a similar manner as the fixed-end specimens. Loading was in increments of 5 kips
(6% of P,). Post-ultimate loading was done in displacement increments of 0.02 t0 0.04 in.
until the total axial displacement was approximately three times the axial displacement at the
ultimate load. The specimens were unloaded in 10 kip (12% of P,) steps down to the final
load of 1 kip.

11.5.1 Specimen P13

Specimen P13 is shown in Photo 11-12 in the process of testing. The local buckle
for Specimen P13 (t, = 0.03 inches) developed during the range from 43 to 45 kips as shown
by the strain in Fig. 11-17. The buckle was not clearly visible until one or two increments
before the ultimate load was reached. The dynamic ultimate load was 60.6 kips
[P, = 57.8 kips] with an axial shortening of 0.024 in. No yielding outside the corrosion
patch was observed until after the ultimate load had been reached. This behavior is different
from the specimens with spherical or fixed-end bearing fixtures which experienced yielding
in these areas as described above prior to the ultimate load. Loading was continued to a
final shortening of 0.148 in. at a load of 44.6 kips. Figure 11-18 shows the load-deformation
curve for Specimen P13, and Photo 11-13 the locally buckled cross section.

11.5.2 Specimen P14

Local buckling for Specimen P14 (t, = 0.04 inches) started during the range from 45
to 50 kips as shown in Fig. 11-19. For this specimen, yielding outside the corrosion patch
was noticed at approximately 60.0 kips, just before the ultimate load. Similarly to
Specimen P13, the buckle was not cleariy visible until just prior to the dynamic uitimate load
of 63.9kips [P, = 61.1 kips] with an axial shortening of 0.018 in. The total axial
shortening before unloading was 0.102 in. at a load of 49.5 kips. The Joad-deformation plot




for Specimen P14 is shown in Fig. 11-20. Photo 11-14 gives the view of the specimen after

testing, and Photo 11-15 a closer view of the local buckle.

11.5.3 Specimen P13

Specimen P15 (t, = 0.03 inches) had a corrosion patch of the same overall dimensions
as Specimen P14, but a smaller patch thickness. The local buckle initiated during the range
from 40 to 45 kips as indicated by the strain plot in Fig. 11-21. Specimen P15 yielded
outside the corrosion patch at a load of approximately 55.0 kips which was, again, just
before the ultimate load. The dynamic ultimate load was 60.0 kips [P, = 57.4 kips] with
an axial shortening of 0.018 in. The total axial shortening prior to unioading was 0.133 in.
at a load of 45 kips. Figure 11-22 shows the load-deformation curve for this specimen. A
view of the specimen before the test is given in Photo 11-16. The local buckie for this
specimen, as shown in Photo 11-17, is much more "pinched” than for Specimen P14

(Photo 11-15) since it had a smaller patch thickness.
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12. BEHAVIOR OF TEST SPECIMENS P5 TO P15

Since the behavior of the specimens in each group was very similar, it is described
in detail for only one representative specimen from each group. The specimens described
are: Specimen P6 for the specimens with spherical bearings (Specimens P5 to P9,
Specimen P10 for the specimens with fixed-end bearings (Specimens P10 to P12); and

Specimen P13 for the specimens with cylindrical bearings (Specimens P13 to P15).
12.1 Behavior of Specimens with Spherical Bearings

12.1.1 Load-deformation Behavior _

Typical load-deformation behavior of the specimens with spherical bearings can be
described by using the dial gage readings for Specimen P6 shown in Fig. 12-1". To clarify
the plots, the curves are shifted by an amount large enough so that the curves would not
interfere with one another. One characteristic of the dial gage curves for these specimens
is the non-linear portion at the beginning of loading. The slope of this initial portion of the
curves is typically steeper for the specimen dials (SS and SN) than for the machine dials (MS
and MN), thus, indicating a smaller rate of shortening of the specimen than the displacement
of the machine head. For the specimen dials, this behavior is due to a slight binding in the
dials, and for the machine dials, due to the seating of the bearings, that is, crushing of the
aluminum foil and other adjustments in the end fixtures. The slopes of the straight-line
portions of the curves for the specimen dials are also steeper than those of the curves for the
machine dials. This typical behavior can be attributed to the squeezing out of the grease on
the loading screws and the longer overall distance between the machine head and base

compared to the length of the specimen.

' Positive values represent shortening for all dial gage plots discussed in this
chapter.




After the straight-line portions, the curves indicate non-linear behavior of the
specimen which is due to local buckling or yielding in the corrosion patch. For
Specimen P6, this non-linear response starts at approximately 60 kips, the same load at
which the strains at Gages 1 to 4 show yielding (Fig. 12-2) and at which the strain in the
patch (Gage 7 in Fig. 12-4) reverses from the increasing compressive values (compression
corresponds to positive strain values) to the increasing tensile values (tension corresponds to
negative strain values) indicating that the local buckle is bulging outward. As the ultimate
load is approached, the dial gage curves, particularly the specimen and machine South curves
(S8 and MS), show accelerated non-linear behavior. After the ultimate load, the continued
shortening of the specimen effects a decrease in the load. As expected, the slope of the
unloading portion of the curves is the same as the slope of the loading portion. Near the end
of the test, the curves show non-linear behavior. For the machine dials, this is due to the
rotation of the machine head, and for the specimen dials, due to a sudden rotation of the

spherical bearings. The cause of these rotations is described m Sect. 12.2.

12.1.2 Specimen Behavior from Strain Data

Strains for Gages 1 to 4 of Specimen P6 are shown sequentially in Fig. 12-2. For
clearer presentation, the curves in this figure are shifted with respect to each other. The
slopes of the loading portions (indicated by the directional arrows) are very close to each
other for these four gages. This indicates that the specimen was loaded concentrically. At
60 kips, yielding occurs (curves become non-linear) with Gages 2 to 4 showing accelerated
compressive strains and Gage 1 showing an accelerated decrease in compressive strain which
is attributed either to the relaxation due to local buckling or the lessening of strain due to the
end moments (Sect. 12.2). Again, as expected, the unioading branch of the curves has the

same siope as the loading branch.

The strain plots for Gages 5 and 6 are shown in Fig. 12-3. The curve for Gage 5
becomes non-linear at approximately 40 kips, the same load at which the strain in the
corrosion patch becomes non-linear (Gage 7 in Fig. 12-4). Thus, the non-linear response

at Gage 5 at this load level can be attributed to the relaxation of the South side of the
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specimen. At Gage 6, the strain becomes non-linear at 60 kips, the same load at which
Gages 1 to 4 and the dial gages indicated a non-linear response and at which local buckling

Initiated (Sect. 11.3.3).

The strain plots for Gages 7 to 10 (cross section with the patch) are shown in
Fig. 12-4. The gage in the corrosion patch (Gage 7) indicates elastic behavior up to 40 kips
although, due to the reduced area on the paich side, the slope of the curve is shallower than
that of the curves for Gages 8, 9 and 10. At 40 kips, the slope of the curve becomes much
steeper and then it flattens out again up to 60 kips when the slope becomes negative due to
the onset of local buckling. This type of behavior is due to the wall moving inward before
it buckles outward, and this is the expected elastic response. At local buckling, the wall in

the patch moves out with a rapid increase of tensile strain.

Another typical response of the patch cross section is the yielding on the sides of the
patch shown in the curves for Gages 8 and 10 in Fig. i;’l~4. At 68 kips, both curves show
accelerated non-linear behavior up to the ultimate load. One important observation is that
this yielding occurred well before the ultimate load was reached. This indicates that local
buckling of the corrosion patch was not enough to cause failure of this specimen, but that
yielding of a significant portion of the cross section was needed in order to reach the ultimate
load. The plot for Gage 9 is linear up to the ultimate load. This shows that there was no

yielding on the back side of the specimen.

As the specimen is unloaded, the curves for Gages 8, 9 and 10 follow the same slope
as the loading branches. The unloading branch for Gage 7 has a negative slope which is
opposite to the slope of the loading branch. This is due to the strain reversal in the paich
from tension during loading after local buckling, to compression as the buckle was
siraightening out during unloading. Thus, during unloading, the strain decreases from a

larger tensile value to a smaller tensile value causing the negatively sloping curve.
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12.2 Problems with Spherical Bearings

The test data for Specimen P6 indicate that moments developed at the ends. This
means that the spherical bearings did not allow free rotation. As can be seen in Fig. 12-1,
the data for the machine dials (MS and MN) show a larger head displacement on the South
side of the specimen. The explanation for this appears to be as follows. As the corrosion
patch buckled and the mid-point of the specimen displaced horizontally in the North
direction, the ends of the specimen attempted to rotate, but the bearings restrained them
thereby creating end moments on the specimen ends which shortened the North side of the
specimen. The machine reacted to these moments in the opposite direction, and this rotated
the South side of the machine head downward. The result was the difference in
displacements between the North and South sides. At 20 kips on the unloading branch, the
machine curve on the South side (MS) has a shallower slope. This is the result of the end
moments decreasing under the smaller load and of the South side of the machine head
displacing upward in larger increments. At 10 kips on the unloading branch of the specimen
South curve (SS), the slope is steeper. This indicates that the bearings suddenly rotated

under the smaller load, shortening the South side of the specimen.

Attempts to remedy this binding (friction) of the spherical bearings by changing the
type of grease, polishing the contact surfaces and placing teflon sheets in the interface, as

the specimens were tested one after another, proved to be not fully successful.
The topic of end restraints in the spherical bearings is addressed again in Chapter 15

where the relative end rotations of Specimens P35 to P9 are compared with the end rotations

of the finite element models of these specimens.
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12.3 Behavior of Specimens with Fixed-End Bearings

12.3.1 Load-deformation Behavior

Unlike the spherical bearings, the fixed bearings used to test Specimens P10, P11,
and P12 did not allow the ends of the specimen to rotate, thus, the end moments were
expected. The dial gage curves for a typical specimen, for example, Specimen P10 shown
in Fig. 12-5, indicate development of the end moments. At approximately 50 kips on the
loading branch, the slope of the curves for the South side dials (SS and MS) becomes smaller
and the slope of the North side dialg (SN and MN) becomes steeper. This can be seen to be
due to the rotation of the machine head under the influence of the end moments. The larger
displacement for the South side dials and the non-linear portions of the unloading branches
of the curves at approximately 10 kips are also due to the head rotation. This indicates that
even when the specimen is oriented so that it would have rotations at the ends in the plane
of the machine head and screws, there was some rotation of the machine head, probably
caused by the squeezing of the grease in the screw threads and the flexural deformation of

the cross-head.

12.3.2 Specimen Behavior from Strain Data

Figure 12-6 shows the strain plots for Gages 1 to 4 for Specimen P10. The slope of
the straight-line portions of the loading branches up to approximately 50 kips is the same for
all four gages indicating a uniform loading of the specimen. At 50 kips, the curves become
non-linear, but the slope of Gage | reverses, the slope of Gage 3 becomes steeper, and the
slope of Gages 2 and 4 become shallower. Afier the ultimate load, the specimen at Gage 3
yields significantly in comparison with the other gages. The reversal of the slope of the
Gage 1 curve and the increased yielding at Gage 3 are due to the end moments. The non-

linearities in the unloadin branches of the curves are due to the decreasing end moments.
g

The plot for Gage 5 in Fig. 12-7 becomes non-linear at approximately 40 kips which

18 the same load at which local buckling was observed in the corrosion patch
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(Gage 7 in Fig. 12-8). This indicates relaxation of the South side of the specimen after local
buckling. The curve for Gage 6 becomes non-linear at approximately 60 kips due to the load
redistribution caused by local buckling. The unloading slope of the curve for Gage 5 is

opposite to the loading slope because of the reversal of strain rate.

The strain data for Gages 7 to 10 are shown in Fig. 12-8. Again, the slope of the
curve for Gage 7 is slightly shallower due to the reduced area and it is linear up to 40 kips.
As for specimens with the spherical bearings, the corrosion patch moved inward (from 35
to 65 kips in the figure) before it bulged outward. Yielding on the sides of the patch
(Gages 8 and 10) started at approximately 65 kips and the yielding in the vicinity of Gage 9
around 70 kips, but it was not significant until after the ultimate load. Therefore, as with
Specimens P35 to P9, yielding of a significant portion of the cross section with the patch was
needed in order to reach the ultimate load. Gages 8, 9 and 10 all show a large increase in
compressive strain near the ultimate load and then a sudden decrease. The strain increased
dramatically because the patch side of the specimen could not carry as much load as the
opposite side. The sudden decrease in strain was due to the bulging outside of the corrosion

patch which relieved the strain.
12.4 Behavior of Specimens with Cylindrical Bearings

12.4.1 Load-deformation Behavior

Specimens P13 to P15 were tested using cylindrical bearings which aHowed
essentially uninhibited rotation of the ends of the specimens as the specimens would deflect
with the patch on the concave side. The dial gage curves for Specimen P13, shown in
Fig. 12-9, illustrate the behavior of these specimens. Here, the South and North machine
dial curves (MS and MN) are practically identical. This indicates that there was no rotation
of the machine head and no end moments. The specimen South curve (SS) shows a larger
degree of shortening compared to the specimen North curve (SN) which even shows a

decrease in shortening near the ultimate load. This indicates the lengthening of the North
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side of the specimen. These observations indicate that the specimen ends rotated without
restraint. The slopes of the unioading branches of the machine dial curves are the same as
the loading branch slopes. However, the unloading slopes of the specimen dials are slightly
different, particularly near the end of the test where the curves become slightly non-linear.
This behavior is apparently due to some minor deformation of the top bearing plate at the
point of contact with the circular bearing bar (Sect. 10.2.3). This slight deformation was
visually observed after the tests of all specimens with cylindrical bearings (Specimens P13,
P14 and P15). As the load increased, the cylindrical bearings rotated and, at some point
near the ultimate load, a sfight depression in the top bearing plate was formed. Then, when
the specimen was unloaded and the cylindrical bearings began to rotate back, the circular
bearing bar had to rotate out of the depression, causing the specimen to shorten as indicated

by the increase in the shortening for the specimen dials.

12.4.2 Specimen Behavior from Strain Data

Figure 12-10 shows the strain data for Gages 1A to 4 of Specimen P13. The initial
slopes of the loading curves are the same indicating a uniform loading of the specimen.
However, at approximately 40 kips, all the curves become non-linear with Gages 1 and 3
showing a decrease in compressive strain and Gages 2 and 4 showing an increase in
compressive strain. After the ultimate load, the specimen yielded significantly in the vicinity
of Gages 2 and 4 which were directly above the cylindrical bearing bar and the strain
reversed to tensile increments in the vicinity of Gages 1 and 3. The large amount of yielding
at Gages 2 and 4 indicates a stress concentration due to the cylindrical bearing bar and the
strain reversal for Gages I and 3 indicates bending of the plate between the specimen and
the bearing bar at either or both ends of the specimen. The unloading branches for Gages 2
and 4 are slightly non-linear near the end of the test due to the decrease in the stress
concentration under the smaller load. Apparently, the end plates between the cylindrical
bearing bars and the specimen ends were not sufficiently thick to provide more uniform

distribution of the foad to the specimens.



The strain plots for Gages 5 and 6 of Specimen P13 are shown in Fig. 12-11. The
Gage 5 curve resembles the Gage 5 curve for the spherical and fixed-end specimens.
However, the Gage 6 curve shows a strain reversal which did not occur for the other
specimens. The Gage 5 curve becomes non-linear at approximately 50 kips, and local
buckling initiated between 43 and 45 kips.(Gage 7 in Fig. 12-12) Thus, for the specimens
with cylindrical bearings, the South side of the specimen does not relax with local buckling
as was the case for the specimens with spherical and fixed-end bearings. Non-linear
behavior at Gage 6 begins at approximately 55 kips, which is approximately 5 kips before
the uitimate load for Specimen P13. The strain reversal at this load is due to the rotation
of the specimen ends causing tensile strains on the North side of the specimen. The
difference in slope of the unloading branch for each gage is due to the strain reversal, and
the non-linear portion near the end of the test for Gage 6 is due to the elastic rebound of the

specimen as the ends rotate back under the reducing load.

The Gage 7 to Gage 10 strain data are shown in Fig. 12-12. The Gage 7 curve (on
the patch) reveals different behavior in the corrosion patch for the specimens with cylindrical
bearings than for the specimens with other type bearings. The stiffening after the initial
buckling experienced by the specimens with spherical and fixed-end bearings did not occur
for the specimens with cylindrical bearings. Once the initial buckling took place, between
43 and 45 kips, the buckle continued to move outward. The strain readings for Gages 8 and
10 show that yielding did develop, but not until just prior to the ultimate load. Then, in the
post-ultimate range, high compressive strain was followed by a sudden decrease in strain.
This was due to the bulging of the specimen outside the corrosion patch as was observed
during the test. At Gage 9 (opposite the patch), the specimen remained elastic {curve
remained linear) until the ultimate load and then became non-linear during the post-ultimate
loading. For these specimens, there was no sudden decrease in the strain on the North side
of the specimen. The tensile strains exhibited by Gage 9 are due to the rotation of the
specimen ends. The fact that there was no yielding outside the corrosion patch until Just

before the ultimate load indicates that, for the specimens with cylindrical bearings, local



buckling controlled the ultimate capacity of the specimens much more closely
specimens with spherical or fixed bearings.

than for
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13. FINITE ELEMENT ANALYSIS

13.1 Introduction

Results of the tests on Specimens PS5 to P15 were used to verify the accuracy of finite
element (FE) method and the modeling techniques so that, if the method were found to be
accurate, additional ranges of patch geometries could be studied by using computer rather
than tests. The salvaged test specimens (P1 to P4) were not analyzed because of the
complexity of the patch geometries and the uniqueness of each case which would have
required a tremendous expenditure of time for modeling and would be taxing the computer

resources,

The principal objectives of the FE analysis were to determine the following for
comparison with the test results: |

a) Ultimate axial load.

b) Axial load-deformation relationship in the pre- and post-ultimate ranges.

¢) Effect of the end conditions, pinned vs. fixed.

d) Load at the initiation of local buckling in the corrosion patch.

Finite element analysis was performed by using the finite element program
"ABAQUS’ which has the capability of considering material and geometric nonlinearities
necessary in analyzing the full-range behavior.[1] The program was run on the following
platforms:

a. SUN workstations under UNTX operating system.
b. IBM RS-6000 workstations also under UNIX operating system.
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13.2 General Description of FE Models

Two types of FE models were used in the analysis. In one type, the whole tubular
member was discretized with shell elements, and in the other, the damaged tubular portion,
discretized with shell elements, was supplemented with beam-column elements to increase

the length of the member.

Due to the doubly-symmetric geometry of the specimens, only one-quarter of the
specimen was modeled. Proper boundary conditions were imposed to simulate the behavior
of the whole specimen. Several discretization models were used to account for the variety
of corrosion patch sizes and specimen lengths and to keep the aspect ratio of the elements

to reasonably low values.

13.2.1 Description of Shell and Beam Elements

Figures 13-1 and 13-2 show the typical FE models for Specimens P35 to P9 and for
Specimens P10 to P15, respectively. Only shell elements were used for these specimens.
The shell elements, shown as surface elements in the figures, were nine-node, isoparametric
shell elements with six degrees-of-freedom (DOF) per node. However, the rotational DOF
perpendicular to the surface of the shell elements was, with a few exceptions, restrained by
the program because these elements lack stiffness in that direction. This DOF was not
restrained for the nodes located on a line where shell elements with different surface normals
came together, or where the node was shared with an element which used six DOF per node.
The thickness of each shell element was constant. The nodes were located at mid-thickness,
and, through the thickness, there were five integration points at which stress and strain could
be calculated. The load point (central node) was analytically (in ABAQUS) connected to the

end nodes of the shell elements to provide pinmed or fixed end conditions.

Figure 13-3 shows a typical combination model in which shell elements of

Specimens P10 to P15 were used over the tubular damaged portion, and beam-column

2E %
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clements were used to increase the length to the length of Specimens P5 to P9. The beam-
column elements, shown as line elements in Fig. 13-3, were two-node general beam elements
with six DOF per node. They were limited to the elastic range since no plastic deformations
were expected outside the tubular portion which contained the corrosion patch. No particular
cross-sectional shape was specified for these elements, except that the area, moments of
inertia, and polar moment of inertia were given with values corresponding to one-half of the
full cross section of the specimen. The load point node had the required pinned or fixed end
conditions, and the central node at the bottom end of the beam-column elements was
analytically constrained to have the same rotation and vertical displacement as a plane

passing through the end nodes of the shell elements.

13.2.2 Modeling of the Corrosion Patch
Figure 13-4 shows the discretization of the corrosion patch and of the region between
the paich and the remainder of the specimen. The scheme for modeling the sinusoidal

transition region is shown in Fig. 13-5.(5]

As shown in Fig. 13-4, four rows of elements were used for both the longitudinal and
circumferential sinusoidal transitions so that a constant thickness could be used for each row.
This simplified the modeling of the region where the two tramsition regions overlap.
Meodeled in this way, the edge nodes of each row of elements were located directly on the
sinusoidally curved line as shown in Fig. 13-5, and the nodes between the edges fell on a
straight line connecting the edge nodes. Thus, the elements formed straight-line
approximations to the curved segments. The thickness of each row of elements was specified

to be the average of the actual thicknesses at the nodes along the edges of the row.

Figure 13-4 also shows that only two rows of elements were used in the constant-
thickness portion of the corrosion patch. An analysis was also performed on one specimen
using four rows of elements in this region, and the difference in the local buckling and
ultimate loads between the two models was extremely small. Also, the computer time

required to analyze the mode! with the additional elements was much greater. For these
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reasons, it was decided that two rows of elements in the constant-thickness portion of the

corrosion patch were sufficient.

13.2.3 Solution Process

The load was applied to the FE model by introducing a displacement of the node at
the center of the end opposite the corrosion patch.(Figs. 13-1 and 13-2) For the pinned-end
models, the displacement of the nodes around this end of the specimen were all in the plane
controlled by the displacement and the free rotation of the central node. For the fixed-end
models, all the nodes around the end were constrained to displace the same amount as the
central node thereby simulating the fixed-end condition. The loading point was subjected to
incremental displacements. The program produced the load-shortening curve as shown in
Fig. 13-6. Figures 13-7 and 13-8 show the final deformations for a typical pinned-end and
fixed-end model, respectively. The extent of bulging of the specimen outside the corrosion
patch is evident in these two figures. Figure 13-9 shows the final deformations for a

combined specimen.

13.2.4 Material Properties

The material was the same for all specimens, and the following material properties

were used:
Modulus of Elasticity, E = 29,500 ksi
Poisson’s ratio, v = 0.3
Yield Stress, F, = 42.11 ksi

The stress-strain relationship was assumed to be bi-linear elastic-plastic without strain
hardening. The value of the modulus of elasticity (E) was based on the test results for
Specimens P6, P7 and P8. Table 13-1 lists the loading and unloading E values for Gages
1 to 4 for each of the three specimens. These values were determined by first performing
a linear regression analysis using the strain and load data for the visually linearly varying
portions of the loading and unloading branches, and then using the slope output from the
regression analysis to determine the modulus of elasticity. Gages 1 to 4 were used because

they were located in the region on the specimen where the strains were expected 10 maintain
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a planar distribution and to stay in the elastic range. The total average E was determined
to be 29,619 ksi. However, since the calculated E values depended on the range of values
used in the regression analysis which were visually selected, it was concluded that 29,500 ksi

was the appropriate value.

13.3 Finite Element (FE) Models

13.3.1 FE Models for Specimens PS to P9

Specimens P5 to P9 were modeled as pin-ended specimens. The model for these
specimens contained 348 elements and 1484 nodes. Thus, there were approximately 7470
global degrees-of-freedom. Although the corrosion patches for Specimens P8 and P9 were

larger than for Specimens P5 to P7, they were not too large to warrant revising the model.

13.3.2 FE Models for Specimens P10 to P12 B

Specimens P10 to P12 were tested under fixed-end conditions which prevented the
ends of the specimens from rotating. The model for these specimens was the model of
Specimens P5 to P9 adjusted to account for the shorter length. A different model was
required for Specimens P11 and P12 because of the larger circumferential dimension of the
corrosion patch. The model for Specimen P10 had 216 elements and 844 nodes and the
model for Specimens P11 and P12 had 288 elements and 1246 nodes which resulted in
approximately 4720 and 6230 global DOF, respectively.

13.3.3 FE Models for Specimens P13 to P15

Specimens P13 to P15 were tested under pin-ended conditions using cylindrical
bearings. Modeling this condition was done the same way as for Specimens PS5 to P9,
Specimen P13 had a corrosion patch of the same dimensions as Specimen P10, and, thus,
the discretization and number of DOF were the same. The model for Specimens P14 and
P15 had to be slightly modified from the model for Specimen P13 to incorporate the larger



sinusoidal transitions and keep the elements not too slender. The model for these wo
specimens had 188 elements and 862 nodes with 43 10 global DOF.

13.3.4 Combined FE Models

The technique of using beam-column eiem:;:nts to model the portions of a long
member that remain elastic is a common approach for simplifying finite element analysis.[8]
Initially, five beam-column elements were used to construct the 'beam-stem’ attached at the
central node of the specimen portion modeled with shell elements, as described in
Sect. 13.2.3. Later. the number of beam-column elements was extended to fifteen.
Previously, the central node was the reaction point, and it was not permitted to displace
horizontally. Now, for the combined models, the reaction point was at the end of the "beam-
stern’, and, consequently, the boundary conditions at the central node were modified to allow
horizontal displacement. The nodes around the end of the tbular portion were, at first,
prevented from displacing radially, but later the radial displacement was allowed. The load
was applied to these models by introducing a dispiaceiﬁent of the node at the end of the

beam-column stem.(Fig. 13-3)

The purpose of the combined models was to determine if the capacity of the
specimens was dependent on the length of the specimens. From this comparison, which is
discussed in Sect. 13.4.6, it was concluded that for the short lengths of specimens in this
series, the capacity was pot dependent on the length. Thus, a direct comparison of the effect
of a corrosion paich on the ultimate loads of the specimens with the range of lengths in this

series may be made.
13.4 Comparison of Test Results with FE Analysis

13.4.1 General
This section compares the load-deformation bebavior of Specimens P5 to P15 with

the load-deformation behavior of the corresponding FE models. A load-deformation
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comparison is also made between the combined FE model of Specimen P10 and the FE
model of Specimen P9. The load-deformation curves for the test specimens were computed
by averaging the specimen dial gage readings, and then, in order to make a comparison with
the FE solutions, these values were adjusted to account for the fact that the gage length, the
distance between the dial gage and the bracket at the top of the specimen (Sect. 10.4.1), was

shorter than the length of the specimen. Equation 13-1 was used to make this adjustment.

P
6‘“’52&1—}{2—@’"1@} (13-1%
where
.4 = adjusted axial shortening
5 = axial shortening from the dial gages

Ly-L, = (specimen length) - (gage length) = 1.25 in. for all specimens

13.4.2 Specimens PS5 to P9 (Spherical Bearings)

Due to the uncertain behavior of the spherical end bearings for Specimens P5 to P9,
the FE analysis was performed for both pinned and fixed end conditions. A comparison of
the ultimate loads is shown in Table 13-2. Also listed are the FE ultimate loads
nondimensionalized with respect to the dynamic and static ultimate loads from the tests, as
well as the average and the standard deviation of the nondimensionalized ultimate loads.
Figures 13-10 to 13-14 show the load-deformation curves for Specimens P5 to P9 from the
tests and from the FE analysis using pinned and fixed-end conditions. It is evident from the
figures and from the data in the table, that the ultimate test loads for Specimens P5 to P7 are
closer to the ultimate load from FE analysis for the fixed ends, but for Specimens P8 and
P9, which were tested after additional polishing of the bearing surfaces and using graphite
grease and teflon (Specimen P9), the test ultimate load is between the pinned and fixed FE
ultimate Joads. This indicates that the spherical bearings did not allow full rotation of the
specimen ends, but the rotation did improve with more polishing of the bearings and with

the use of weflon.
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Figures 13-10 to 13-14 illustrate that, with the exception of Specimens P5 and P9,
the stiffness of the FE models is very close to that of the test specimens. However, the axial
shortening at the ultimate load for all the specimens, except Specimen P9, is significantly
larger than for the FE models.

13.4.3 Rotation of Spherical Bearings
The rotation of the spherical bearings was studied by comparing the end rotation of
Specimens P35 to P9 from the tests with the end rotation of the FE models analyzed as pin-

ended. (Figs. 13-15 to 13-19) The end rotation of the test specimens was determined from

Eq. 13-2.

A A
g="5"0n 13-2)
2L (
E
where
Ag and Ay = readings of the dials on the specimen on the South and North sides

L

. = distance between the North and South dial gages on the

specimen (= 8 in.)

The curves representing the rotation of the FE models have a relatively steep straight-
line portion up to approximately two-thirds of the maximum load, meaning that the ends
started rotating at the very beginning of the test. This is expected for the ideal pinned-end
condition. Then, the rotation rapidly increases indicating the effects of local buckling and
yielding in the patch area. The curves for the rotation of the test specimens typically show
some initial disturbance (probably, due to "seating” of the fixtures) and, then, a straight line
portion, which, as the load increases, becomes steeper or even reverses direction indicating,
respectively, decreased rotation or rotation in the opposite direction. These observations
reveal that the spherical bearings did not ailow full rotation of the spectmen ends, and there
was significant friction in the bearings used in these tests. An earlier study of spherical

bearings used for larger columns showed only very insignificant friction.{8]
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13.4.4 Specimens P10 to P12 (Fixed Ends)

* The ultimate loads for Speéimens P10 to P12 from tests and FE analysis are listed
in Table 13-2. The ultimate loads from the FE analysis are conservative, and they are closer
to the static than to the dynamic ultimate test loads as indicated by the averages listed In line

5 at the bottom of the table being closer to 1.0.

The load-deformation curves from tests and FE analysis are given in Figs. 13-20 to
13-22. The stiffnesses exhibited by the FE models compare very well with the test
specimens as indicated by the similarity in the slopes of the linear portions of the curves.
The axial shortening at the ultimate load is smaller for the FE models than for the tests.
However, compared to Specimens P35 to P9, it is much closer to the axial shortening of the
test specimens. In the post-ultimate range, the FE prediction is generally conservative as the

slope of the curve after the ultimate load is steeper.

13.4.5 Specimens P13 to P15 (Cylindrical Bearings)

The ultimate loads for Specimens P13 to P15 are listed in Table 13-2. The averages
in line 7 at the bottom of the table indicate a conservative prediction by FE and a better
correlation with the static ultimate test loads, thus, indicating a better correlation of the end
conditions between the test specimens and FE analysis. The load-deformation plots for these
specimens are shown in Figs. 13-23 to 13-25. These figures show a much smaller stiffness
for the FE models, but a good prediction of the axial shortening at the ultimate load, and a
conservative prediction of the post-ultimate behavior. The cause for the difference in

stiffness and ultimate load is described next.

Figures 13-26 to 13-28 compare the end rotation of the FE models and the test
Specimens P13 to P15. For the test specimens, the end rotation was computed using
Eq. 13-2. The figures show that the FE models started rotating at the beginning and then
the rotation accelerated after local buckling started. The curves representing the rotation of
the test specimens, however, typically have a straight-line portion followed by a slightly

curving portion and then accelerated rotation. This observation indicates that there was some
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restraining of the rotation due to the indentation of the bearing plate (Sect. 12.4.1). This
restraining stiffens the specimen, and this explains the difference in the stiffness and the

higher ultimate load exhibited by the test specimens.

13.4.6 Combined FE Specimens

Figure 13-29 gives a comparison of the load-deformation curves between the FE
model for Specimen P10 analyzed as pin-ended and the combined FE model P10C also
analyzed as pin-ended. The ultimate load for the short Specimen P10 was 55.0 kips and the
ultimate load for the combined Specimen P10C was 54.9 kips, that is, the difference was
only 0.2%. Thus, it can be concluded that for the short specimens tested, the length did not
affect the capacity of the specimens, and, therefore, the comparison of the ultimate loads of

test specimens with different lengths can be accepted as valid.
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14. APPROXIMATION OF CORRODED SECTIONS

14.1 Previous Work

As shown in Chapter 6, the thickness variation in patch-corroded members of actual
structures is very irregular. Although such thickness variation of a particular case can be
smoothened out and discretized for non-linear finite element analysis, this approach is not
practical for routine analysis. What is needed is a simplified idealization of typical thickness
variation patterns in terms of a small number of parameters, vet sufficient to be able to
predict the load capacity of the damaged segment (or cross section) with adequate accuracy.
Two idealization models of the corrosion patch have been previously introduced, and two

more are considered in this study.

14.1.1 "Shifted Circles" Model

Ostapenko used an approximation of the variation of the reduced thickness by "shifted
circles."[8] Figure 14-1 shows this idealization of the thickness variation around the
circumference. In this model the cross section is defined by the circle of the inside surface
(assumed not to be corroded) and an outside circle which touches the outside point of
minimum thickness and the outside point of the maximum thickness, if necessary moved to
be directly opposite the point of minimum thickness. The original outside surface is shown
by the dashed circle with diameter D. As can be seen in Ref. 8, the approximation of the
actual thickness pattern may be very crude, and the stresses computed for the idealized cross
section may be quite different from the stresses in the actual section. Local buckling analysis
was then performed by using an average weighted thickness for a rectangular area with
dimensions of one radius (R) circumferentially and one-quarter radius (R/4} longitudinally,
cemiered at the location of the smallest thickness in the corrosion paich. (These dimensions
have been found from test observations as sufficient to accommodate a local buckle at the
Jower stress level for the average thickness.) However, the results were not very promising

since the stresses in the idealized cross section may significantly differ from the actual stresses.
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14.1.2 "Cosine Patch" Model

Ricles and Hebor idealized the thickness reduction by a cosine curve over a portion
of the circumference and similarly in the longitudinal direction ("cosine patch") as shown in
Fig.14-2.[5.10] Compared to the previous method, this pattern allows consideration of
corrosion patches extending over a small portion of the circurnference. If the patch extends
over the whole circumference (¢ = #D), the thickness variation is essentially identical to that
from the "shifted circles”. The two main drawbacks of this model are that the reduction of
the thickness outside the patch is not considered, and that, similarly to "shifted circles”, the
variation of thickness in the area of minimum thickness is totally controlled only by the

overall dimensions of the patch.

Hebor tested seven specimens with this corrosion patch model prepared by grinding.
Using three more specimens without damage and 30 cases analyzed by a finite element
method, an approximate formula was proposed for predicting the ultimate strength.[5,10]
This formula is discussed in Sect. 15.1.2. However, thls approximation was not checked
against sections with actual irregular corrosion damage patterns, and no indication was given

how to approximate such patterns.

14.2 "Constant-Thickness Patch" Model

14.2.1 Definition of Patch

A more general model of thickness variation in the corrosion patch is shown in
Figs. 14-3 and 14-4. In comparison with the "cosine patch" model, a greater flexibility in
modeling the circumferential thickness variation is achieved by introducing a constant-
thickness portion "a" with minimum thickness t, in the patch and a reduced thickness t;

outside the main patch. The following parameters describe this model:
D Outside diameter.

t Uncorroded wall thickness.




t, Minimum wall thickness in patch.

t, Wall thickness around the circumference reduced (decreased) by corrosion

outside the main corrosion patch.

¢ Circumferential width of the main corrosion patch.

a Circumferential width of the constant minimum thickness in the patch (t,).

w (w/2) = circumferential width of cosine variation of wall thickness within the
main patch.

h Longitudinal height (length) of the corrosion band which is assumed to be of

the same length around the circumference.
b Longitudinal height of the constant minimum thickness in the patch (t,).

Y (v/2) = longitudinal height of cosine variation of wall thickness within the

main patch.

Note that the two previous models are only special cases of this new model. The model
of "shifted circles" results from the new model if a = 0.0, ¢ = w =7D, ty = L, and
Ly = to S t, and the "cosine patch" model if a= 0.0, c = w, t, = ty, and 1=t
Although more sophisticated, this model still has the disadvantage of creating a

symmetrical section as an approximation of generally unsymmetrical actual patterns.

14.2.2 Geometrical Properties of Constant-Thickness Patch Model

As shown in Fig. 14-3, the thickness in the middle of the corrosion patch is
assumed to have a constant value of t, over length "a" circumferentiaily and length "b"
longitudinally. The reduced thickness, circumferentiaily outside the main patch, is
labeled t,. The transition of the thickness from t, 1 1, in the circumferential direction
is idealized as a cosine curve and has length w/2 on each side. With the origin of the
variable x at the edge of the constant-thickness portion (t,), the thickness is given by

Eq. 14-1.
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1 1 2 (14-1)
13) = S, + 1) -t - 1) cos (:g- )

A special case is when the thickness outside the main patch is the uncorroded thickness .
Then, Eq. 14-1 becomes Eq. 14-2.

1 1 2
1) = S0+ 1) -~ - 1) cos (-iix) (14-2)

Analogously, the thickness variation in the longitudinal direction, with the origin
of y at the edge of the constant-thickness portion is given by Eq. 14-3.

1 1 2n
= own{f 4+t = e{f ~ [} CO§ | (14”3)
10) = S+ 1) - - 1) [ - y]
For the portion of reduced thickness around the circumference outside the main patch,

the longitudinal variation of the thickness is defined by Eq. 14-4.
) = _1_(; +1) -~ _1_(; - 1)) cos E."Ey (14-4)
2 2 v

Equations 14-1 (or 14-2) and 14-3 give the thickness variation in the main patch
(shown dashed in Fig. 14-3) within the limits of the constant-thickness portion
(a-circumferentially and b-longitudinally). Outside this portion, a product function would

properly describe the transitional variation of thickness.

Figure 14-4 presents a cross-sectional view of the thickness variation around the
circumference. Three cross-sectional properties are needed to quantify the effect of patch
corrosion on the stress distribution, local buckling and strength. These are the effective

area A,, the effective moment of inertia I, and the centroidal shift ..

‘The effective area of the resultant cross section A, is given by the following

equation (Eq. 14-5) using the notation of Figs. 14-3 and 14-4.
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where 7 is the original uncorroded thickness. And the effective moment of inertia about

the horizontal axis x through the centroid (c.g.) is given by
L=L-1-1,-Ac} (14-6)
where:

Iy Moment of inertia of the tube with a reduced thickness of ty and a
diameter of D, = D - 2{t-t.

i, Moment of inertia of the shaded portion extending over angle «, with
thickness t, = t, - t,.

I, Moment of inertia of the transition region with length w/2 and the
thickness variation modeled with a cosine function.
All these moments of inertia are taken about the center of the circle, and Apcy2 is the

parallel-axis adjustment to compute the moment of inertia with respect to the centroid.

The shift of the centroid from the center C of the original, uncorroded cross

section is found from Eq. 14-7

fra

AP

(14-7)

3’

-9 _
A,
where ( is the static moment of inertia about the center C,

Finally, the ratio of the maximum stress in the corroded cross section to the

average stress, the stress amplification factor k. is given by Eq. 14-8.
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A [Eq ) ,[1 _ fg) . Cy} (14-8)

Then, the maximum stress in the patch, as a function of the axial load P applied at C,

hecomes

- £
Fo = Apk (14-9)

The maximum stress due to the ultimate experimental load P,, non-

dimensionalized with respect to the yield stress F,, is given by Eq. 14-10.

(Pu |
T . \BY) (14-10)

where A is the uncorroded cross-sectional area, and P, is from Eq. 6-1. The stress ratio
from Eq. 14-10 gives an indication of the mode of failure at the ultimate load. If the
ratio is less than 1.0, failure was caused by local buckling before yielding. If the ratio
is very slightly above 1.0, and local buckles were observed at the ultimate load during
the test, then the cross section started yielding and local buckles developed later and
affected the post-ultimate deformation. A computed value from Eq. 14-10 larger than
1.0 by approximately 20% or more indicates that the cross section had significant
yielding before reaching the ultimate load. Often, the member in such a case fails as a
column, and local buckles, if any, develop only after considerable deformation in the

post-ultimate range.

14.2.3 Input Parameters and Modeling Considerations
Figure 14-5 shows z typical corroded cross section with a very irregular thickness
variation. To apply the Constant-Thickness model to this cross section, four input

parameters are required: t,, t,, a and ¢. As can be seen in Fig. 14-6 where the measured
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thickness and a tentative outline of the model are superimposed, considerable insight and
intuitive judgment must be exercised to make a suitable approximation. The following

are the principal considerations to be kept in mind during modeling:

a) Dimension a, the width of constant thickness t,, should not be less than radius
R. This is the circumferential length of typical local buckles observed in
tests.

b) The area of the actual (measured) cross section and the approximation should
be the same. Thus, the areas above and below the dashed line defining
the model should approximately balance.

¢) The moments of inertia of the actual corroded area and approximated
{modeled) cross sections should also be as close as possible. As can be
seen in Fig. 14-6, this may be more difficult to achieve since not just the
areas, but areas multiplied by the squared distance to the centroid must be

balanced.

Once the free-hand approximation is made, the values of a, ¢, t, and t, are scaled
off, and the values of A, I, ¢, and k can be computed. Comparison of these properties
with the properties computed from the actual measured thickness readings would indicate
how the next trial model should be modified to obtain better accuracy. Figure 14-7
shows the model after several trials that gave a good agreement for the moment of inertia
(within +3%). As expected, after practicing with several sections, one’s intuitive feel
had developed to the point that the properties for the last section analyzed were quite

accurate even after the first trial.

Referring to Fig. 14-7, there are some common characteristics associated with
cach cross section. First, there is a "valley” region in the area of greatest corrosion, the
patch. The patch thickness, L,, is assumed to be the constant thickness in this valley.
The extent of the valley, width a, should be approximately equal to the radius R or more.

To model the areas outside the patch, an averaging of the areas above and below the
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choice for t, is attempted. The tranpsition region, or "slope”, from t4 to t, on each side
of the main patch is modeled as a cosine curve of length w/2. If the thickness variation
is very irregular, such as for Specimen P1-C1 (Fig. 6-1), the slopes can be modeled as
being very steep and short. On the other hand, if the thickness variation is more
gradual, such as for Specimen P4-C2 (Fig. 6-19), the slopes will be flatter and longer.
The width, w/2, of the slopes is assumed to extend from where the thickness reduction
begins to climb uphill (2/2 from the middle point of the main patch) to where the
thickness begins to level off at t,.

14.2.4 Comparison of Cross-Sectional Properties: Thickness from

"Constant-Thickness Patch" Model vs. Measured Thickness

Analysis by using the thickness values around the circumference from the
"constant-thickness" model and from the measurements was performed on the test
Specimens P1-C1, P2-C1, P3-C1 and P4-C2. Table 14-1 lists the deviation of the cross-
sectional properties, that is, area, moments of iflértia, centroidal shift, and the stress
amplification factor computed with the model from the values based on the actual
thickness variation. Corroded specimens from Ref. 8 and from this study are evaluated

together.

In general, the model gave reasonably good results in comparison with the actual
thickness measurements. For example, Figure 14-8 compares the stress variation around
the circumference calculated from the thickness idealization model and thickness
measurements for Specimen P2 at the location of Buckle 2. It can be seen that there is
a redistribution of stress in the cross section resulting in an increase of the stresses in the
areas where the wall is thinnest and that the idealized stress distribution is reasonably
close to the measured. The worst error was 12.26% for I, of Specimen P2-Cl.
Table 14-1 indicates that as one progresses through the table listing from
Specimen P2-C1, the error becomes smaller. This is due tw the fact that

Specimen P2-C1 was analyzed first. As one became more familiar with the procedure
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of choosing the parameters t/t, ty/t. a/R and ¢/R, the computed properties became closer

to the actual vahtes,

Although good correlation between the estimated and actual properties and
stresses can be achieved as shown above, the drawbacks of the "Constant-Thickness
Patch” model are

1) Replacement of a generally unsymmetrical cross section with a symmetrical
one, thus, the effect of potential bi-axial bending is neglected.

2) As brought out with the examples shown above, the mode! is not easy to apply
since it requires not only an approximation of the thickness profile, but
also the intuitive consideration of equal areas, moments of inertia and
centroidal shift. As demonstrated , it is possible to develop this intuition,
but this is very subjective and not very consistent, as the outcome depends
on practice.

One of the convenient advantages of this model is Vthat once the geometrical parameters

(a, ¢, t, ty) are defined, the cross-sectional properties can be readily computed.
14.3 "Linear Segments" Model

14.3.1 Definition of Model

The disadvantages of the "Constant-Thickness Patch" model (Sect. 14.2) have led
to another model, "Linear Segments”, in which the irregular thickness variation is
approximated with a series of segments with the thickness assumed to vary linearly in
each segment. Figure 14-9 illustrates the concept by showing an idealization of a
corroded section by five thickness values at five angle locations around the
circurnference. For clarity. the thickness is greatly exaggerated. The thickness variation
is aiso shown on the unfolded circumference (to a different scale). Here, the corroded

surface becomes a series of straight lines.




The overwhelming advantage of this model over the others is that the subjective
approximation is limited to matching the areas in each segment which is easily done by
inspection and requires very little intuition. Normally, five to twelve segments are
sufficient to approximate a typical irregular cross section. Although the application is
still subjective, the variation of the final cross-sectional properties (A,, I, L, L, ¢,. ¢))

from one trial to another has been found to be very minimal.

14.3.2 Procedure for Modeling

The procedure for determining the actual thickness variation of a corroded section

had the following steps:

D Measurement of the thickness in a fine mesh (two-inch, one-inch or
smaller spacing).

2) Analytically passing an approximation surface through these points.

3) Reading the thickness values from this surface at 100 or 136 equally
spaced points (depending on the diaﬁ;eter) around the circumference in the
cross section of interest.

The resultant thickness values were then plotted against the unfolded circomference, and
the approximation with linear segments was made by using visual judgment. Although
this time-consuming process was found to be productive under laboratory research

conditions, it is hardly suitabie for field applications.

The approach for obtaining the circumferential profile of the actual thickness
variation that appears to be quite convenient for practical field application is the
following:

a) Measure thickness at at least fifteen to twenty locations around the

circumference at convenient points.

b Obtain the profile of the outside surface by "scribbing” as described in

Ref. § or by using special templates with the points of measured thickness

marked and the "scribed" portions overlapping the circumference.



c) Overlapping of the "scribed” portions will produce an outline of the
outside surface in a circular form. After the thickness values at the points
of measurement are marked to scale, a circle with the inside radius
adjusted for the scale can then be drawn to pass through the marked
points.

d) Then, the thickness at any intermediate points can be scaled off as the
distance between the profile line and the inside circle.

A plot of the scaled thickness values on the unfolded circumference can then be used for

laying out the approximation with straight-line segments.

14.3.3 Cross-Sectional Properties
- The thickness for a particular segment [i, (i+1)] as a function of angle « is given
by Eq. 14-11.

R A ta, ~t, o L.~ '
I(Dt)mti - i+l i (CX“"D&i) e boiwd i+] " i+l ia (14_11)

QLG vl T QLG

With the thickness defined, the cross-sectional properties with respect to the center C of
the circle are computed from Egs. 14-12 to 14-17.

Net area:
1=1n ai+§
A = | {RJ(“)] t(a)da (14-12)
121 O',i
Static moments:
%xﬁ &ﬁg p 2 )
Q-3 j‘ ?R%z{m} cose t{e)da (14-13)
i=1 e L 2
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1=n i1

Q=3 j {R“(“)]"sim t(a)da (14-14)
=1 & 2
Moments of inertia:
i=pn % _ ,
ixcz J [R*’ t(a)} cos* e t{e)do (14-15)
i=1 g 2
i*}l ai’rl 3
Iytzz I {R'*E«(;m)-} sino t(e)dox | (14-16)
1=1 &,
i=n % 1’ -
Im:z} I [R"‘ 5 ] sincxcosa t{a)da (14-17)
i= .

i

where R is the inside radius.

Location of the centroid is then computed from Egs. 14-18 and 14-19.

¢ zgj: (14-18)
A

Q, .
cy=.§ (14-19)

and the other properties with respect to the centroidal axes by the parailel-axis theorem.
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I=1 -Ac] (14-20)
[ =1 -Ac; (14-21)

I,=I -Acc, (14-22)

To perform all these computational operations, a FORTRAN-77 computer program was
written, and it is described in Sect. 17.1 and Appendix A.
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15. RESIDUAL STRENGTH OF MEMBERS WITH
PATCH-CORROSION DAMAGE

15.1 Background and Research by Other Investigators

The objective of the project is to formulate an engineering procedure for evaluating
the residual strength of patch-corrosion damaged members. The procedure should consist

of simple formulas and require the least amount of information from the damaged member.

15.1.1 Research at Texas A&M

Compression tests were performed on twenty (20) tubular bracing members salvaged
from old dismantled offshore platforms.[9] Some specimens were intact, some were dented,
others had uniform and/or patch corrosion or a combination of dents and corrosion. In some
cases, corrosion produced holes in the wall. The analytical approach to corroded members
was to treat them as members with an equivalent reduced thickness and/or to compute the
uniform yield capacity of sections with the greatest reduction of area. Seven specimens
failed by local yielding and buckling. The loads predicted for these specimens on the basis
of full yielding of the affected cross section deviated from the test loads by +12 to +34 %
except for one specimen which apparently had large out-of-straightness and deviated by
+57 %.

15.1.2 Research by Hebor and Ricles

Research by Hebor and Ricles was conducted concurrently with this project, and it
was on $hort patch-corroded members with the damage assumed (o be of the “Cosine Patch”
type as described i Sect. 14.1.2. [5,10,11] Tesis were conducted on ten specimens. Seven
had corrosion patches produced by grinding, and three were undamaged control specimens.
The test specimens developed local buckles, but only after initiation of yielding in the patch

section. In order to expand the data base, nonlinear FE analysis was performed on 30
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specimens including the test specimens. In all cases (tests and analysis), the ends of the
specimens were assumed to be fixed. Parametric study and regression analysis of the
obtained data resulted in three formulas for predicting the ultimate axial strength as a
function of three parameters: D/t, t/t, and the angle subtending the circumferential extent
of the patch 6 (degrees).[5,10,11] All three formulas have essentially the same degree of
accuracy' with respect to the data base used, and the simplest one (from Ref. 10} is given
here as Eq. 15-1.

P t
pe - 1.0—0.001(13.) ~0.052( ) -0.0026(0) +0.0{328(.%_){6) (15-1)

¥

The range of applicability is stated to be

L
4 < %; 0= 2=10; 58°< 0 31°

Figure 15-1 shows a comparison of Eq. 15-1 with three groups of specimens analyzed
via FE method and arranged in each group according to decreasing capacity. The first group
labeled MFH-FEM represents the 30 specimens from Ref.5 used in the regression analysis
for deriving the formulas. The second and third groups are for Specimens PS5 to P27 of the
current project analyzed with pinned and fixed ends, respectively. The x’s mark the values
from Eq. 15-1, and the empty squares give the values from the FE analysis performed in
Ref.10 or in this project.

As can be seen in Fig. 15-1, the ultimate loads from FE analysis (hollow squares) in
the first group agree well with the values from Bq. 15-1 (x’sj. This should be expected since
Eq. 15-1 was derived to approximate the FE points. However, the x’s in the second group

are significantly above the FE points for the pin-ended Specimens PS io P27 because

! Afier the formulas in Refs.5 and 10 were corrected to make the last term positive rather
than negative.



Eq. 15-1 was derived for fixed-ended conditions. In the third group for which Specimens PS
to P27 were analyzed as fixed-ended, Eq. 15-1 tends to give somewhat higher values since
the equation was derived for a "Cosine Patch” model, and Specimens PS to P27 had
"Constant-Thickness Patch” model with greater reduction of the area in the cross section.
However, comparison of the loads for Specimens P24 and P26 points to a disturbing
anomaly. Both specimens had the same reduction of area due to corrosion, but Specimen 26
had a much larger circumferential extent of the patch (©=265.2°) than Specimen 24
(6=170.2°). Whereas the ioads from the FE analysis are essentially the same, Eq. 15-1
gives a dramatically lower load for Specimen P26 (larger ©) than for Specimen P24. It can
be concluded that consideration of angle © in Eq. 15-1 and in Refs. 5, 10 and 11 needs
further study.

Unfortunately, no comparison of this formula (Eg. 15-1) was made in the references
with any tests on field-corroded (salvaged) members, nor any suggestions were made on how
to model the irregular field-corroded tubes for applying”the formula, that is, how to define
the angle © and t,/t parameters for damaged sections. Furthermore, Eq. 15-1 was developed
to apply only to fixed-ended members and, thus, would overpredict the capacity of actual
members. Also, as pointed out above, consideration of © needs revision if the formula were

to be used for other than "Cosine Patch" damage patterns.

15.2 Study of Damage Parameters and of Their Effect on Strength

15.2.1 Selection of Parameters

Since the salvaged specimens P1-Cl to P4-C2 had very irregular thickness variation
which couid not be readily defined in terms of a small number of parameters, the "Constant-
Thickness Patch” model was used as the basis for the strength study. Note that, as discussed
in Sect. 14.2, a section of a salvaged specimen can be approximated with this model.
Table 15-1 lists the basic data of the test Specimens PS5 to P15, as well as of the additional
Specimens P16 to P27 and Specimen P1OC that were analyzed via the finite element (FE)

program to supplement the ranges of the parameters of the test specimens. The common
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values of the diameter (D), the thickness (1), and the inside radius (R,) are given at the top
of the table. Table 13-2 gives the common yield stress (F,) at the top and lists both ultimate
test loads, the dynamic and static, and the FE solutions for the ultimate loads for pinned and

fixed end conditions of the specimens.

The "Constant-Thickness Patch" model has the following parameters for the thickness
variation around the circumference: a, ¢, t, and t,. Thus, there are two more parameters
than in the "Cosine Patch" model of Sect. 15.1.2 which had only ¢ (or §) and t,. But, even
if t, is taken out by treating it to be equal to t,,, or t in the analysis of the damaged cross
section, there remain six parameters (D, t, a, ¢, t,, b). Previous test observations and some
checks by Hebor [5] on "Cosine Patch" models showed that the longitudinal dimension of
the reduced patch thickness should be approximately greater than R/4 to have essentially no
effect on the local buckling stress. However, to clarify this limitation further, dimension b
(the longitudinal dimension of the constant-thickness portion) was varied in the specimens

with the "Constant-Thickness" model (Specimens PS5 to P27).

A direct consideration of all these parameters in a multi-variable regression analysis
would lead to an unduly long formula. Considering that Specimens P35 to P27 had the same
D and t, a study of reducing the number of parameters by combining them into a fewer

number led to the use of the following set:

"Width Reduction" WR which is the mean width of the corrosion patch

WR = a;’C (15-2)
*Area Reduction” AR
Aﬂmigﬁ(tmz?}mwmt—%} {15-3)
"Patch Sienderness” D/,

Longitudinal dimension of the constant-thickness portion b



Specimens PS5 to P23 of Tables 15-1 and 15-2 were used in the initial study. As can
be seen in Col. J of Table 15-1, except for a few matching pairs, the values of AR are
different among the specimens. However, with some sacrifice of accuracy, they can be
grouped into four separate sets of width reduction WR as shown in Table 15-3. The values
of AR and WR, as well as of the "patch slenderness” D/t,, are also listed for each specimen
in Cols. J, H, and I of Table 15-1, respectively.

Patch corrosion damage can then be defined by parameters WR, D/t, and b. The
interrelation of Specimens PS5 to P23 in terms of these parameters is shown graphically in
Fig. 15-2. The lines connecting the three parameters are different for each specimen as
shown at the bottom of the figure. For example, the line representing Specimen P14 starts
at D/t, =138 and connects to WR=3.15 and then to b=0.75 and, finally, back to D/t,=138.
Thus, a triangle is formed for each specimen. The specimens were designed so that there
would be at least two specimens to show the variation of each parameter for most of the

combinations of other parameters.

15.2.2 Effect on Strength

It can be observed in Table 15-2 that the FE analysis gives more consistent ultimate
loads than the tests, in particular when compared with the specimens tested with spherical
bearings which gave uncertain end conditions (Specimens PS5 to P9). Comparison between
FE analysis and tests is much better for Specimens P10 to P13, particularly for the static

ultimate loads P,,. Then, it can be concluded that the FE analysis is adequately accurate.
The FE results for pinned-end conditions were used in studying the effect of the
damage parameters. Initially only three parameters were studied, dimension b, D/t,, and

WR, the effects of which are described next.

15.2.2.1 Effect of Longitudinal Dimension of Constant-Thickness Portion b

Two groups of specimens, Specimens P11, P12 and P23 and Specimens P13 and P15,

can be compared to study the effect of varying the ’b’ dimension of the corrosion patch. As
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shown in Table 15-1 and Fig. 15-2, the corrosion patches in each of these groups of
specimens have the same values of WR and D/t,, but different values of 'b’ equal to
0.5 in. = R/5 for Specimens P15 and P23, 0.75 in. = R/4 for Specimens P11 and P13, and
1.5 in. = R/2 for Specimen P12. Thus, the effect of different values of 'b’ on the ultimate
(or local buckling) load can be directly compared. Referring to the FE ultimate loads for
pinned-end conditions (P,p), it can be seen in Col. E of Table 15-2 that the ultimate load for
Specimen P12 (35.74 kips) was only slightly higher than for Specimen P11 (34.84 kips)
which, in turn, was only slightly higher than for Specimen P23 (34.48 kips). Also, the
ultimate load for Specimen P15 (55.88 kips) was only slightly higher than for Specimen P13
(55.40 kips). These loads are plotted as a function of the 'b’ dimension in Fig. 15-3.
Because the difference in ultimate loads is so small among the specimens, it can be
concluded that the variation of patch length with b = R/S = 0.5 in. has essentially no effect
on the ultimate load. Thus, b=R/S may be considered to be larger than the critical vaiue

of the constant-thickness portion of the corrosion patch in the longitudinal direction.

15.2.2.2 Effect of Patch Slenderness D/t,

Figure 15-4 shows the plots of the FE ultimate load for pinned-end conditions (Pyp)
for Specimens P35 to P23 as a function of the D/t, ratio. Although the length differed among
some of the specimens, the comparison in this figure is valid due to the conclusion made in
Sect. 13.4.6 that the length had no effect on the ultimate load. The different data point
symbols used for the three curves in the figure represent the different WR values which are
listed at the top right corner of the graph. The curves show that there is a non-linear
relationship between the ultimate load and D/t,. It is not clear why the curve for WR=3.15
shows flattening out in the range of D/t,=138 to 183. However, a general conclusion can
be made that as the ratio D/t, is increased, the ultimate load decreases, and that the

relationship is of a hyperbolic (concave) type.

15.2.2.3 Effect of Effective Width of Reduction WR
Figure 15-5 shows the plots of the FE ultimate load for pinned-end conditions (Pyp)
versus the width reduction (WR) for Specimens P5 to P23. The different D/t, ratios are

15-6




represented by different data point symbols as listed at the top right corner of the graph. The
effect of b is neglected.

By comparing the plots for different values of D/t, one can conclude that the non-
linearity of the relationship between the ultimate load and the "width of reduction” WR

becomes less pronounced (smaller concave curvature) with the increasing value of D/,

15.2.3 Effect of Area Reduction AR - Initial Study

To study the effect of the area reduction parameter AR, two additional specimens,
Specimens P24 and P25, were analyzed using the FE program. The relationship between
the FE ultimate loads (P, and P,;) and AR (defined by Eq. 15-3 and listed in Table 15-1)
is plotted in Fig. 15-6 for Specimens P5 to P25. The plots form two distinct sets: the lower
one for the pinned-end specimens and the upper set for the fixed-end specimens. Different
symbols are used to indicate specimens with the same values of D/t,. These plots show that
in each set an almost linear relationship exists between the ultimate load and AR with only
a shight scatter introduced by the values of D/t,. The two sets fall into relatively narrow

bands which can be approximated by straight lines,

Similar curves are plotted in Fig. 15-7 for Specimens PS5 to P25, however here the
ultimate loads are non-dimensionalized with respect to the gross yield (“squash”) load,

P, = A F,, and the area reduction AR with respect to the gross area A,.

PFE
. b (15-4
p P )
a = AR (15-5)
TR ‘
A, = 22(D-t (15-6)
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Thus, Eq. 15-4 is used on the vertical axis in Fig. 15-7 and Eg.15-5 is used on the
horizontal axis. The straight-line approximations to these points are also shown in Fig. 15-7.

The equations for these straight lines, found via regression analysis, are

for pinned ends

P

p, = __1331‘; = 0.913~ 2.07(2) (15-7)
and for fixed ends
P _
P, = P“F = 0.97 - 1.08(2) (15-8)

¥

A comparison of these straight-line approximations with all available test loads is
shown in Fig. 15-8. In addition to the test loads for Specimens P5 to P15 and the salvaged
Specimens P1-C1 to P4-C2 and Specimens Cl and C2 from the previous project [8], the
loads from the tests conducted by Ricles and Hebor [10] are included. Specimens P1-Cl to
P4-C2 and C1 and C2 were salvaged field-corroded specimens which had corrosion damage
all around the circumference. They were included in this comparison by using the net area
as computed from the thickness measurements and the gross area based on the maximum

thickness measured (t,,), not the original undamaged thickness. Thus,

A
a =1--2 (15-9)

was used as the relative area reduction for the field-corroded specimens. The gross area as

a function of the inside radius, R,, and the maximum thickness is given by Eq. 15-10

A= w{2R ~i it {(15-10)

The test specimens with fixed-ends {Specimens P10 to P12} and the test specimens
with cylindrical bearings (Specimens P13 to P13) of this study are closer i the respective

straight-line approximations. However, the tests conducted by Ricles and Hebor (intended
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to be fixed-end tests) and the tests with spherical bearings (Specimens P5 to P9) fall between
the straight lines. For the salvaged specimens (all tested with spherical bearings) the test
loads fall relatively close to the average between the lines. Only Specimens P4-C2 and C2
are significantly higher. This is because Specimen P4-C2 failed by overall column buckling
with heavy yielding and no local buckling, whereas Specimen C2 of the previous project did
develop local buckles but only after most of the reduced cross section had plastified.[8]

It appears that an average straight line between the lines for pinned and fixed end
conditions would provide a good, slightly conservative approximation for estimating the
ultimate Joad of tubular members damaged by patch corrosion. More conservatively,
however, a straight line between the lines for the two extreme end conditions with one-third
of the difference above the line for the pinned-end conditions can be accepted as a more
suitable conservative estimate of the ultimate load for patch corroded tubular members. The

equation for this line is given by Eq. 15-11

p =0932-1.74a (15-11)

and 1t is labeled as Design Approximation in Fig. 15-8. As can be seen in the figure,

Eq. 15-11 is only applicable for the range of the relative area reduction

0.05 < a;%ﬁ < 0.35 (15-12)
studied here, that is, from 5% to 35% of area reduction. The transition from p = 1.0 for
a. = 0.0 to the formula given in Eq. 15-11 can be made either by a short straight line or by
using one curve, either straight, parabolic, or cubic, over the full range of a, from 0.0 to
0.35. In formulating the parabolic or cubic equation, the curve should be constrained to pass

through the point p = 1.0 and 2, = 0.0. This is performed in the next section.

An alternative presentation of Eq. 15-11 is to use the remaining net area A, rather

than the area reduction a, as the damage parameter. With the relative net area a, defined by
Eq. 15-13,



a=_° (15-13)

and a, by Eqgs. 15-9 and 15-14,

A A
A, (15-14)
¥ A A 41

:2:1
)

Equation 15-11 is readily transformed into Eq. 15-15.

p=1.74a -0.708 (15-13)

The limits of applicability, Eq. 15-12, become

A
0.65 <a,=—* <0.95 (15-16)

o
=3

15.3 Effect of Relative Area Reduction a_ -- Cubic Formula

After extending the data base by inclusion of Specimens P26 and P27 in order to
broaden the range of damage parameters, the analysis discussed in Sect. 15.2.3 was repeated
over the whole range and using a 3-term cubic equation (Eq. 15-17) to accommodate the

slight upswings of the data points near the end points of a, == 0.0 and a, = 0.35.
pﬂlﬂo-;-alarﬁ-azaf (15-17)

Again the limiting lines for the pinned and fixed end conditions were obtained from the FE
solutions of Specimens P3 to P27 as shown in Fig. 15-9. The curve for pinned ends is
defined by Eqg. 15-18.

p=1.0-2.8876a +6.1095a (15-1%)

and the curve for fixed ends by Eq. 15-19.
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p=1.0~1.3186a +1.1277a; (15-19)

Figure 15-9 shows all the ultimate load results available from tests and FE analysis
plotted together with the limiting cur:ves. Only the long salvaged specimens C2 and P4-C2
which failed in column mode without local buckling are excluded in order to make a cleaner
emphasis on the effect of local buckling. Similarly to the straight-line solution of
Sect. 15.2.3, the line lying one-third of the difference between the two limiting lines above
the line for pinned ends is suggested as a reasonably conservative relationship for engineering

applications.
p=1.0-2.36462 +4.4489a] (15-20)
It is marked as Design Recommendation in Fig. 15-9.

An alternative presentation is by using the relative net area, a_, rather than the relative

reduction of area, a,, as the argument. Since

a=1-a (15-21)

Equation 15-20 becomes

p=l+a,(l-a)+a,(1-a,) =(1+a +a,)~(a, +3a,)a, +32,3, +a,a; (15-22a)
Substitution of the numerical values of a, and a, from Eq. 15-20 results in a 4-term
expression given by Eq. 15-22b.

p(a,)=p=3.0843 +10.9821a_+13.3467a +4.44892’ (15-22b)

Regression analysis was performed of p as a 3-term cubic function of a_ for the FE
solutions of Specimens PS to P27 with pinned and fixed ends. The following are the
resultant curves constrained to pass through the point for zero damage (2, = 1.0, p=10%

Pinned ends

p(a,)=0.01614-0.14437a_~1.12823a. (15-23a)
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Fixed ends
p(a,)=0.07645+0.68191a_+0.24164a] (15-23b)

The curve one-third of the difference above the pinned-end line can be recommended for

design. It is given by Eq. 15-23c.
p(a,)=0.036+0.131a, +0.833a, (15-23¢)

Figure 15-10 shows the same data points as in Fig. 15-9, but plotted against a_ rather than

a,. The 4-term and 3-term formulas show hardly any difference.

A judicious manipulation of the constants in Eq. 15-23c¢ led to the 2-term formulation
of Eq. 15-24.

p(a,)=0.18a_+0.82a, ' (15-24)

As illustrated in Fig. 15-11, the 4, 3 and 2-term apprdiimaiions are hardly distinguishable
from each other, and the simplest 2-term Eq. 15-24 seems to be the most suitable for

practical use.

Although Eq. 15-24 smoothly extends to a, = 0.0, it should be limited at present to

a_=0.65 (15-25)

since no work has been done on sections with smaller net areas, that is, with larger area

reduction than 35%.

15.4 Summary and Recommendations
13 The parametric study described in the previous sections indicates that the domuinant
simple parameter for evaluating the ultimate capacity of sections damaged by one-sided paich

corrosion is the relative reduction of area a, = AR/ A, (or the relative net area a, = A,/A,).
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2) The wall slenderness parameter in the patch D/t, was found to have rather small
influence in the range of parameter a, studied (a, < 0.35 or a, > 0.65). This can be seen
from the narrow band of the curves for different values of D/t, in Fig. 15-6 (P vs. AR) for

the pin-ended and fixed-ended conditions.

3) The effect of end conditions becomes more and more significant with the increase in
corrosion damage, of the relative reduction of area a, (or the reduction of the relative net
area a,), as can be observed in Figs. 15-9 and 15-10. For example in Fig. 15-9, for
8 = 0.3, (P/P,)umea = 0.42 and P/ P)res = 0.76 indicate a reduction in the ultimate
strength by (0.76 - 0.42)/0.76 = (.45 (45%), or in terms of P, pimeas @D increase of
(0.76 - 0.42)/0.42 = 0.81 (81%).

4) Since the end conditions in an actual bracing member lie somewhere between the
extremes of pinned and fixed, an increase by one-third of the difference above the strength
for pinned end conditions was selected as a realisticaﬂjg conservative approximatior.. This
approximation is shown in Fig. 15-8 as a linear function of a, (kEq. 15-11,
0.05 < a, < 0.35), in Fig. 15-9 as a cubic function of a, (Eq. 15-20, a, < 0.35), and in
Fig. 15-11 as a 2-term cubic function of a, (Eq. 15-24, a, = 0.65).

For convenience, the four relevant equations are repeated below with their limits of
applicability.

Straight-Line Formulas:

p=0.932-1.74a (15-11)
for 0.05 < a =28 o135
A?
or p=1.74a -0.708 (15-15)

o~
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A
for 0.65<a,= Ki < 0.95

g

Cubic Formutlas:

p(a) = 1.0-2.3646a_+4.44892, (15-20)
for a, £0.35

or p(a)=0.18a_+0.82a; (15-24)
for a =0.65

The first two formulas (Eqs. 15-11 and 15-15, straight-line) may be more convenient in some
special applications, and the latter two (Egs. 15-20 and 15-24, cubic) in general

computations.
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16. LOCAL BUCKLING

16.1 General

Although local buckling was found to have not very pronounced influence on the
ultimate strength for the degree of patch corrosion damage studied here, it was observed
visually and electronically (strain gages) in tests and in FE analysis. The odd figures of
Chapter 11 [Figs. 11-1, 11-3, 11-5, 11-7, 11-9, 11-11, 11-13, 11-15, 11-17, 11-19, 11-21]
show a sudden reversal of the strain in the outside surface of the patch at the load level of
local buckling below the ultimate load for the tested Specimens P5 to P15. Further increase
of the load was needed to Plastify the cross section sufficiently in order to reach the
maximum (ultimate) capacity. Chapter 12 discusses the phenomenon in greater detail. What
1s important at this point is that the load at local buckling was below the ultimate load, but
it would have been closer had the circumferential extent of the reduced thickness been 1argér.
In other words, the use of local buckling as a criterion for ultimate load may be too
conservative, but it would be less so for larger extents of the corrosion patch.
Specimens P26 and P27 were designed to illustrate this. Although they had the same
reduction of area, the circumferential dimension 'a’ (constant thickness portion) was 2.75 in.
for P26 and 7.2 in. for P27.[Table 15-1] The ultimate load from FE analysis for
Specimen P26 for pin-ended condition was Py = 24.58 kips [Col. E in Table 15-2] which
1s higher than P, = 22.24 kips. (It is not clear why there was hardly any difference in the
ultimate loads, 52.0 kips vs. 52.06 kips [Col. F of Table 15-2] for fixed-end conditions. )

16.2 Effective Area for Local Buckles
The complex phenomenon of local buckling in tube walls with irregular thickness is

whealized here by local buckling of 2 tube with constant wall-thickness that corresponds i

an average thickness over a certain area in the irregular tube.
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Initial observations of the local buckles formed during tests on salvaged specimens
led to the use of the thickness averaged over a rectangular area with the dimensions of 1.OR
circumferentially and 0.25 R jongitudinally. This approach is discussed in Ref. 8. However,
the results obtained from the tests on specimens with simulated corrosion damage and from
FE analysis (Sect. 15.2.2.1) indicate that a more realistic approach is to use a rectangular

area with somewhat smaller dimensions of 0.8 R circumferentially and 0.2 R longitudinally.
16.3 Equivalent (Modified) Thickness in Patch

A simplified procedure for obtaining the "averaged" constant thickness t! for
irregular thickness variation is described next. In this description, the effective area is
assumed to be 1.0R circumferentially and 0.25 R longitudinally. The procedure, however,

applies equally well to the refined limits of 0.8 R by 0.2 R.

A cross section with an irregular thickness variation cannot be analyzed for local
buckling by any avatilable tools except by the often cumbersome and expensive finite element
method. However, methods are available for estimating the local buckling stress for tubes
with uniform wall thickness. This section presents a procedure for estimating an equivalent
average thickness t, in the area of smallest thickness so that the available formulas can be

used for computing the buckling stress.

The area with the most severe thickness reduction is the location where local buckles
are most likely to develop. The cross section for this corroded portion should be idealized
to select values for t,, a, ¢ and 1y in the circumferential direction (and, correspondingly, b
and h in the longitudinal direction.) From these values, the cross-sectional properties, A,

i, e and k can be calculated.

* Some Tables and figures use an earher description of t, ("modified"”) for t,.
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Figure 16-1 shows a reduced area where a local buckle developed during testing
(Specimen P3-C1, Buckle 1). From test observations, the circumferential dimension ’a’
should be approximately equal to the radius R! and the longitudinal dimension 'b’ equal to
R/4'. Within this reduced portion, L, . should be selected and the areas above and below
this constant value should approximately visually balance each other. The same should be
done in the longitudinal direction to obtain L ongs Which 1s analogous to t, ;... The minimum
thickness in the patch, t,,,. can be found by either scribing, ultrasonic measurements or any
other appropriate method. Then, from Fig. 16-1, the equivalent average thickness over the

affected area can be estimated from the following proportional relationship

¢ = locrclaiong (16-1)

L inin
For example, t, was estimated to be 1.2t, for Specimen C1 of Ref. 8. Using Eq. 16-2
(API), the uniform wall thickness corresponding to the critical stress at the ultimate condition
was found to be =1.25.[8] Table 16-1 shows that for all specimens which developed local
buckles, the choice of t, was reasonable. The exception was Specimen P1-C1, which had

local buckles around a hole.
16.4 Local Buckling Formulas

Analysis of local buckling in the portions of reduced thickness is a complex problem.
A simplification can be made by comparing the stress in the reduced thickness area with jocal
buckling stresses from engineering formulas for local buckling stress of tubular members
with constant wall thickness and subjected to concentric loads. These formulas are also
acceptable for axial loads with small eccentricity. Five formulas are given next. They have

been modified 10 a uniform format and notation from the formats in the source references.

' These values are later revised to 0.8R and 0.2R.
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1) API (American Petroleum Institute, RP2A) (3]

F | +
o . (1.64 - 023 !53 for 2560
F t H
¥
F
L for 2 <60
F ¢
¥
2y DnV (Det norske Veritas) [4. 71"
] 2
. 15~+amn(£)
cr g 1 " 1 f
2 = o
F, | 3 o
3) AISI (American Iron and Steel Institute) [2,8]
Fcr o
7 = 0,667 + 0.037 « for F, < Fy
¥
4) SSRC (Structural Stability Research Council) [8]
F
}fﬁ =061 + 0.043 ¢ for 257 <a<91l
¥
5) AO (A. Ostapenko) {7,8]
F ¥
— =38% 4802 +2020¢3
F
¥
F
£ =10
F

(16-2a)

(16-2b)

(16-3)

(16-4)

(16-5)

(16-6a)

(16-6b)

This DnV formula represents a simplification of a rather complex semi-graphical

procedure of the DnV specification.[4,7]
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where
D is the outside diameter.
D, is the mid-thickness diameter = D - 1.

o, & are the sienderness parameters defined by Egs. 16-7.

g F e e and £ =
CE
¢ T

An illustration of the (F./F)) values according to these five recommendations is shown in

1 E 1 *TE
F, (16-7)

Fig. 16-2. The curves are functions of wall slenderness (D/t) for material properties
F, =42.11 ksi and E = 29,500 ksi. (The specific values of F, and E are needed since they

are treated differently by some of the formulas.)

Since the APT and DnV methods are commonly used in designing offshore structures,
these were selected for application in the current study, the API as the more conservative and

the DnV as the more optimistic.

After calculating the equivalent average thickness t,, the stress and the corresponding
load at which local buckles develop can be found by using any one of the formulas presented
mn this section. The local buckling analysis to estimate this axial load according to the API
and DnV specifications (Eqgs. 16-2 and 16-3) was carried out for each specimen and
compared with the experimental ultimate load, and the results are shown in Table 16-1. It
can be seen that the model was fairly accurate in predicting the ultimate load for each
specimen that developed local buckles based on an estimated value of t,. The error ranged
from approximaiely 1% to 16%. The best case, Specimen P3-C1 had an 2rror of less than
1% and the worst error was for the ultimate load for Specimen C2 from Ref. § which

developed local buckles near one end after considerable yielding.
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16.5 Local Buckling Loads for Specimens PS5 to P27
(Specimens with Patch Corrosion)

The logic of Sections 16.3 and 16.4 was incorporated into the FORTRAN-77
computer program CXS.for to calculate the axial loads that would cause local buckling
according to the API and DnV specifications. (The program is described in Chapter 17 and
Appendix A.) Local buckling loads obtained for Specimens P5 to P15 from strain gage
readings in the patches are listed in Col. B of Table 16-1. In addition, the local buckling
loads found via FE analysis for all specimens of the P-series, P5 to P27, are shown in
Col. C of Table 16-1. The results from the computer program CXS.for, based on the API
and DnV specifications are shown in Cols. D and E of Table 16-1, respectively.




17. FORTRAN PROGRAM CXS AND
COMPARISON OF METHODS

17.1 FORTRAN Program CXS.for

FORTRAN-77 program CX8.for was written specifically to perform the calculations
needed in analyzing patch-corroded sections with thickness defined by linear segments
(Sect. 14.3). Particular attention was put into orienting the program for application by
individuals not necessarily intimately familiar with the details of the process. Once the
geometrical and material parameters are input, the program computes all cross-sectional
properties. In addition, the program considers the bi-axial eccentricity of the load and
computes the stress amplification factor for the point with the smallest thickness which is the
area of potential local buckling and for the point of the maximum stress in the cross section
which is the point of first yielding. At this time, the‘,Aspread of plastification, as usually
occurs In sections with relatively small areas of significantly reduced thickness, is not
considered. Consequently, the limiting loads predicted by the computer program for such
sections are on the conservative side, that is, they tend to be lower than the test loads or the
loads computed by using non-linear FE programs (which is a very labor and time-intensive
procedure and requires expert knowledge). The details of the FORTRAN program and the
steps in application are described in Appendix A. Below are given only the basic features

of the program.

INPUT:
The data input can be made from the keyboard or from an external file prepared in

advance, and it consists of the following iems:

aj Section Name, inside radius (It is assumed that all corrosion is on the outside

surface.), counter for the smallest thickness, total number of segments.



b}

)
d)

QUTPUT:

Sequential listing of the values of the angles at the segment ends (in radians
or degrees; the program detects automatically which).

Sequential listing of the thickness values corresponding to the angles.

Load eccentricity (x and y components) with respect to the center of the circle,
the test or FEM or an assumed reference load, yield stress, the ratio of the
averaged (modified) t, to minimum thickness t,, an indicator of the type of
units used (Customary-U.S. or Metric-S.1.).

The output of the computed results can be made to an external file for later processing

and/or to the screen for immediate display. The principal items of the output are the

following:

a)
b)

Section name,

Cross-sectional properties: Net area, méments of inertia with respect to the
centroidal x and y axes and with respect to the principal axes. The formulas
of Sect. 14.3.3 are utilized in the process in addition to other relationships.
The load limited by first yielding in the cross section and the loads to cause
local buckling according to the API and DnV specifications using the formulas
listed in Sect. 16.4 (Egs. 16-2 and 16-3). Loads computed from Eq. 15-24

and for pin-ended condition.

The net area A, computed by the program can be conveniently utilized for applying

the proposed approximate formulas, such as Eq. 16-24, in computing the ultimate load. The

gross area A, needed for computing the relative net area a, is taken either as the original

uncorroded area or, if corrosion is all around the circumference, by Eg. 17.1

mEi

Agiffi‘{ERé+%m}{_ (17-1)

where R, is the inside radius and t,,, is the largest value of thickness in the analyzed cross

sectionn. Then,
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g = (17-2)

[Note: The program with the final version of the project report will have the computation of

the approximate ultimate load incorporated.]

17.2 Comparison of Methods

Ultimate loads from tests and finite element analysis are graphically compared with
the proposed formula(s) (Eqgs. 15-11, 15-20, 15-24) in the course of deriving the formula and
are shown in Figs. 15-8 to 15-10. Included there are the test results from the following

gToups:

a) Salvaged Specimens C1 and C2 from the previous project.[8]
b) Salvaged Specimens (P1-C1 to P4-C2) and specimens with simulated corrosion
damage (P5 to P135) from the current project.

¢} Ten specimens with simulated corrosion damage from the concurrent research

by Hebor and Ricles.[5]

Shown in the figures are also the ultimate loads computed by using a FE program for
Specimens P5 to P27 of the current research program using pinned and fixed ends and for
30 specimens from Ref. 5 for fixed ends. The results are plotted with respect to the relative

area reduction.

17.3 Comparison with Tests Conducted at Texas A&M

Seven of the twenty salvaged specimens tested at Texas A&M developed local buckles
in the patch corroded areas.[9] Utilizing the limited information available in the reference

for these sections, analysis was performed using program CXS.for and the proposed formula
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(Eq. 15-24). The results are compared in Table 17-1 with the ultimate test loads P, and the

loads computed in the reference P,

The errors (in percent) with respect to the test loads are listed in the five rows at the
hottom of the wable. The average errors and standard deviations are also given for each
method. Specimen 14 failed at a significantly lower load than predicted by all the methods
with the resultant error varying from +26.1 % to +36.6 %. The plausible reason for this
is apparently a large, but not accounted for and unknown, load eccentricity in the damaged
cross section. The average errors, including this specimen, vary from +2.54 % for
Bq. 15-24 to +26.12 % for P. of the method in the reference. With Specimen 14
excluded, the range of errors drops to -1.4 % for Bq. 15-24 to +21.1 % fOr Peoy,- The
range of errors from Eq. 15-24 for this case (without Specimen 14) is from -15.4% to
+14.1 % which is surprisingly very small for the few measurements given in the reference

and the uncertainty of end conditions.

The loads from program CXS.for [the first-yield load (P ) and the loads according
to API (P,,;) and DnV (P,.)] are relatively close to each other and are on the optimistic side
with the error for all seven specimens halfway between those for Eq. 15-24 and P o, that
is, approximately +16 %. If Specimen 14 is excluded, then the average error drops to

approximately +9.4 % with the spread from -2.8 % to +20.4 %.
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18. SUMMARY AND RECOMMENDATIONS

18.1 Summary

Ultimate strength of a tube segment with an irregular corrosion patch is a very
complex three-dimensional phenomenon involving large deformations, non-linear material
response (including strain reversal) and residual stresses. Conceptually, an analysis of this
problem can be carried out by using modern finite element (FE) programs once all the
information on the initial geometry, material properties and residual stresses is available and
an optimum discretization scheme is determined. FE analysis of some segments with
simplified idealizations of corrosion patches has been performed in this project and by others
[5.10], and a reasonably good correlation with test results verified that the FE method may
be used i lieu of testing. However, the FE method, requiring specialized knowledge and
a trial-and-error procedure in the determination of suitable discretization patterns even fbr
simplified damage idealizations, is hardly suitable for the irregular corrosion patch patterns

of corrosion damage in actual structures.

Fortunately, it was found that the ultimate axial strength of segments with patch
corrosion damage could be determined with sufficient engineering accuracy by assuming a
planar distribution of strains' in the cross section having the greatest reduction of the cross-
sectional area in the tube. Then, the basic simplified modes of section failure at the ultimate

load are the following:

® Local buckling before yielding with a sudden reduction of wall strength over a
sufficiently large portion of the circumference to cause collapse of the section.

Thus, the member strength is directly limited by local buckling.

' Regular strength-of-materials analysis in the elastic range.
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. Local buckling before yielding but over a smaller portion of the
circumference. The ultimate load is reached only after yielding in the wall
adjoining the buckled area and, thus, is higher than the load that caused initial
local buckling. ‘

® Yielding starts in the patch area, but, before it spreads to reach the maximum
load, local buckles develop and reduce the capacity of the buckled area, so that
the maximum (ultimate) load on the cross section is reached only after more
yielding but at a lower load than it would have been without local buckling.

® Yielding starts in the patch area or at some other point and continues spreading
over the cross section until the uitimate capacity is reached. Local buckles
develop but only at essentially the ultimate load or somewhat later and cause
the drop-off of the load.

Since neither local buckling nor the spread of yielding (plastification) needed to reach
the ultimate load can be easily determined, only the initiation of yielding ("first yield") can
be readily computed. However, the "first yield" load, although a lower bound in a general

case, may be precipitated by local buckling as described above.

The research described in this report was performed with the principal objective of
finding a simplified "engineering" method for computing the ultimate axial capacity of
rubular columns damaged by patch corrosion. The work performed consisted of experimental
and analytical studies and eventually resulted in a simple approximate formula which can be

recominended for practical use.

In all, fifteen (15) specimens were tested to determine the effects of patch corrosion
and local buckling on the strength of tubular members. Four specimens were field-corroded
tubular members salvaged from decommissioned platforms. Two of these were long columns
and two shorter columns. The remaining eleven specimens were short tabular specimens

with patch corrosion of a simple pattern simulated by grinding.
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Three of the four salvaged specimens failed by local buckling in combination with
vielding of the cross section while the fourth specimen (a long specimen) failed as a column.

All of the eleven specimens with simulated corrosion developed local buckling.

A simplified model of the thickness variation around the circumference was developed
as an idealization of the irregular patch corrosion in field-corroded tubular members. In this
model, the following four parameters were defined: patch thickness t,, reduced thickness
outside the patch t,, the circumferential width of the constant thickness portion of the patch
a, and the circumnferential width of the main patch ¢. Analogous parameters t,» b and h were
defined for the longitudinal direction of the main patch except that t, became the undamaged
thickness t.

The eleven test specimens with corrosion damage simulated by grinding had this
"constant-thickness patch” model pattern. However, the thickness outside the main patch
{(dimension ¢) was not reduced, that is, t; = t. The advahiage of studying specimens in which
the dimensions of the corrosion patch are well defined rather than irregular is that they can

be discretized for finite element analysis much more easily.

Although the "constant-thickness patch" model met with some success in idealizing
the cross sections in the salvaged specimens and computing their cross-sectional properties
and the strength for local buckling or first yielding, the model was found to be very
demanding on intuitive judgement and, thus, subjective. Therefore, another model, a
"linear-segments” model, was introduced which needed much less intuition. In this model,
the irregular thickness pattern is replaced with a sequence of segments with linear thickness
variation with respect to the distance around the circumference (or central angle). This
model required computations which were much more inconvenient for manual work than for
the "constani-thickness patch” model, and a special FORTRAN-77 program was written for

this purpose.
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Since local buckling of the areas with irregular thickness variations cannot be properly
analyzed using available tools, the method proposed in the previous project was used.{8] In
this method. the formulas for computing the local buckling stress of mbular members with
uniform wall thicknesses according to the API and DnV specifications [3,4,8] were assumed
to be applicable to the corrosion damaged wall by replacing the irregular thickness with
thickness t, averaged over an area in the patch sufficient to accommodate a single buckle at
the lowest stress level. Initial test observations and later studies showed that this
(rectangular) area should be taken 0.8 R circumferentially and 0.2 R longitudinally. For
field-corroded and simulated patches, the averaged thickness t, was defined by its ratio to the
minimum thickness in the patch t,, that is, t/t,.

The primary purpose for the tests conducted on the eleven specimens with corrosion
patches simulated by grinding was to provide benchmarks for the accuracy and reliability of
using a finite element (FE) computer program in analyzing tubular members with patch
corrosion. The patch geometry was defined by the péfameters of the "constant-thickness
patch” simplification pattern with the values selected to cover the ranges expected to clarify
the various types of ultimate strength behavior as discussed above. Specifically, the
circumferential width of the constant-thickness portion "a" and the thickness in the patch
were to clarify the assumptions of the optimum dimensions for local buckles and the extent
of vielding at the ultimate load. Due to the uncertainty of the end restraints for some of the
test specimens, the FE analysis was performed with both pinned and fixed end conditions.
A good correlation was established between the experimental and analytical results, and
twelve additional specimens were analyzed. The initial parametric study of the information
from these analytical data applied mainly to the following parameters: b, the longitudinal
dimension of the constani-thickness portion of the corrosion patch which ranged from R/5
to R/Z; D, the ratio of the outside diameter 0 patch thickness which ranged from 79 o
183; WR, the average circumferential width of the corrosion patch which ranged from 0.8R
t0 2.2R; and a_, the relative area reduction due to the corrosion patch which varied from 0.05

to 0.35. The observations drawn from this initial parametric study were as follows:
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1) Although the strain and stress at local buckling may approximately be the same
in patches with the same D/t, but different overall dimensions, reaching the
ultimate load required a considerable amount of yielding outside the patch and
a significant increase of the load for smaller-sized patches (a, < 0.2), whereas,
for larger-sized patches (a > 0.25), the ultimate load was essentially

precipitated by local buckling.

2) For values of b = R/S, the ultimate load was essentially the same. Therefore,
b = R/5 can be considered to be above the critical value of the constant-

thickness portion of the corrosion patch in the longitudinal direction.

3)  As the D/t, ratio was increased, the ultimate load decreased, and the

relationship between the two is of hyperbolic concave type.

4) The relationship between the ultimate load and WR was non-linear, and the

relationship was similar to that for Di/t,.

5) The non-dimensionalized relative area reduction a, = AR / A, (or the relative mt
area a, = 1 -a,) was found to be the dominant parameter for the ultimate load,
with the other parameters, particularly D/t,, introducing relatively minor

scatter,

A regression analysis of the 15 experimental and 46 FE loads of this project
supplemented with 12 test loads from Refs. 8 and 10 led to a straight-line formula for
relating the ultimate load to the relative area reduction a = AR/ A, or, equivalently, to the
relative net area, a, = A, TA;=1-a.{Eqgs. 15-11 and 13-1%) However, the range of this

formula was limited 10 0.05 < a. < .35 (or 0.65 = a, < 0.95).

Then, the data base was further expanded with seven test loads from Ref. 9 and 30

FE loads from Ref. 5, and a new regression analysis performed to give a cubic
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approximation for computing the ultimate load as a function of 2, or a, over the whole range
of 0 < a, < 0.35 (or &, = 0.65).(Egs. 15-20 and 15-24)

These straight-line and cubic formulas were set to fall between the regression curves
for the pinned and fixed end conditions (up from the pinned conditions by one-third of the
difference between the two) and give a slightly conservative match for the experimental

results.
18.2 Recomnendations

Two sets of recommendations are made here on the basis of the research completed
in this project. One set is for the application of the information that was developed, and the
other is for future research that is considered to be necessary in order to improve, generalize

and expand the research completed in order to make it more valuable to industry.

18.2.1 Recommendations for Application of Completed Research
1) Idealization of a patch corroded section by using a series of segments with linearly varying

thickness around the circumference is recommended for analyzing the cross section.

2) Analysis of the idealized cross section to compute the loads which can be used as limits
of the member capacity: the loads to produce first yielding or local buckling. This can be

conveniently done by using FORTRAN-77 program CXS.for developed in the project.

3) Ultimate load of a patch corroded section can be approximately computed from the

formulas developed in the project, specifically, Bq. 15-24 repeated bere as Eq. 18-1.
- Dr -0 2a, (18-1)
pwtﬁ__a-i},;gaﬁ%—{?.g a, .
vid

for a, = 0.65
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where

a=_" (18-2)

a, is the relative net area with A, being the net area of the reduced corroded section and A,

being the gross area defined by Eq. 18-3 |

A = (2R *1 Ot (18-3)

where

R, = inside radius

t... = maximum thickness in the corroded section.
In Eq. 18-1, Py + (P, = A, F) but Py, = A F, where A, <A, When corrosion is not all
around the circumference, t.,, = t,,,, and A, is equal to the area of the original uncorroded
section. [In the Final Report, these computations will be incorporated into program
CXS.for.]

4) Repair of patch corroded segments can be accomplished by using epoxied or grouted split
sleeves to compensate for the material lost to corrosion and to prevent local buckling.
Repair with sleeves is also suitable for walls with local buckles already developed (as was
done for Specimen P1-Cl1), or dents. When the loss of the cross section or the depth of
dents is moderate (less than 25-30%), internal grouting can also be used for repairing the

damage.

18.2.2 Recommendations for Future Research
The following studies are recommended for future work on the basis of the research

described in this report:

1} Experimental and analytical smudies in order to extend the simplified formula Eq. 18-1
(Eq. 15-24) to sections with net areas smaller than the a, = 0.65 of Eq. 18-1, that is, for

reduction of area a_larger than 35%.
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2) Refinement of the proposed ultimate strength formula to include the effect of patch
thickness slenderness parameter D/t (or D/t)). This parameter is indicative of the initiation
of local buckling, and Figs. 15-6 and 15-7 show that it introduces a consistent scatter,
although rather narrow in the ultémat‘e strength (p) relationship vs. the reduction of the area
(a,) within the range of the completed study. The effect should become more pronounced

for sections with greater thickness reduction over larger area around the circumference.

3) Investigation of the effect of closely spaced interacting corrosion patches, such as were
observed on the salvaged Specimens P2-C1 and P3-Cl in which local buckles formed an
interlocking chain over longitudinally staggered patches as can be seen in Figs. 6-9 and 6-16
(contour plots showing the overlapping buckles) for Specimens P2-C1 and P3-Cl,
respectively. Testing of field-corroded salvaged specimens and of specimens with corrosion
darage simulated by grinding should be accompanied and enhanced by FE analysis. Survey
of the patterns of patch corrosion on members in existing or salvaged structures is very
dési:rable in order to define geometrical patterns for déveioping a simplified engineering

procedure and/or formulas.

4) Study of the effect of end conditions and member length on the ultimate strength.
Figures, such as Figs. 15-8 and 15-9, show a growth of the effect on the strength with
greater reduction of the cross-sectional area due to corrosion. Only a few test specimens had
clearly defined pinned or fixed ends and they supported the limits obtained from FE analysis.
Most of the test specimens fall between the limits for the specimens with pinned and fixed
ends. With a few exceptions, the tested specimens were of short length, and no consistent

pattern could be detected for the longer specimens.

5y Development of design guidelines for repairing corrosion damaged members by using
epoxied or grouted sleeves. This method was used in this project {Specimen Pi-Cliand in
concurrent work by Hebor and Ricles [5], but the design approach was very elementary and

over conservative.
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21. NOMENCLATURE

Circumferential width of the constant minimum thickness in the

patch. [in.]

Relative (non-dimensionalized) net area.
Relative (non-dimensionalized) area reduction.
Constants used in cubic approximation formulas.

Uncorroded original cross-sectional area. [in.*]

Calculated area of corroded tube cross section. [in.%]

Gross cross-sectional area. [in.’]

(A,=Aor Agmw@Rﬁ-t,m)tmx)

Calculated cross-sectional area of corroded tube cross section from

idealized thickness model. [in.’]
Area reduction. [in.’]

Longitudinal width of the constant-minimum thickness portion in the

patch. [in.]

Circumferential width of the main corrosion patch. [in.}

Shift of centroid from center of undamaged cross section. [in.]
Distance from end’A’ to location 1. [in.]

Outside diameter. [in.]

Diameter of tube with reduced thickness L. {in.]

Mid-thickness diameter. {in. ]

S
o
!
-



Drs Qurside diameter measured using 6-inch micrometer in North-South

direction. [in.}

Do Maximum outside diameter used to compute out-of~roundness. [in.]

D Minimum outside diameter used to compute out-of-roundness. [in.]

Dy Computed outside diamter between North and South reference lines. [in.]
D, Pedestal diameter used in calculating specimen diameter. [in.}

e, &, ¢, End eccentricity from center of circle. [in.]

E Modulus of elasticity. [ksi]

fexp -Maximum stress due to the ultimate experimental load. [ksi]

£ Maximum stress in the parch which is a function of the axial load P.
[ks1]

F., Critical average column stress controlled by local buckling. [ksi]

F, Yield stress. [ksi]

g Dial gage measurement used in calculating diameter adjustment

parameter for "pedestal’ method. fin.]

gh, g* Dial gage measurements at North and South reference lines. [in.]

g Dial gage measurement at location 'i’” from end "A’. [in.]

8o Dial gage measurement at 0.5 in. from end "A’. [in.]

-2 Dial gage measurement at 26.5 in. from end 'A’. [in.]

2., & Dial gage measurements using angle tol. [in.]

h Longitudinal height (length) of corroded band. [in.]

1 Moment of inertia of minimum thickness portion of the corrosion

patch. [in.%]

v
"
o




Ipy Ixs
I, L,

¥

OOR

008

jars p;:

P,
?a% E?uF

PuFE

Moment of inertia of the tube with a reduced thickness of t,. [in.]

Effective moments of inertia taken from thickness measurements. [in.*]

Moment of inertia of cosine transition portion of the corrosion

parch. {in.*}
Stress amplification factor. (Ratio of maximum to‘average stress)
Specimen length. {in., ft.]

Longitudinal gage length of specimen dial gages. [in.]
or, Radial distance between specimen dial gages. [in.]

Depth micrometer measurement used in calculating diameter adjustment

parameter for 'pedestal’ method. [in.]

Depth micrometer measurements at North and South reference

lines. [in.]

Specimen out-of-roundness.
Specimen out-of-straightness. [in.]
Non-dimensionalized axiai load.

Straight-line approximation of fixed-end/pinned-end finite element

ultimate loads. [kips]

Axial load acting on cross section either concentrically or

eccentrically. [kips]
Ultimate (dynamic) experimental or computed load. [kips]
Finite element ultimate load for pinned/fixed-end conditions. [kips)

Ultimate load from finite element analysis. [kips]



Q? QX?

Q,

Static ultmate test load. [kips]

Axial load causing vielding of undamaged cross section.

P, = AF) {kips}

Static moments of inertia about the center of the wbe. {in.*]

Outside radius. [in.]

Inside radius. [in.}

Uncorroded tube thickness, actual. {in.]

Equivalent average thickness over the corroded area. [in.]

Average thickness of 0.8R x 0.2R (or R X R/4) corrosion patch in

circumferential, longitudinal direction. [in.}]
Reduced thickness outside the corrosion patch. fin.]

Mean thickness of R X R/4 corrosion patch used 1n local buckling
formulas to estimate Stress and load at which local puckles would

develop. [in.]

Maximum thickness of corroded tube cross section. [in.]

Minimum thickness of R X R/4 corrosion patch. [in.]

Wall thickness in constant-thickness portion of corrosion patch. [in.]
Reduced wall thickness. [in.]

(viZy = jongitudinal width of cosine variation of wall thickness within

the main patch. fin.]

{(wil) = circumferential width of cosine variation of wall thickness

within the main patch. {in.]




WR Width reduction. [in.]

X Distance in circumferential direction for unfolded cross section. [in.]
Y Distance in longitudinal direction. [in.]

o Nondimensionalized parameter used in local buckling formulas.

) Initial out-of-straightness. [in.]

or, Measured axial shortening of test specimens. [in.]
Ba Adjusted axial shortening of test specimens. [in.]
5., Op Adjustment parameter used in ’lathe’/’pedestal’ method. [in.]
Ag, Ay - Axial shortening from specimen South/North dial gage. [in.]

] End rotation of test specimens or angle encompassed by corrosion

patch. [rad}
v Poisson’s ratio.

£ Nondimensionalized parameter used in local buckling formulas.
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Table 2-1. Material and Geometric Properites of Salvaged Test Specimens.

Specimen D t L fube Dit Dfp | Fysiatic | Fu, staticy] Pexp Faiture
{in.) {ir) {tts {ksi) {ksi) {kips) Mode
P1-C1 1076 | $385 ) 2450 | 2778 - 40.89 62.66 223 |Loc. bokle
(232} | athole
PZ.C1 1076 ] 0385 | 333 | 2778 | 5947 40,89 52.66 268 lLoc. bekie
(280}
P3-C 1070 0.385 5.00 2778 54 89 40.89 62.66 275 jLloc. bckle
(280C)
P4-C2 1408 | 05181 2056 | 2714 | 43.08 40.72 89.72 614 As column

- Note: Experimental ultimate loads, Pexp. are given as:

and

Static Loads, no parentheses
Oynamic Loads, {in parentheses)




Table 2-2: Example Micrometer and Ultrasonic Calibration Data

Micrometen Ultrasonic| % error
(in.) (in.)

0325 | 0321 123
0.773 0.773 0.00
0.998 0.994 -0.40
0.356 0.357 0.28
0.261 0.261 | 0.00
0.351 0.354 0.85
0.382 0.382 0.00
0.341 0.341 0.00
0.213 0.216 1.41

0.371 | 0.367 -1.08
0.417 0.419 0.48
0.375 0.375 0.00
0.960 0.960 0.00
0.120 0.120 0.00
0.488 0.485 -0.61




Table 8-1 Diameter and OOR Measurements for Specimen P9

T Dist. | Calculated and Measured Diamete:s Ave,
from Diam. Pedestal Pedestal 6-inch Lathe Rel.
End A’ Dir. Micrometer | Dial Gage | Micrometer | Method OOR
A B c | b E F G

0.5 55047 | 5.5054 5.5113 55209 | .0040
5.5780 5.5749 55750 | 5.5657

E 5.5 | 56143 | 56086 | 0113
5.4797 5.4837

10.75 55800 | 5.5884 | .0110
54690 | 5.4666

124375 | N-§ 5.5667 5.5686 | .0056

E-W 5.5090 5.5064 ‘

13.5 N-§ 54510 | 55310 | .0003
Ew | | ssm0 | 55276

15 Ns | ssmo | ssoor | 0067
EW | 1 55660 5.5743

21.5 NS | | sais0 | 5408 | 0216
EW |0 se00 | 5.6438

26.5 N-§ 5.5050 5.4982 5.4950 | 5.4865 | .0078
E-W 5.5897 5.5941 55810 | 5.5730
* Average = 5.5443; 5.54317 5.54058 5.5365
*Std. Dev. = | 0.03971 | 004196 | 0.03792 | 0.0351
s pverage = | 1. | 553638 | 55343
ssSd Dev.=| 1 | 005746 | 0.0581

* These values represent distances 0.5 and 26.5 only.
** These values include all readings




Table 8-2 Diameter and OOR Measurements for Specimen P13

Distance Diameter Measurements Average
from Diameter 6-inch Lathe Relative
End ’A° Direction Micrometer Method OCR
A B C D E
0.5 N-S 5.4300 5.4324 0.0002
E-W 5.4300 5.4347
3.125 N-8 5.4200 .. 5.4267 0.0057
E-W 5.3700 5.3657
55 N-§ 5.4100 5.4137 0.0006
E-W 5.4200 5.4204
7 N-§ 5.3900 5.3907 0.0010
E-W 5.4000 5.4017
9.375 N-§ 5.3700 5.3664 0.0054
E-W 5.4200 5.4250 ‘*!
12 N-§ 5.2800 5.2637 0.0119
| E-W 5.3900 5.3907
[ Average = 5.39417 5.39431
l Standard Deviation = 0.33989 0.04552




Table 8-3 Average Diameter for Remaining Specimens

P8

P10

Pil

P12

Pi4

P15 |

5.4985

5.4680

5.4680

5.4010

5.4930

5.4310 |

Table 8-4 OOS Measurements for Specimen P9

Dist. 008§ Measurements
from N-§ E-W
‘A’ (in.) (in.) '
0.5 0.0 0.0
5.5 -0.0472 0.0417
10.75 -0.0405 0.0510
12.4375 -0.0318 0.0313
13.5 -0.0137 -1 0.0209
" 15 0.0008 -0.0023
H 21.5 0.0442 -0.0361
H 36.5 0.0 0.0

Table 8-5 OOS Measurements for Specimen P13

Dist. u 0O0S Measurements
from N-§ E-W
A’ (in.) (in.)
0.5 0.0 0.0
3.125 -0.0043 0.0040
5.5 -0.0047 0.0013
7 -0.0044 0.0004
9.375 -0.0042 -0.0017
12 0.0 0.0




Table 9-1 Corrosion Patch Dimensions of Test Specimens [in inches]

Principal Dimensions

" Aux. Dimensions

Spec. a ¢ b h t I w/2 v/2
P5 1.7 2.5 0.5 1.1 0.07 | 0.4 0.3
P5a 1.7 2.5 0.5 1.1 0.07 0.4 0.3
P6 1.7 2.5 0.5 1.1 0.05 0.4 0.3
P7 1.7 2.5 0.5 1.1 0.04 0.4 0.3
P8 2751355 [ 0751 1.35 | 0.05 0.4 0.3
P9 275 1355 10751 135 | 0.04 0.4 0.3
P10 2.75 1 355 1 075 | 1.35 | 0.035 0.4 0.3
P11 5.5 6.3 | 075 1.35 | 0.04 0.4 0.3
P12 55 6.3 1.5 2.1 0.04 0.4 0.3
P13 2751355 1075 1.35 | 0.03 0.4 0.3
Pl4 1.7 4.6 0.5 1.3 0.04 1.45 0.4
P15 1.7 4.6 0.5 1.3 0.03 1.45 0.4




Table 9-2 Sample of Data for Patch Thickness Measurements
Specimen PS5 (t, = 0.07 in.)

Node Thickness Thickness Thickness Average
Location 1 2 3 Thickness
5.5 0.070 0.070 0.070 0.0700
5,6 0.071 0.071 0.071 0.0710
5,7 0.071 0.071 0.071 0.0710
EE 6,5 0.069 0.069 0.069 0.0690
6,6 0.069 0.069 0.068 0.0687
6,7 0.069 0.069 0.069 0.0690
7.5 0.069 0.069 0.069 0.0690
7,6 0.069 0.069 0.069 0.0690
7,7 0.069 0.069 0.069 0.0690
8,5 0.069 0.069 0.065 0.0650
8,6 0.069 0.068 0.068 0.0683
8,7 0.069 0.069 0.069 0.0690
9,5 0.069 0.669 0.065 0.0690
9,6 " 0.069 0.069 0.069 0.0690
9,7 0.069 0.069 0.069 0.0690
14,5 0.070 0.070 0.070 0.0706
10,6 0.07G 0.670 0.070 G.0700
14,7 0.070 0.070 0.070 0.0700




Table 9-3 Comparison of Methods for Measuring t,

Desired Thickness Measurement Methods
Specimen | t, (in.) Angle Fork ur

Ps 007 | Average | 0.06968 | 0.07093 | 0.07001

Std. Dev. 0.00070 0.00048 0.00016
P6 005 | Average | 0.04785 | 0.04907 | 0.05030

& Std. Dev. || 0.00110 0.00094 0.00114
P7 004 | Average | 004069 | 0.04069 | 0.04016

Std. Dev. 0.00069 0.00055 0.00031
P8 0.05 Average 0.05@7" | 0. .%2%2 ______ 9,_9;?_@_“

i Std. Dev. O'.N(_)_O“(“)S—é 0.00060 0.00063
P 00 | Aveme | 00402 | 0.04076 | 003998

Std. Dev. 0.00076 0.00022 0.00068
P10 0035 | Average | 003494 | 0.03489 | 0.03517

h Std. Dev. 0.00105 0.00104 0.00074
| ri | oo | memge | ooonr | oo | om0

Std. Dev, 0.00131 0.00113 0.00058
P12 004 | Average | 003831 | 0.03898 | 0.03926

| Std. Dev. | 0.00214 | 0.00143 | 0.00088
q P13 0.03 Average _0.02920 0.02912 0.028%5____

Std. Dev 0.00175 0.00181 0.00140
Pl4 004 | Average | 003912 | 003921 | 0.03967 |

Std. Dev 0.00104 0.00108 0.00047
Pis 003 | Average | 002950 | 002971 | 0.02973

Std. Dev 0.00149 0.00135 0.00112

Average Std. Dev.= || 0.00114 0.00096 0.060074




Table 13-1 Modulus of Elasticity Calculations

Average =

29,197

Loading Branch Unloading Branch
Gage Modulus of Elasticity Modulus of Elasticity

| Specimen | Number E (ksi) E (ksi)
| 1 30,042 34,132
P6 2 31,261 29,100
3 28,938 27,771

4 27,272 28,299 f

1 29,321 37,020 |
P7 2 28,283 28,502
3 28,158 28,213
f 4 27,420 27,700
I :;7,549 37,683
P8 2 32,863 26,752
3 26,114 I 30,139
4 33,136 " 25,190

30,042

Total Average =

29,619




Table 13-2 Ultimate Loads from Tests and FE Analysis

End ﬁu Pu-test (kips) FE Analysis
Specimen Conditions Dynamic Statc Pug, Pu,, fuﬁ
Name | TEST E.E. ®) P (kips) i P
. il

P35 Pin Pin 84.5 81.5 * 7434 | 0.880 | 0.913
Fixed 80.82 | 0.956 | 0.992
P6 Pin Pin 76.3 73.0 66.92 | 0.877 | 0.917
Fixed 77.06 | 1.010 | 1.056
P7 Pin Pin 76.5 73.4 64.00 | 0.837 | 0.872
Fixed 75.86 | 0.992 | 1.034
P8 Pin Pin 68.6 63.8 56.46 | 0.823 | 0.885
Fixed 72.20 | 1.052 | 1.132
P9 Pin Pin 66.0 63.0 53.52 | 0.811 | 0.850
Fixed 70.84 | 1.073 | 1.124
Pi0Q Fixed | Fixed 76.0 74.9 72.40 | 0.953 | 0.967
Pl1 Fixed | Fixed 67.1 63.9 62.14 | 0.926 | 0.972
L ;_512__%" Fi{c_& Fixed 65.0 61.8:__; 62.42 | 0.960 1.01
P13 Pin Pin 60.6 57.8 33.40 | 0.914 | 0.958
P14 Pin Pin 63.9 61.1 33.78 | 0.873 | 0.913
P15 Pin Pin 60.0 57.4 55.88 | 0.931 | 0.974
SPEC. P5 TO P9 ONLY - | Line | Average 0.8460 | 0.887
PINNED ENDS | Line 2 Standard Dev. 0.028 | 0.025
SPEC. PSTOPY ONLY — | Line 3 Average 1.017 | 1.068
FIXED ENDS | Line 4 Standard Dev, 0.042 | 0.033
SPECIMENS P10 TO P12 | Line s Average 0.946 | 0.983
Line 6 Standard Dev. 0.015 | 0.019
SPECIMENS P13 TO P15 Line 7 Average 0.906_| 0.948
Line 8 Standard Dev, 0.024 | 0.028




Table 14-1: Comparison of Cross-Sectional Properties and Stress Amplification
Factors from Thickness Reduction Model and Measurements.
{"Constant-Thickness Paich” Model)

Y% BrTOr % error % efror %% error
Specimen / Failure Area Moment of Centroid Amplification
Inertia Shift Factor, k
C1 At buckle 7.11 -4.59 0.48 5.23
C2 At buckle 0.30 -8.65 0.10 7.41
P1-C1 At hole 5.59 ~3.25 0.79 2.87
Buckle 1 11.51 -1.88 260 111
P2-C1  Buckle 2 12.26 221 1.37 11.15
Buckle 3 6.47 -3.15 -0.46 8.93
No buckde .89 -1.42 -0.90 2.45
Bucide 1 2.51 1.28 -0.60 3.95
P3-C1  Buckle?2 1.09 -1.86 ~1.21 455
No buckie 1.61 -0.80 2.80 0.92
P4-C2  Column 0.47 -0.27 0.46 -3.52

Note:
Amplification Factor, k= Maximum Stress in Cross Section
Avearage Stress in Cross Section



Table 15-1 Geometrical Parameters of Damaged Specimens

L Common Dimensions D=3502 in., t=0.122 in., Ri=72.629 151
Circumf Longit
Spec L t a c b b WR D, AR
(in.) (in.) (in.) (in.) (in.) (n.) (in.) {in.%)
A B c D E_| F G H 1 ]
PS5 28 0.07 1.7 2.5 0.5 1.1 2.1 79 0.105
P6 28 0.05 1.7 2.5 0.5 1.1 2.1 110 0.151
P7 28 0.04 1.7 2.5 .5 1.1 2.1 138 0.172
P8 28 0.05 2.73 3.55 Q.75 1.35 3.13 110 0.227
P9 27 .04 2.75 3.55 6.75 1.35 3.15 138 0.258
P10 § 12.5 0.035 2.75 3.55 0.75 1.35 3.15 157 0.274
P11 12.5 0.04 5.5 6.3 .75 1.35 5.9 138 0.484
P12 12.5 0.04 5.5 6.3 1.5 21 5.9 138 0.484
P13 12.5 0.03 2.75 3.55 0.75 1.35 | 3.13 183 0.290
P14 12.5 0.04 1.7 4.6 0.5 1.3 3.15 138 0.258
P15 i2.5 0.03 1.7 4.6 0.5 1.3 3.15 183 0.290
P16 28 .07 2.75 3.55 0.75 1.35 3.15 79 0.164
P17 12.5 0.035 5.5 6.3 0.75 1.35 5.9 157 0.520
P18 12.5 0.07 5.5 6.3 0.75 1.35 5.9 79 0.307
P19 i2.5 .05 5.5 6.3 0.73 1.35 5.9 110 0.425
P20 12.5 0.03 5.5 6.3 0.75 1.35 5.9 183 0.543
P21 28 0.03 1.7 2.5 0.5 1.1 2.1 183 0.193
P22 28 0.035 1.7 2.5 0.5 1.1 2.1 157 0.183
P23 12.5 0.04 5.5 5.3 0.5 1.1 5.9 138 0.484
P24 12.5 0.03 7.2 8.0 0.75 1.35 7.6 183 0.699
P25 12.5 0.04 1.2 g.0 0.75 1.35 7.6 138 0.623
P26 12.5 0.03 275 12.48 G.75 1.35 7.6 183 3.699
P27 12.5 .03 7.2 8.0 0.3 3.9 7.6 183 (3.699
P1OC 27 003 203 1 355 1 075 | 135 |l 315 | 157 | 0274
WR = 8% "Width Reduction” due to corrosion patch
2
AR = 87C ¢ "Area Reduction” due to corrosion patch




Table 15-2 Ultimate Loads from Tests and FE Analysis

F,=42.11 ksi | Ultimate Loads
Test FE

Brg Dynamic Static Pinned Fixed

” Spec Fixtr L! P, P, P, S
(kips) (kips) (kips) (kips)

A B C b E F
pP5 Sph 84.5 §1.5 74.34 80.82
P6 Sph 76.3 73.0 66.92 77.06
P Sph 76.5 73.4 64.00 75.86
P8 Sph 68.6 63.8 56.46 72.20
P9 Sph 66.0 63.0 53.52 70.84
P10 Fixed 76.0 74.9 55.00 72.40
P11 Fixed 67.1 63.9 34 84 62.14
P12 Fixed 65.0 61.8 35.74 62.42
P13 Cyl 60.6 57.8 55.40 71.82
Pi4 Cyl 63.9 61.1 55.78 73.12
P15 Cyl 60.0 57.4 55.88 71.52
P16 ~- No Test 66.34 76.48
P17 - No Test 33.02 62.78
Pi8 - No Test 56.14 72.38
P19 - No Test 40.80 65.26
P20 - No Test 31.50 59.48
P11 - No Test 62.02 74.88
P22 - No Test 62.96 75.34
Pi3 - 1 No Test 34.48 61.98
P24 - No Test 21.38 51.40
P25 - No Test 28.46 54.94
P26 - No Test 24.58 52.00
P27 - No Test 22.24 52.06

PiOC - No Test 54.90 -




Table 15-3 Grouping of Specimens P5 to P15 according to WR and AR

L

WR [in.] For AR [in.%] Specimens
2.1 0.105 - 0.193 F3.P6.P7.P21,P22
P8,P9,P10,P13,P14,P15,
3.15 0.227 - 0.290 Plepite
P10,P12,P17,P18,P19,
5.9 0.307 - 0.543 220105
7.6 0.623 and 0.699 P24 and P25




Table 16-1 Local Buckling Loads from Tests, FE Analysis

and API and DnV Formulation

Local Buckling Load (kips)

Specimen from Test from FEM from API from DnV
A B C D E
P5 80 74 71.62 72.51
P6 60-64 - 59-64 64.05 67.10
P7 64-69 55-60 60.13 64.34
Pg 48-34 51-53 53.33 58.07
P9 No Reading 47-51 47.84 53.94

P10 40, 65 (Fix) 47-52 44.74 51.46
P11 35-37 (Fix) 32-34 31.05 35.01
P12 42-45 (Fix) 35 31.05 35.01
P13 43-45 42-46 41.60 48.84 |
Pl4 45-50 47-50 48.36 54.09
P15 40-45 38-45 42.52 49 .43
P16 No Test 67 63.94 66.05
P17 No Test 27-30 27.76 31.93
P18 No Test 47-52 51.44 53.13
P19 No Test 40 37.69 41.04
P20 | No Test 25 24.49 28.74
P21 No Test 43-54 56.05 61.48
p22 No Test 52-58 58.11 62.93
P23 No Test 33 31.27 35.26
P24 No Test 21 1866 21.50
P25 No Test 28 25.22 18.43
P26 No Test 24.5 20.54 24.11
P27 No Test 21.32 18.66 21.90




Table 17-1 Specimens of Ref. 5 which Developed Local Buckling
Comparison of Computed Loads with Test Loads
Specimen
_ 01 02 03 05 14 18 19
Ptest[k] | 1 424 601 436 485 198 262 614
Fylsi]| 1] 357 436 366 35.9 36.0 345 59.7
Peomp [k} 1 516 683 488 612 310 297 823
Agross | 21 16.092 18.654 15.880 18.676 9.503 9.641 14.905
Anet | 3| 14573 | 15550 | 13.568 16.907 8.420 8.421 13.601
an=An/Ag 09056 | 0. %36 0.8491 0.2053 0.8860 0.8735 09125 |
PappK]| 4] 44355 | | 50836 | 38297 51717 249.70 234.06 70054
Pistyid[K]] 31 48935 | 60230 | 46988 558.75 | 29533 | 27237 | 75351
Papifk] | 3| 468.295 | 584.087 | 438308 S44.842 | 297.044 | 273120 | 724677
Pdnv 3| 486658 | 597482 | 467.143 S56.546 | 296.614 | 272505 | 730.430
Error[%] | 5 Avg. | S. Dev.
Papp| 5 4.8 -154 -12.2 1.2 26.1 -10.7 14.1 2542 | 14548
Pfst-yld | 5 154 0.2 7.8 20.2 492 40 227 17.057 15.185
Papi| 5 104 -2.8 05 17.2 50.0 42 18.0 13.046| 16.457
Pdnv | 5 14.8 -0.6 7.1 19.7 498 4.0 204 16.467| 15.461
P(Ref. 5| 5 21.7 13.6 11.9 31.6 56.6 13.4 34.0 26.121| 14.925

T From Table 3-15 of Ref. 9
2 AgrmPE(Z&Tmax)Tmax
3 Computed via program MXS for

4 Computed using Eq. 15-24, Papp=function of an

5 [%]=100(P-Ptest)/Ptost



FIGURES



A'End Corroded Specimen P1:G1
D= 10.695 in. :

30 76 .
- D BT - t= 0.385 in. |
2,‘
Specimen P3-C1
4
F
No Corrosion
D » . i Light Corrosion
7] Moderate Corrosion
j22205ed Heavy Corrosion
A,B)C,D,E,F - Possible Sections
for Subsequent
Local Buckling
Epoxied
Sleeve — Locally Buckled Section
Repair (in test C1, Ref. 3)
A Hole
B
E }  Specimen P2-C1

Figure 2-1: Specimen P1-C1 -- Map of Corrosion on Unfolded Surface of Tube.



107

12

14

18

207

; Corroded Specimen P4-C2
D= 14.06 in. '
t=0.518 in.

L=20.56 ft.

No Corrosion

. " Light Corrosion

Modercte Corrosion

Lr = g )

PaC,0A0 i
pozco2ay Heavy Corrosion
el poole ot J

1OL%a 04

(o hag
bnonnnor

A, B,C ~ Possible Sections
for Subsequent
Local Buckling

Figure 2-2: Specimen P4-C2 -- Map of Corrosion on Unfolded Surface of Tube.



—_ Spherical
i Bearing

Plan View

Spherical
T~ =7  Bearing

\

Specimen
Sicle View

Figure 4-1: End Plates and Spherical Bearings of Long-Column Specimens



a-4d _ I
aury 8] g wocu. ¥ Pyl auw 18]
st n/e emcﬁ 06 mﬂ\ UM T 6 @mcﬁ peg
BTy : ! I
0 g pu3 v pu3 e

Figure 4-2: Scheme for Labelling Reference Lines.



SPECIMEN P1-C1

zws'Au§§§g§§§%;g

3:‘ 4‘ 3 — LVDT L4
. 3
TILTN A
TILTW
—¥ — LVIT L3
A
HORIZUONTAL —Y o LVDT L2
STRAIN gage  DIALS I
CONFIGURATION
SGAL A
SGA'JO *
SGAR
EPOXY REPAIR J
by 1
GBI Y LVDT L

L4

L4V
L3E

L3W

BHE LaE

DHw L2w

LIE

Figure 4-3: Instrumentation setup for Specimen P1-C1,



SPECIMEN P4-C2

END <Bletiitiiphpresseisc
sl

F | = LVDT L4
14
TILTN - _
6175
TILT W
] g = VDT L3
61.75"
HIORIZTINTAL B B S
N g LVDT L2
61.73

Pl VDT LY

61.75"

L
90 L1
14
g _T — LWVDT L0 0 LINE 180 LINE
v
END “Arerereiirres 270 UINE
L

L4F
L4w

L3E

L

L

L

L3W
IOH L2€

o
X
o

£

1w
OF

oW

Figure 4-4: Instrumentation setup for Specimen P4-C2.



Spherical

R2
SG5

0 _
- -
SG7-- WEY
k270 ool ﬁ
;f‘\ 180 -
x.__SGr__ sGs
LVDTS

Section 2-2: Top View

‘Machine Head

Bearing

Local Buckles ——»

at Section 'E’

-]
ol

- |Buckle 1

L=4D

Buckle? Buckied

LVDT3 LVDT2
: SG3 -
f : 8G4 ____WDG
iV ! Ty AR
1 ® | Y270 90 Bl -0
— - PN
n :
—r—  End 2 =]
Sl S . Gt -
Specimen P21 LYDT4 S LYDT1

Section 1-1: Top View

Figure 4-5a: Instrumentation Setup for Specimens P2-C1.



Machine Head

Buckle 1/

|Buckie 2

R2
e
SG4
275
$G3—»§180
5 % .sGz __ s&1
4 LVDT5

Section 2-2: Top View

_Local Buckles
at Section 'F

LVDT2

1 ]
] QE) | -SG5
, i
Spherical T = -
Bearting _M S ¥
‘Specimen P3-C1 : sG8 -
L VIYTS LvioT4

Section 1-1: Top View

Figure 4-5b: Instrumentation Setup for Specimen P3-C1.



LATERAL DEFLECTION (in))

LATERAL DEFLECTION (in.)

2

OUT-OF-STRAIGHTNESS - B1-001

35

FRSRMAUNIUSE JA
W — : [ O LINE
1.5——~———EWS“¥“-TEST; j/ ﬁmauck leciA{ea
g < —
f‘*‘*’;\\
05 /r / —| PRE-TEST \\
0
-0.5
-1
0 5 10 15 20 25 30
LENGTH (ft)
Figure 4-6: Pre and Post-Test Out-of-straightness Profiles for
Specimen P1-C1, 0 degree longitudinal reference line.
2 OUT-OF-STRAIGHTNESS - P1-C1
[ 90 LINE
1.5
1
0.5 RO ‘
[PRE-TEST *\g .- Buckled Area
G \M— \Aflmwj//
»
~Lh S
;_! POST-TEST |
-1
) 5 10 15 20 25 30

LENGTH (ft)

Figure 4-7: Pre and Post-Test Out-of-straightness Profiles for
Specimen P1-C1, 90 degree lingitudinal reference line.



LATERAL DEFLECTION (in)

LATERAL DEFLECTION {in.)

V]

% POS‘T‘T‘ES"F{

OUT-OF-STRAIGHTNESS - P1-C1

.................... | S—

| 180 LINE
Brmmnssscprrrrrmmsris ot

1.5

0.5

1.5

0.5

-0.5

[ ——

-~

- Buckled Area

\

py
ay

\

PRE.TEST |

\

J/'V

A\

5 10

15

20
LENGTH (f1.)

25

30

35

Figure 4-8: Pre and Post-Test Qut-of-straightness Profiles for

Specimen P1-C1, 180 degree longitudinal reference line.

OUT-OF-STRAIGHTNESS - P1-C1

270 LINE

i,

GOST—TEST !'—“\

P

T

?xt.’_'/'

. Buckied Area:

%—@E-TEST }

5 10

15

20

25

LENGTH (ft.)

30

35

Figure 4-9: Pre and Post-Test Qut-of-straightness Profiles for

Specimen P1-C1, 270 degree longitudinal reference line.



B
2 | OUT-OF-STRAIGHTNESS - Pa.ca
> 10 LINE
£ 15
z
& 1
S [FrevesT)
Z 05 PRE-TEST [~
e i
O Ot
ik
2 s L
TI \ /
<
o1 %\«-_m_m_w/
;54 [pos*r--ms*r ]—--
-2
4] 5 10 15 20 25
LENGTH (ft)
Figure 4-10: Pre and Post-Test Out-of-straightness Profiles for .
Specimen P4-C2, 0 degree longitudinal reference line.
2.5 ] OUT-OF-STRAIGHTNESS - P4-C2 ‘i
2 1' 80 LINE
< 15
=
o 1
l_..
T o5 r——m—wy
L_Li ‘ PRE-TESY
ol /
T 05 >
EEd
- 1 %\\\’//
“1.57 I POST.TEST
]
] ; :
O 5 10 15 20 25

LENGTH (ft)

Figure 4-11: Pre and Post-Test Out-of-straightness Profiles for
Specimen P4-C2, 90 degree longitudinal reference line.



LATERAL DEFLECTION (in.)

LATERAL DEFLECTION (in.)

| OUT-OF-STRAIGHTNESS - P4-C2

> { 180 LINE

{ POST--TEST H

1.5
1 / h\\
0.5 /” { PRE-TEST \
C‘ = [y
-0.5
-1
-1.5
“o 5 10 15 20 25
LENGTH (ft.)
Figure 4-12: Pre and Post-Test Qut-of-straighiness Profiles for
Specimen P4-C2, 180 degree longitudinal reference line.
23 | cuT-OF-STRAIGHTNESS - P4-C2
,,‘ T
e POST-TEST 270 LINE
S —
1 T ~
0.5 FPRE-TEST 7
57
o N
-0.5
-1
-1.5
“o 5 10 15 20 o5

LENGTH (1t

Figure 4-13: Pre and Post-Test Out-of-straightness Profiles for
Specimen P4-C2, 270 degree longitudinal reference line.



Specimen F’2~C1ﬂ

300 }

250

200

150

NLVDT

DIAL GAG

LOAD (kips)

100+

50

g
0.00 0.05 010 0.15 .20 0.25 0.30 0.35

AXIAL SHORTENING (in.)

Figure 5-1: Specimen P2-C1 -- Average Axial Shortening.

300
Specimen P2-C1

l
EAST DIAL GAGE

/
W

0.05 0.10 0.15 0.20 0.25 0.30 0.35
AXIAL SHORTENING (in.)

Figure 5-2: Specimen P2-C1 - Axial Shortening from East and West Dial Gages.



LOAD (kips)

300

Specimen P3-C1

250

.
s |
2| F

200

DIAL GAUGES jg /!

150

100

CNALVDT

50

55
005 010 015 020 025 030 035
AXIAL SHORTENING (in.)

Figure 5-3. Specimen P3-C1 - Average Axial Shortening.



260
Specimen P1-C1
240
220 o e 7
200 4 / /
180 / Vel 7
£ .. . A
2 120 L /
S 100 L ’
/‘ S LVDT \
80 / 4 DIAL GAGE [
i
60 ){
40 o
201 //
0
O 005 01 015 02 025 03 o235 04 045 05
AXIAL SHORTENING (in.)
Figure 5-4: Specimen P1-C1 -- Axial Shortening.
1.00 .
N ﬁ/ LEVEL 2
0.75 4
LEVEL 3 / % /
\ /] P——ILEVEL 1 |_|
0.50 7 /
0.25 LEVEL 4
0.00
W E
005 LEVEL 0
-0.50
-0.75
5 F1-C1 LATERAL DISPLACEMENT
-1.00~

00075 -050 025 000 025 050  o0%5 100
Figure 5-5: Lateral Displacement at Levels O through 4 - Specimen P1-C1.



800
Specimen P4-C2

700

g i

500 -
[DIAL GAGE H—— //
400 7/
300 /[ /-\;\
—{LvDT
200- Y,

1007

LOAD (kips)

0
0 0125 025 0375 05 0625 075 0875 1 1.125 1.25

AXIAL SHORTENING (in.)
Figure 5-6: Specimen P4-C2 -- Axial Shortening.

1.50
1.25
1.00
0.75
0.50
0.25

N

N LEVEL 1

&

0001 LEVEL 2 N7 =
-0.25 4 4 Y AN
// g \ LEVEL 0

-0.50 //: — \

0.75
9 g LEVEL 3
.25+

'1.50 ¥ T ¥ ¥ T
-1.50 -1.25 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50

Figure 5-7: Lateral Displacement at Levels 0 through 4 - Specimen P4-C2,

LEVEL 4

S P4-C2 LATERAL DISPLACEMENT




Thickness, t (inches)

Thickness, t (inches)

0.50

Specimen P1-C1

0.45

¢.40

0.35

Original Thicknes

S, t=0.385 in.

X

0.30

N

L
Aﬁ
N

iy

0.25

e

T

R

el

0.20

G.15

0.10+

0.054

Specimen P1-C1
t-max =0.353in.
t-min = 0.000 in.

LY
LA

Measured Thickness

|
L

0.00
-10.0

5.0

0.0

50

10.0 15.0

Circumference (inches)

20.0

250

Figure 6-1: Thickness variation at hole for Specimen P1-C1.

0.50

Specimen C1

0.45

0.40

0.35

]

Original Thicknes

s, 1=0.385 in.

0.30

i

0.25
0.201

Measured Thickness !

0.15

G.104

0,058

Specimen C1
- max = 0.238 i,
t-min =0.100 in.

0.004—
=4

0.0

Figure 6-2: Thickness variation at Location of Local Buck

5.0

10.0

15.0 200

Circumierence {inches)

Specimen C1. (Ref. 8)

25.

o 30.0

35.0

ling.



Distance to 'A’ End (in.)

Average Thickness = 0.163 inches
Thickness Ranges from 0 to 0.334 inches

W\/__T

A Cross Section through Hole A

Figure 6-3: Specimen P1-C1 -- Contour Plot, Isometric View, and Cross Section
of Thickness Variation at Location of Hole.



Distance to 'A’ End (in.)

Specimen C1 First Buckle

11 13 15 17 19 2
Circumference (in.)

Area of Initial Local Buckling

Minimum Thickness: 0.100 in.
Average Thickness: 0.121 in.

[

A Thickness at Buckie A

\ o

Figure 6-4: Specimen C1 -- Contour Plot, Isometric View, and Cross Section of
Thickness Variation at Location of Local Buckles. (Ref. 8)



0.5
] l l | Specimen P2-C1
+ | Original Thickness, t=0.385 in. >
0.4
0.3 r
0.2
i} Measured Thickness
0.1
Specimen P2-C1
4 tmax = 0.382 in.
t-min = 0.182 in.
G 3 T T
-15 -10 -5 0 5 10 15 20 25

Circumference (inches)

Figure 6-5: Thickness Variation at Section without Buckles
Specimen P2-C1.



0.5 ; -
el ] ' | Specimen P2-C1
41 Original Thickness, t=0.385 in.
0.4 ;
2 o3
”;;_ N
b
£ 02
L2
L2
= "
0.1 Measured Thickness 1
" | Specimen P2-C1
1 tmax = 0.376 in.
t-min = 0.162 in.
o T y
-25 -20 -15 -10 -5 O 5 10 15
Circumference (inches)
Figure 6-6: Thickness Variation at Location of Buckle 1 (25 in. from
End'A’) -- Specimen P2-C1.
0-5 I 3 ’ l Specimen P2-C1
4| Original Thickness, t=0.385 in.
0.4 >
:g 4
2 o3 ’
‘% -
5]
£ oz
&2
i -
o1 Measured Thickness |
" | Specimen P2-C1
trnax = 0.375 in.
| Bmin = 0.151 in.

O
-25 -20 -15 -10 -5 g 5 10 15
Circumference (inches)

Figure 6-7: Thickness Variation at Location of Buckle 2 (24 in. from
End’A") -- Specimen P2-C1.



Thickness, t (inches)

0.5
i ‘ 3 f | Specimen P2-C1
41 Original Thickness, t=0.385 in.
04 /
0.3
0.2
0.1 Specimen P2-C1 \—Measured Thickness
1 t-max=0.370 in.
0 t-min =0.152 in.
25 20 -5 -10 -5 0 5 10

Circumference (inches)

15

Figure 6-8: Thickness Variation at Location of Buckle 3 (22.5 in. from
End’A’) -- Specimen P2-C1.



£
@
0
&
o
D
£
5
£
()

N

Buckle 2\ \

<L (g o ey o o
R EAL oy o £ b Ry o

(‘un) v, puz woy soueysigy

Figure 6-9: Location of Buckles 1, 2and 3 for Specimen P2-C1.



(&

it

=

)V, pug woy soueisiq

~0

Circumference (in.)

Buckle 1 for Specimen P2-C1

0.205 inches

Average Thickness

Thickness Ranges from 0.141 to 0.348 inches

Figure 6-10: Thickness Variation in the Area of Buckle 1 -- Specimen P2-C1.



v w\ \\ \:4&1!

VA

0.167 inches

Circumference (in.)

Thickness Ranges from 0.126 to 0.235 inches

Buckle 2 for Specimen P2-C1

Average Thickness

|

..
D

RPN o SNP
Tl

- =
e ¥

Af

Figure 6-11: Thickness Variation in the Area of Buckle 2 -- Specimen P2-C1,

& 08 8 08 Iy 5 oy o
("u) v, puz woy sourssiq



e < I~ g
3 o g I

(w) v, pu3 wouy souejsig

M3
™

1

pecimean P2-

e 3 for Spec

{

Buck

1]
@
£
5]
£
-
D
N
0

o
o O
25
&
%)
pandi
ao
o £
T
e
2 v
o @
e O
X =2
o O
=
o
& g
an
PRl 4
o .2
=
L=

iation in the Area of Buckle 3 - Specimen P2-C1.

. Thickness Var

Figure 6-12



0.5

- 5 , | f ,i Specimen P3-C1
4 | Original Thickness, t=0.385 in.
0.4
,g .
o
e 03
%ﬁ .
@
g 02
E i ———-LMeasured Thickness
Specimen P3-C1
t-max = 0.378 in.
tmin = 0.190 in.
O 1 1 T

-20

-15 -10 -5 0

5 10 15

Circumference (inches)

Figure 6-13:Thickness Variation at Location without Buckling

(67 in. from End A)

-- Specimen P3-C1.

20



25

0.5
I ! f | Specimen P3-C1
4 | Original Thickness, t=0.385 in.
0.4 : ;
— | ‘.ﬁﬂa
g £y 7
% 4
[eh)
£ 02
“
o
}....m =
Measured Thickness
0.17 Specimen P3-C1
i t-max = 0.371 in.
t-rnin = 0.111 in. e
0 . "
-15 -10 -5 0 5 10 15 20
Circumference (inches)
Figure 6-14: Thickness Variation at Location of Buckle 1 {25 in. from
End 'A’) -- Specimen P3-C1.
0.5
l ! l f | Specimen P3-C1
. Original Thickness, t=0.385 in.
0.4-
p— el
(4]
(23
S
2 03
@©
£ 02
g
L
= X
0.1 N Measured Thickness
T Specimen P3-C1
max = 0.3680 in.
min = 0,144 in.
{} T
-16 -12 -8 -3 O 4 8 12 16 20

Circumference (inches)

Figure 6-15: Thickness Variation at Location of Buckle 2 (22 in. from

End A’} -- Specimen P3-C1.
95



A (in.)

ADistance from End

asured:

[
i

£
i

I}
i

hg
[

.

P g Gl T Dihs sl e

. B ckifé;j fé

Circumference (in.)

Figure 6-16: Location of Local Buckles 1 and 2 for Specimen P3-C1.



i
1

£l
&

Not Measured:

E

il
f

(in.)
f}%

N

)

ki
i

fJ
b

Distance from End 'A’
-
I

Specimen P3-C1 -- Buckle 1

Average Thickness = 0.197 inches
Thickness Ranges from 0.110 16 0.269 inches

A A
Figure 6-17: Thickness Variation in the Area of Buckle 1 -- (Specimen P3-C1).




{

N mw.v
- % el N o
N

=

Circumfer@nc‘,é (in.)

T

T

)

RN G A v B
T L T Y A

(u) v, pug wouy soursiq

N

’ <
i

// ..... 3

L

,,
0

G I
® on
is P

=z

\

N
A
A

\

W

Buckle 2

/,///0
0

/

Specimen P3-C1 --

—
e
b Y
-~ b
T
=~
-

A

Figure 8-18: Thickness Variation in the Area of Buckle 2 -- (Specimen P3-C1}

208 inchas

=0

Thickness Ranges from 0.142 to 0.286 inches

Average Thickness

A:



0.60
0.55
0.50
0.45 : Original Thickness, t=0.518 in.
0.40 !
0.35 _ '
0.30

\

0.25 q
Z 0.0 ——— Measured Thickness

Specimen P4-C2

hes)

nc

Thickness (

0.15
0.107 Specimen P4-C2
0.05- t»mgx:0.88§in.
t-min =0.284 in. -
0.00 . [
00 50 100 150 200 250 300 350 400 450
Circumference (inches)

Figure 6-19: Uniform Thickness Variation Around Circumference (4 in. from
End'A") -- Specimen P4-C2.




Fig. 7-1 Layout of Specimen P2PS [1] for Specimens P5 to P8

End A

PgY 27

End B’

Fig. 7-2 Layout of Stub-Column P2PS-8C [1}for Specimen Pg



_ 12-1/2
Specimen P11

-
e

» | & |

Specimen P10

------- g End A’ J .1
Fig. 7-3 Layout of Specimen P5 for Specimens P10 and P11

Specimen P13

-
T e "

» | = |

Specimen P12 | 12-1/2

Fig. 7-4 Layout of Specimen P6 for Specimens P12 and P13



N <GP

, 12-1/2t
Specimen P15 ]

T e s e

Specimen P14 10-1/2%

A _Enaa J)

Fig. 7-6 Layout of Specimen P7 for Specimens P14 and P15



T

i

H

|

t

;

i

|

|

!

WWE
S
S SE E NE N NW W SwW S
i n ;
{ | H f
| | ;
! ; i i
i i | |
{ I i !
! | | ;
| { { |
i : i i
[ 1 a I
i g | !
j | o i i
; i 45] H i
D) I ([

| - | i
I i i !
; | = ; j
' j | !
i ; | i
1 H i }
i i I !
i ! 1 i
! % {
! H { f
; ! z

S SE E NE N NW W sw 3
Note! SE, NE, NW, SW used for Specimen Pg onfy.

Fig. 7-6 Location of Longitudinal Reference Lines, Overall and Unfolded Views



/- Specimen

A

Center Lathe
Support —

/

1

/0 Wood Block
Large [ T
Wooden<
Wedges e Aluminum

A\l Plate

1

A

I} Center

o

Aluminum Q
\_Plate

Fig. 7-7 Arrangement for Milling Specimen Ends



\——\/
— Measured Offset
ol

Specimen r—Depth Micrometer

%

Circular Steel Pedestal

Fig. 8-1 Measurement of Diameter--
Pedestal Method Using Depth Micrometer

[

Specimen

Dial Gage Rig
0.5 in.

Circular Steel Pedestal

(- Movable

Magnetic Base
Fig. 8-2 Measurement of Diameter --

Pedestal Method Using the Dial Gage Rig



\ Straight Edge

/ \ Spacers/

Fig. 8-3 Measurement of Out-of-Straightness Using Feeler Gage

Feeler Gage

60 1 ; | T 1 I
1 I [ ! :
i | D =5.502 in.
; l i
i l {
L e - B B e B s, o it SEEEE
O~ r === =5394 0N, [m - e e e e
! t :
Y ! | ; !
o ' i l [
x | ( x |
A f - t———— e ——— e e — f— pr—— -
2 ! s f | f [
S ! | ! i t f
o : ! I { P |
i { ! I [ [
P e e Fom e e e R p o e 4
[ ! ' [ i f
| x i i f '
! | I ! I t
; ! [ I ! [
10— — oo o e S Bl s o o e e e e e — e
© ! i ! i | !
| i i z ‘ !
s i ! i i
: ! [
o ﬁ ; : z s s
0 a0t .02 0.03 G.04 0.05 0.06 0.07

Axial Shortening (in.}

Fig. 8-4 Load-Displacement of Specimen P13 with Different Diameters



Specimen
\ ‘ |~ Scuth Reference Line

Corrosion Patch 4\

V{L
A A &
B*—i A '>
P “~ | N T Iy
o S ST A e e e T E 7777
f } i
4 i e < o ol =
! e _d I vy " |~
.i\ ——— 1~ | ‘.- - s / '
B«i a
= -t
- : L]
Unfolded Circumference : B-B
e AR i
w/2 a w/2
R S, -
: : o ¢ '
¥ ?‘
g} ;f N v .
c_ &
A - A

Fig. 9-2 Layout of Corrosion Patch Including Dimensional Parameters



N ——
Dial —
Gage—, /“\\\
74 / ;\s
/f Vi
Large )
i 4
Angte\ ‘\K\ f// g;::;ared
Specimen -
\';
A

? \eié‘/ f;
1,

A

v~ Dial Gage

'\ Fixture "““‘1

\ \\
|

L
j Corrosion
/ Pailch

C-clamp /

Small ’
Angle —

/

A-A

Fig. 9-3 Frontal and Cross-Sectional Views of the Angle Tool



C-clamps—

\ r—Cross-bar
\ /
| . /
Sl TS O N
| |
E 3 fromtisspns — i

Pivot Bar *\

Cutside Arm \

N /~ Inside Arm

- Inside tip

Dial Gage\

e

Dial Gage tip M?”f;?fﬁéiz

Fig. 9-4 The Fork Tool



Function

— Keys

/

f
Monitor ~—

Corrosion
Patch

Transducer

Fig. 9-5 Ultrasonic Equipment



Main Patch— Patch Layout Lines

&
L]
[ ]

.-

1-inch Grid-/ \
“— Center Punch Points

Fig. 9-6 Patch Layout Lines with 1-inch Grid and Center Punch Points

Initial Grind Zones

Grinding —
Stone

Fig. 8-7 Initial Grind Zones and Grinding Stone



Bearing Surface—\

Contact %
: interface — '

1
| \
| \
i
|

Fig. 10-1 Cross Section of Spherical Bearing
Showing Spherical Contact Surfaces

Spherical
/ Bearing

O

Centering
Blocks

8 ~
Corrosion Patch

at Mid-Length

Fig. 10-2 Plan View of Spherical Bearing



Aluminum F::}i{-/

Aluminum Foif\

7x7x1 in. Square Plate

Specimen

(a) Top Bearing for Fixed-End Tests

G

Specimen

e
et

Pastic Sé’leets—fE

6 in. Dia. x 2 in. Plate

{b) Bottom Bearing for Fixed-End Tests

Fig. 10-3 Fixed-End Bearing Fixtures

Plastic Sheets——z

ol




Hydz‘ostoﬁé ~

Machine Flat Plate

Cylindrical | 7X7x1 in. Square Plate Dy
Bearing Bar e - Plastic
; / "“R\ Sheets

E 7X7x1 in. Square Plate . Epoxy

Aluminum Fo%f/ -

Specimen

(a) Top Bearing for Cylindrical Bearing Tests

Centering
Blocks

Specimen

Aluminum Foil

|
Cylindrical 6in. Dia. x 2 in. PV Epoxy
Bearing Bar— L __A—— |
; 11x11x2 in. Square Plate ‘
; ;

(b} Bottom Bearing for Cylindricai Bearing Tests

Fig. 10-4 Cylindrical Bearing Fixtures



4 ‘ Location of Strain Gages
Viewed from End B
B | A @9
Corrosion Patch— | 5 | -G10 G8
b v G6
Lol [ G ';.?
G—1 , | ¢ o
G5 D a5 G5
G4N‘ i Iwwy:,mm.____m. F—
T G4 G2
o Y M}; 61
End A
Specimen A B C o) E
PS5 28 14 275 5.75 5.5
P6 28 14 275 5.75 5.5
P7 28 14 2.75 575 55
P8 28 See Figure 10-6
P9 27 See Figure 10-7
P10 12.5 6.25 1.6875 | 3.3125 | 1.25
P11 12.5 6.25 1.6875 | 3.3125 | 1.25
P12 12.5 6.25 2.0625 | 29375 | 1.25
P13 12.5 6.25 1.6875 | 3.3125 | 1.25
P14 2.5 8.25 1.625 | 3.3750  1.25
P15 12.5 6.25 1.625 | 3.3750 . 1.25

Fig. 10-5 Strain Gage Layout for Specimens P5 to P7 and P10to P15
(All Dimensions are in Inches)



Location of Strain Gages

End B B T Viewed from End B
5-1/2 S
G15 Tl

Corrosion Patch 4+ j _ G15

a1 \ 8-1/2 28 a3
RN A | G14 G12
H}.} by G10
GQ_‘—\“*. tz_M _ ,,W_M,,,,,_.M,y,m.__gii_,.ww,_

32-1/2 G7

1 AT ‘. G9
G5 4 -G8 G6

R e T
e O

End A

G1

Fig. 10-6 Strain Gage Layout for Specimen P8

Location of Strain Gages

End B Viewed from End B
mr Y
a1 5172, a3
~h, {r W{_,M,ﬁ,h__ e G14 G12
Corrosion Patch A i |
81/ 28 G9 G11

67\\ oo -610068

{:ﬁ?“‘—‘”/ 5"?;{2 o G4 G2

= X
Fig. 10-7 Strain Gage Layout for Specimen Pg



! Dial Gage MN
; {on machine)
Specimen
Plastic North Side

Bracket 7 | Dial Gage SN
o {on specimen)
L -

Epoxy

Specimen «\1‘

|
|
\

Centering
Blocks

Epoxy
Corrosion Patch
at mid-length

Dial Gage SS
(on specimen)

] .
g@ l Dial Gagg MS
{on machine)

& e

Specimen
South Side

Fig. 10-8 Plan View of Test Setup Showing Dial Gage Locations



EndB

- 1-5/8 inch
Bracket

Aluminum i
Foil 1 1 ,
\(Connecting
Wire
T
Corrosion f
Patch -l.(

H

Dial Gage MN-~__ | f
|

f

i

o Dial Gage MS
&
1/2 inch Dial
;/ Gage Rod

7/8 inch
Plastic Bracket—
| Centering .
Dial Gage SN T\ Blocks i—Dial Gage SS
! Dial Gage
f i—Weight
L Magnet

End A

Fig. 10-9 Test Setup for Specimens P5 to Pg
{Spherical Bearing Fixtures)



End B

|

T g
i J/’ 3 Fixed Beiﬁng - ] T~ Magnet
Hydrostone _— = =
and Plastic — \ 3\\ 1-5/8 in.
Bracket
7 in. Sqare
Aluminum Steel Plate —— Connecting
Foil Wire
Corrosion
Patch
7/8 in. — Dial Gage SS
Plastic Bracket‘“wmh\ '
Dial Gage MN~__ | _Dial Gage MS
. ! b F
Dial Gage SN - ‘ B) {l’ |8 1/2in. Dial
Hydrostone i PyT—— L / Gage Rod
and Plastic " in. Uiameter i Magnet
Steel Plate / g

End A

Fig. 10-10 Test Setup for Specimens P10to P12
{Fixed-End Bearing Fixtures)




End B

, [ FlatPlate e~
o o E?:?g?xi in. Square Platg ki Magnet
ydrostone | — N— -=Cylindrical
and Plastic ; ( /x7x1 in. Square Platg | Bearing Bar
| ? ’ ' 158 1n,
! | j Bracket
:“‘““M Connecting
iE ; Wire
Corrosion |
Patch —uf |
I Dial Gage 88
;
Dial Gage SN /Dial Gage MS

Dial Gage MN\ :

1/2 in. Dia}
|+« Gage Rod

— |l

! i Magnet
[

End A

Fig. 16-11 Test Setup for Specimens P13 to P15
{Cylindrical Bearing Fixtures)




2000

(sdy) peoy

] i Tl t I ] I {
i i 1wl | ! [ t
! | 1jan] | 1 i |
} i il 1 i i i
I o i m | ; |
i } 1T ED f 1 ! i
It - I R SR R
i 1 !
B SONEE- N j : u | T
i 1S {9 i i i
g N
i {4 P
i i~ i b
- mifE_}WUW..HtIlT o
T 1 |8 T H
| i I o
T4 I £
1 i i @
ol el _ L
i c | 1 2
! "o i w et
=18~ r> g~ T S 2
i ol | i § I i T E
] w i i i f i el
! I_L ! } | I } £
i ! i 1 i i | )
i i | i { i ! | +
i ] | ) i i I ] MS
b Einhar aal AEl Rl B T S R S
i f W o 1 ] i ! o
! i ijc i i [ i
i i P i i | !
i i .m | ! i i
i " } ] i |
i T m ] i t !
I kot > ) S WU TSN SN SO £
1 1l og i ] [ t
i i 19 i i | i !
i t i ! 1 |
i i ! i 1 | {
! | i } i i i
} 1 ] i f i i
} | } } } } } } m
8 R 8 8 8§ 8 8§ @ o

" Specimen P5 ]~

SO S

f
I
I
I
1

bk STSEER: U I

0.07

80
B0+ — = e

Figure 11-1 Strain in Corrosion Patch (Gage 7) for Specimens P5 and P5a

j
!
|
|
i
|

R

|
]
!
H
H
3

Axial Shortening (in.)
Figure 11-2 Load-Shortening for Specimens P5 and P5a



0.03

0.02

! ] i ! | i i
! ! ! i i t
o ) i i i I ! ‘
o
T T T T T T 1 % [ U ¢ I i i I H
I ! 1 i i I | ] € ! | i f ! |
c
| i 1 i f ! I @ SR ! ! ! ! !
W i i | | [ ! £ ML b T N 1 - X
11 ] f | i ! i 'S ' i !
LR Y ! I ! ! [ ] 8 g \ !
e _;:f,_f,fmr;:wr;rr::xrlzlrlsl
- 1 i 1 | i g w
X i i ] | | 5
' i f i t w
\
] | i N HER-——m e s
i ]
o) © [}
i
e N " S5 2 ||E
= i } f f i t M~ & Q
o I i i i i ! _ g = .,m.
Al i ; i i _ ] =
ﬂ% | U ! ! ! i g 2 ||le
A P i : I ] e K 0
g~ S h- s R SN S o .8 o
i | i i ! c @
£ g E 2
B 1] Sk | i - 9 o
Wi 1 my ! ! £ g £
Wt s e of £ |51
& & JET?!.IT!i -
N i | ! I N | = 'S
T A -l |
f i i ' -
| i ‘ i ] i | = M “ m_ _m
i — } _ I o L
Y = ] ! i
Rl L LBl Sel _
_ e ] cl & S S B L
P e e fe -+ e e e - f [43) o [ap] o
I I i i t { Y Y @ i i i i f
CLEPY S i _ ! q i i
T R P13 SUEl 0
i)
j ! [ j I i ol a 218! ! f ; m_ _m m
i ! i ! { t 1 e % mu ol | 4 ] |
e 8 @ [Pl b L
o e [ [ o ] o 03 £ 1 T T H —
r~ @D B ~f 135] 5y - ! 2 g2 3 2 W & % & “
(sdny) peon

(sdiy) peon

0.
oad-Shortening for Specimen Ps

Axial Shortening (in.)

Figure 11-4 L



Estimated Strain

-500 0

- 1000

H

- 1500

T

2000
Strain (microstrains)

1

- 2500

- 3000

t
|
|
fan}
4
{sdpy) peo

10 4~~~

- 3500

500

Figure 11-5 Strain in Corrosion Patch (Gage 7) for Specimen P7

0.09

N

| |
A . &
X S
i
i
- b 5
<
s
L
5
HEfd - L 8
[13)
e <O
8
L& R::
o [a]
s
H 5 8
m [
£
W o
L S
fu]
~Lo L5
o P
o
£
.m...w iiiii 10
O i ] i
ol | f I
G | 5
I fon]
&4 .
8 R 3 <) o%

Shortening (in.)

]

Axia

-6 Load-Shortening for Specimen P7

Figure 11



H

25000

Specimen P8

70

30000

15000 20000

10000
Strain (microstrains)

Figure 11-7 Strain in Corrosion Patch (Gage 11) for Specimen P8

5000

0

- 5000

11 Exitmated Axial
| Displacement

t

(S
i
H
I
U R
H
i
H
i
i

!
H
§
g
i
i
|
i
F

003 004 005 006 007 008 0.09

0.02

!

Axia
Figure 11-8 Load-Shortening for Specimen P8

Shortening (in.)



PR 3

Specimen P9

70

1 T

1 i

i i

I !

i {
| Ry e R

1 !

i !

I t
SOUUERER SN NS |

i i

I I

i i

I !
SN IS S |

: 1

I i

i !

i I
il oo IS S

! !

i i

] I

i i
D e T SR P Sy
| A S bl bl
<

7000

5000 6000

1000 2000 3000 4000

0

- 1000

Strain (microstrains)
Figure 11-9 Strain in Corrosion Patch (Gage 7} for Specimen P9

bR PV AN S

Rt S
1}
!
i

0015 002 0025 003 0035 004

ortening (in.)

D TTH Ny 1
|
i
i
= e e e T .
}
[
! -
e b e e N 2
§ ! o
t i i
1 } }
S e T 18
| i i ©
i M I !
1 i i 1
g T YT e T T e e e €
p i i
5 i i
£ t ] m
S0 ahnl ;LT REPE SN, SRS TR ST §
bt . ! | @
. | I i
o i } i g
| | ] O
o
R 8 9 8 & @ o

Axial Sh
Figure 11-10 Load-Shortening for Specimen P9



Specimen P10

T
I

Local Buckiing

[
I
[
T
!
i
I
P
i
i
L
i
i
i
{
<1500

e o e e

-500

-1000

-2000

80

7O m == e

30_..,._‘..............,.................

(sdny) proT

20.._._..___.._....

0= ======

-2500

Strain (microstrains)
Figure 11-11 Strain in Corrosion Patch (Gage 7) for Specimen P10

Specimen P10

s it ey e o e e o e s e o e

}
i
!
;
i
I
|

T

0.15

TR ST

H

01
Axial Shortening (in.)

Figure 11-12 Load-Shortening for Specimen P10

e e e v v o ool e s e ot o s

0.25

0.2



Specimen P11

{

}

e

F

[ o I TSI S

!
!
|
i
i i
]
I
!
;

T T T =

i

i

|
600

P e e e e e e st e v

400

200

-400

Strain (microstrains)
-13 Strain in Corrosion Patch (Gage 7) for Specimen P11

H

1000  -800

70

B0~ == =t~ ———

~1200

0

Figure 11

LSpecimen P11

0.14

i !
} i
| }
! i
H i
!

0.12

0.06 0.08 0.1

Axial Shortening (in.)
14 Load-Shortening for Specimen P11

0.04

(sdny) peon

Figure 11



T NG S §

T

200

-400

t 1

i ]

i 1
R S 4 0 S EUN I

_ i _ ] ]

i i ] !
_ i i ' t
2% i i [
e T =t
L. { i i ! i
[ f i H f i
@ i ! } | 1
Eb—deeey + e e
g | ) | | _ m

i

o

i } i ! _ i
wl | ke 4 i ;
R 8 8 € 8 § o 3o

(sdny) peo

0

-600

000 -800

Strain (microstrains)
-15 Strain in Corrosion Paich (Gage 7) for Specimen P12

-1600 -1400 -1200 -1

-2000 -1800

Figure 11

Specimen P12

0.12 0.14

0.08 0.1

Axial Shortening (in.)
Figure 11-16 Load-Shortening for Specimen P12

0.06

0.04

(sdny) peoT




!
|
J
|
|
i !

iiiii R e Aalaty e S §
t
] | | ” -
i i ~ I
i ! | |
i i i |
i i f |
SN 3 TS S AR SR
7 I T -7 Elﬂiit;-m
! i ! | |
i | _ ; i
i ] ! i i
] ! | I i
] i ! _ i
] I v ] i i o
R 2 | e Rt -T
to] 2k m
] } % 1 t
! 1 |
1S !
] flmh _
T Ry I
St £ o W luh BB B (R W
i &l { ¢
bofed i ]
i ' [
i ] |
o | i t
i i i }
O L —_—— iit:-W
m “ I i -
! [ i
El { | !
% m m { H |
| i |
%. | t _ i | !
| i i i g i m
T 8 8 8 8 & g ov

1500

Strain (microstrains)
Figure 11-17 8train in Corrosion Patch (Gage 7) for Specimen P13

Specimen P13

e et e o o s e o e e o e

- o e

70

(sdpy) peon

I
i
H
i
-
1
f
!
+

!
i
i
i
¥

0.1

H
i
i
1
T

0.06

Axial Shortening (in.)
Figure 11-18 Load-Shortening for Specimen P13

T

0.04

0.02

0.08




1500

i

I

{
R —

[

!

!

!
e

!

|

I

!

1000

- e e

!

!

i
A

i

i

i

i
-

|

i

[

}
500

O
Strain (microstrains)

0.08

I e bt
H
!
|

0.06

+—'——M‘—‘n—
i
f
|
-500
0.04

Figure 11-19 Strain in Corrosion Patch (Gage 7) for Specimen P14
i
1
I
i

!

}

[

|
< ! <
™ i k
{5 T WY A + -W o,
o t i | i - c
[ i ] i i 1 @
Ei f I i | £
o I | ] i ] i S
]
ol | m ! h ” h a
@B | | ] i i i m w0

R 8 8 2 8 8§ & &2 Q & °

(sdpy) peoy (sdpy) peo

0.12

0.1

Axial Shortening (in.)
Figure 11-20 Load-Shortening for Specimen P14



jn]
o -
0 | m ! M i 0 | “ _ _ i o
m I | i | | | |
wm, i i | | i 2 W ! i | m i
0 T S N N ] A R S I e
m c mxif - e e T A i L
£ | K m | s | £ r r T &
I ok i I
g m i m | . 2 B2 _ !
A + T T T -3 o | | i
| f I ' Q I i i o
i [ ' D e B e o Rt NSRS Rk
: ! I S ! i { ! ©
I ! i = t I I !
! I - i _ | f
! | Ry | i | _
i I o B i ] Bt
L L ,m.m o i ] t i <
i I -~ &8 @ [ I i i
f i s = | I ! [
t S = i ! I j
h 5 m L ! ! i i x
3= [ A med e S gr o o -
i Ea g [ ! i o
I c I J ! i
m,m 2 ! i i |
iiiii 3 = % | i i H %
i ! THh £ e e e ] L O
! t i S i ! i i o
i I { i O I i i i
! i I | pet | I f i
i | i i = | I i |
] ! ! i o SRS WU RS UV S -
; i ! t o [ T T T nd
1 t f _ - I i ! ~
- | Shaaethats thbblts s m 0 f f M !
| ! i ! ! b _ ;
i i I ! t &N | } N
i | | t ot x e =
" _ | i i - “ ©
| I i | ] |
i ] i j i e w
! ; : m ! o w
i m i i i m H
R H
3 8 3 8 a o o8

(sdiy) peo

Shortening (in.)
-Shortening for Specimen P15

Axial

Figure 11-22 Load



2500

2000

1500
Axial Shortening fin./1 0000)
2-1 Specimen P6 -- Dial Gages

1000

500

i i

0

I
{
!
|
]
o o
—

80
704 e
B0 + —

50 4~ B ]
40 4~

30 4+

20 +

3000

Fig. 1

|
2000 2500 3000

1500

1000
Strain (microstrains)

-2 Specimen P6 -- Strain Gages 1104

{

f

:
500

Gage 1

I
]
¢
I R
t

i
!
i
T
i
1

0

80

704 -

B0 -~ ~—
50 -~
40 f -~

(sdy) peoT

Fig. 12



2000

o
S
T H Y T H H ¥ G
§ ! i i I ; f =
} i ! | i : _ M
i I i i I i [
| | I i , _ i L3
i | { I w1 H | © 8t
| i i i | i m -
zl;ovfzz: Lo __il&li . 18 @® o
N T ™ &l ¥ W t N @ Q
P A ! RYGIR ! _ T oo 3
R W P et i ! P ht
| /+. S I ! ! ! @
| ~ N [ | ! I &2 s
! N W AV w ! * —~ 8 F &
i ™ S i ! i o2 O &
IR SO R . N R et SR NN & - £ Ry~
T NV R % = 3
ot
| i i f J,.JT, ! i o w I 3
LY
! | ! oS I g !
H i .‘I.f.f f £ o "
LY — 2
A oL ¢ g
- 85 &
E £ o
,,,,, N =
%] s
bis) -
w a &
H o
i ,
| | 7
A I R B et e e < o
u ; i )
j ; i | o
) ' i | T O 4o/ S SN FU SO -
t _ i u _ :
i | i m | ;
_ | f I * _ o j
| | | i | | 1 s) |
¥ 1 ¥ 1 1 1 7 ms
o o o o o o o o o o
& ~ ) B 1 & &N - o

Strain (microstrains)
Fig. 12-4 Specimen P6 -- Strain Gages 7 to 10



r
i,
B

e e e e T e

*I%l*.%t*i*i*!**f.%!
!

/10000)
- Dial Gages

Axial Shortening (in

Fig. 12-5 Specimen P10

.rmm,,ﬂ.f“[fﬁ
fo
f
|
t
1
e
!
i
I
i

P
%?ﬁ
P,

[

i

TN e w

e o e e
4.........&: !

~iGage 3 ~ ==

MI!IF

=

i

z

|
6000

I
i
|
3
{
|
H
|
i
2000
Strain (mic

Fig. 12-6 Specimen P10 --

7
i
!
L
i
£
1000

U
??
3000 4000

5000

rostrains)

Strain Gages 1 to 4



t 1 ¢ ! I
} ] i i ]
f i ; | !
f ] i | i
o} i | ! I
*«/ H ] 1 }
Ilu:l_l»ﬁiimi.;?;mfflhlllmlii
oYy } | }
I .| i i f
I f f ! i
! ! | { !
b Bl i ,
& ! ! ™ | !
B a;f%;.;t;.luu*iii
N | T e
\ ] { 1 ~4
\i i 1 1 p~
LU A
i ©
~
! - i }
) +i j R
- e Mgy — e
i { . i @
[ | I N I
] 1 i g ;
} i i |
i ! ! PR
t } | [
N .;— e ;....w [ —
|
i
f

R R

2500

1500

1000

Strain (microstrains)

Fig. 12-7 Specimen P10 --

500

Strain Gages 5 and 6

i ! i i ! | i
w* | i ! | ” )
t | i ] | ! |
I S T TR SN IS SR S O
? " u M i f ! 1
; ; _ i j
am_ i i ; _ _ i
% _ | j m | | |
S e R B S S e
o i m ; ! 1 M
Pl L
T [T T S Sy -5 S E I
vl | i f o m :
QJw I f f & ! :
3 f i i T M ;
R 15 W DU SURUU NS T A 5% | S N
%n i i i ) | i
I PV _ ! | ;
i I e el el R S S
i I ; |
v vou Mﬁr|4;;aﬂ:e;ﬁtlnﬁizgs
|
N e R e
L_,w e w et b s ks o e
| L
&
_ i ] t I
| ] “ & |
l|x¢311@§zrw i@ IET;;Lf
o) ,
%&fg%§§;% - w | !
i oo 5 i%pe

IL “ B

| I " , _ [
A L
i lfiTl:Lt i
At e o T e e
'

| ]

%
T §

2000 4000 6000 8000

¥

10000 12000 14000 16000 18000 20000

Strain {microstrains)
Fig. 12-8 Specimen P10 -- Strain Gages 7 to 10

i

i
i
}

¢
:
3
T

i
i
i
¥

[
|
]

(sdny) peor

0



6000

, _ ! | _ I 1 } i { i i
[ | B ROVAT PR NPV DERI ! Lol i } i
- t!*. - - —
G SRS SEEE B SR S EE S = I A R S T
f i i | i | f .m« _ i ; ok, K
i 1 i 1 1 i NPV AU NI DR W ST S - §
- l....la....... - ol e e o s - .W Iw “E M Wr fm
r+&m... R L pas o EEME &ﬂdﬁlﬁﬂzz 1 i " i -
i ! 1 ! f ! % i | m
| ,v, 1! . me . % . ,% % Sy | ! _
@m o~ z,% [ R g, [ I R TR g 3 g~ ;wfﬂﬂ www 1 [, - ] i
g K ! I _ | ! g L___1 it |
i, - T L T N e e e =
AT o SO U P PP ) s e i
Therod SN SRS SO £ =4 R i : TR ok
T L%f@ ISV SO Revi TETE Eh dr m% & mﬁ | ! ¥ ,
i | ] | i ] S T b\‘ e, | | t PR
; 1 ! i i ] — I " G v G mor o e s
t ! bl —a——>8 = 0O | [0] el I
! ! { } i ZoF el T T
f ! t } f o O il A& | |
2 ’
[ ! f ! ! m € &~ ||l@l T I [
Siiinds dhatabade B Aehebt A S Al et of < =22 8 rs ] i ] 1 ,
1 ! ! | I De c Py ] } i ; 1
i I | i £ o e | | ! t |
1 1 i © E Pt T e e e
! 1 i %u S { i Fiol ! | |
! i I YD 1 ] 1] ool i i
i j t s o | R B ! i
o e e e LS W I NG [ f
~ N g | i _ 1 !
, D e o s St T T R S WA S S ,,m
1 — | 1 &
I . ! i
i 2 !
i i }
o 1IN i m ; R ©
SN i _ [ ] i
ol | ! ! t _ !
O 1 1 } ! i
1 i 1 i _ !
] o { ; } } | ; M
> &
R 8 B 8% 8 & e © = 8 B g8 & 2 ©°f
(sdpy) peo

(sdny) peo

12000

Strain (microstrains)
Fig. 12-10 Specimen P13 -- Strain Gages 110 4



2500

W SR
7

H

!

A

{

H

I
2000

/

1500

}
|
i
RO
|
i
!
;
o e
H
f
i
i
EH

|
i
4
H
|
H
¥
T
f
I
H
i
1000
Strain (microstrains)

-11 Specimen P13 -- Strain Gages 5 and 6

0

-500

(sdif) peoT

Fig. 12

25000

J
H
{
i

15000 20000

Strain (microstrains)
-12 Specimen P13 -- Strain Gages 7 to 10

10000

5000

(sdiy) peoy

Fig. 12



/////////////////////

A:ill.ls!....f..qslwr..l....’i!flls.lf_

Fig. 13-1 Typical FE Model for Specimens P5 to P9
iL.oad

K/////////
5 , R
. : , .
EJ::::::: 1171177
yyyyi [ 177777777777 Ll 77777
3 2
g g
& g
|5 S
L 1]

Fig. 13-2 Typical FE Mode! for Specimens P10 to P15



Load

-

Node used to .
apply displacement —/

L

Beam-Column

Elements ®
\ Central Node for Connecting
the Beam-Column Elements

to the Shell Elements

SN

¢ ™ .

)

Shell Eiements\\ >< '
A

—

\\\ M_M.//>< \
I ]

RS N ey ;

. > _'_

VAV

INAVAY

ANAN

\

\

Fig. 13-3 Typical FE Model for a Combined Specimen



M
R,
L

I
H
I
I
H
;
|
|
i

Sinusoidal
Region

Constant-Thickness  Sinusoidal
Region Region

Fig. 13-4 Unfolded View of Corrosion Patch Mesh

Actual Mid-
Thickness Line

Constant-Thickness

Region Element : YT T T T
{
|
\ !
A e T S A S *
PR S . 1
- | | |
[ ——
Transition Shell Elements ‘- Coarse Mesh

for simulating sinusoidal variation of thickness Elerment

A-A

Fig. 13-6 Modeling of the Sinusoidal Transition Region



(*ut) Butuavnioys

vo,.o £0°0 NO_.O Zu_.o
| u
_ |
. |
! |

{sdny) peo

Fig. 13-6 Typical Load-Shortening Curve from FE Analysis

{Specimen P5)




e
'

§
¢

TN = -,
St o e 1" - ‘
1 | pe . b
g 8% N < S O CNEW g o /
i - b L b o H v
' PR A Y AT A
' N £ . AN 15
i t ~._' i i “- - ) '-I - -
i 3 - I i - s
AR [ 1 - . i S A
.y P 1 + ~ .“‘ i E - el
g 2 k + -~ .. -
~ 1 -4 -
e ~l N i + ~dfe
"'-L-Q“}”

7

3
3

Load!

H
R A——-
s =
Maad,
kl"‘"u% =
et -
N L
NNN,._._. =
\ﬁh.ﬁ z
T =
\:*m »
TR =
i =
\::h“h\- =
Rt iy S N =
i
i

‘‘‘‘‘‘

CEERTTTITTLT S

Dotted/Dashed Lines -- Original
Solid Lines - Deformed

Fig. 13-7 Final Deformed Configuration for a Typical Pin-Ended Specimen
(Specimen P9)



-

R A i - A . . . © . &

oy

§>§%§>@%§s§;%s¢>%/

AN NN NN

AR RRRRR

e T

HENRENN:: .
NN NNNN: .-
LA AT T T T

Fig. 13-8 Final Deformed Configuration for a Typical Fixed-End Specimen
(Specimen P10}



{oad

& -

.

Undisplaced

isplace
. / position

Fig. 13-9 Deformation Configuration of a Combined Modei
(Specimen P13)



é-:{FE FIXED END!- /.
/‘N-.

(sdiy) peor

— —teemdZboo R
w
o) I
! { Ll !
1 P ]
i e i
- ﬁtlw:aPKrnﬁiiﬁitJilsﬁl
| i i 1
i IR el B I
“ i ﬂ ot i i i ]
4 i | ! i I
! “dy ] } ! i f i
s Sl Tl e B R D Ak
] | 1 ! 1 i
i | i i I ] ]
! ] ] ! i i 1
i i ! i i |
i i S~ | i i
S - - N O S
| i i t i
i i i i i
1 i ! i I
£ " _ t i
! i I i
|3 S R IR 4 Y S
m i | Wﬁ | i ﬁf i
2l i } i I f i _
m ] | L i !
all ! i i ] _ I 1
IR I i i i | i
| % | { i 1 1 |
8§ 8 R 3 8 8 8 8 2

b
|
{
I
j
i
i
’_.
I
i
L.
i
i
I
-
i
i
}
0.06

0.04 0.05

0.03

Axial Shortening (in.)
Figure 13-10 Specimen P5 -- Load-Shortening from Test and FE Analysis

80

0.02

0.07

. _ 5
| | — 1 | i o
¥4 i i £ i i j
Iy | i P 1 i {
m“ mw 1 ] ! i i
i i ] | |
IR I Y S A 1y S T R I |8
i | 2 H H o)
# “ 1 = £ f
! = i {
% ! ! N | |
t ! |
E@L [T S B .18
| i TS
A i j M e
# } t i {
i t m 1 i i i
! ! i i i
1%;;;&; { 1 b B
X H | ] o
2]
i i i
i o {
i !
I ! | 8
— = + el hadade ’
1 t i ] <
} i i }
o | i i §
% | i i
t I |
- "l 18
w0
a, "
. b
') =
m .
% !
o I
1) i
H

(sdiy) peo

Axial Shortening (in.)
Figure 13-11 Specimen P6 -- Load-Shortening from Test and FE Analysis



P
a.
o
1)
£
o
]
L
o

002 003 004 005 006 O (

(schy

[y

peoy

07 0.08

0.09

Axial Shortening (in.)
Figure 13-12 Specimen P7 -- Load-Shortening from Test and FE Analysis

Specimen P8

[FE FIXED END

0.05

Axial Shortening (in.)
13 Specimen P8 - Load-Shortening from Test and FE Analysis

80

e

60---—-——.

0.08

0.03 004

0.02

Figure 13-



1 [ 1 } } i 1 <
& | | f ] { !
i [ I 4 } | | [
ww z“,,, T ?mu; | ! |
i 4 ! i i i
kel o e . _18
i prd | P _ I =]
t il o t |
= H AN/ A
% i f i } |
ST SN e W IR, WEW b 18
i T P f i o
f w
] g RITEI ! !
¥ et B Pl { |
1 byl } ! i t
I L N 3
JUR LI A U S SV, SRR &
T T r -y d
&r Iy i | i ©
f ! ] i
L ¥ | i i
! ! | |
i i 1 %)
lllllllllll [P S o
M t r | =
i
I
1
! o
S —" - O
t ! <
1 ! '
I ]
A 7 A
gl R ISR ot SRS Y A -t
] ! i ! f ]
£ | i i i
o1 | ! ! ! !
al | i } t _
] t ! | i } N
qw } } } i | nmu ,ﬁnwo
8 & 8 8 8 8 8 ¢
{sdiy) peor

Axial Shortening (in.)
Figure 13-14 Specimen P9 -- Load-Shortening from Test and FE Analysis

¥

Specimen P5

i
I
i

i
|
|

i

TEST]!

B T T B s et

I I

1

[FE

I

}
1
|
|

I
|
|
|

|
|
|
|

I
I
|
|

Iadin e h e R e e

(sdny) peo

[
i
H
i
i
H

i
¥

0.0012 00014 0.0016

i
i
1

0.0002 0.0004 00006 0.0008 0.001

It S A

i
f
i
™
b
i
:

E
t
i
i
¥

Rotation (rad)
Figure 13-15 Specimen P5 -- End Rotation from Test and FE Analysis



Specimen P&

H

i
]
i
$
N RO S
T
] I
i ]
i I
H |
I H
1 i
| A e
.
i SRIEIT:
T
1 [
1 i
t ]
A
§ 1
H
.
i
|
|
R B
i
i

I

e h R p———

i
|
1
u-n-;
H
t

}
[
|
o o s e} o o e s
|
!
i

e

H
H
H
.r
|
|

n
Il o
i
!
L
i
|
x
L
|
1
i
;

et

|
|
)
¥

0.0015

Rotation (rad)
-- End Rotation from Tes

i

i
f
i
I
|
|
|
4
i
]
;
)
EH

.
:
;
;
L
T

80

70H~————-

0.0025 0.003

0.002

0.0005 0.001

0

and FE Analysis

t

n Pg

Fig. 13-16 Specime

Specimen P7

o ————

!
|
e e

JESTE T

e s o A e it o oy

e prap—

miil%ff

Q
g 3

(sdmy) peo

&ﬁi
o

i
i
'
H
3

0.003

T

0.0015

0.0025

0.002

0.001

0.0005

0.0035

)

rad
Fig. 13-17 Specimen P7 -- End Rotation from Test and FE Analysis

{

Hotation



Specimen P8

i
!
|
I

0.003

70

| _ ] | _ !

] ' | | ! |

R | i ; i

Pl i } i } 1

Pl i i f i 1

¢ ! ] | i i &

bif%Llll!Vlé?%lllLlllirilliw

| | 1 1 | ! 4

Pt } { | | ! o]

P i _ i ! b

Pt i | i { !

| w i i § ) )

I i i ! i i

TR I RO FURUUN RN N I m

T T H T 1 T I B

i “. ! ] i ! | o

] i i 1 _ !

1 ! 1 { ! ! o

1 | _ t ] i bl

b ] } i i § n—=

Py ! i ] i ™=

O e bt o el Aol shbts i< 16

oy { i , ] ;

o i 1 _ | cg
' ] _ ! _ %u.
' i i ! }
' " i ! } -
v i t t
+ z?..t,.Tts,i.ilant;;?i:s%m

t * Vo ] | { o

i ,._Z,.mﬁo_ m ] * !

2 D T ol 1 _ |

i | obed _ i |

i Vo | t t !

| 1 _ ! 1 t

O WK WO DAY SR | ﬂ;flrxaz:

t { ] i 2

! i i ] 1 <

i 1 ! - !

1 “ i i

t i

! |

: o o e} &=

(sdpy) peo

Fig. 13-18 Sbecémen P8 -- End Rotation from Test and FE Analysis

i
H
1
!
r
|
|
|
b
|
[
{
i
H
i
i
1
i
i
i
.

o o e
H
i
i
]
K

003 0.0035 0.004 0.0045 0.005

i
i
f
hH
T

e et e s e o i i

RN

(sdpy) peon

Rotation (rad)
Fig. 13-19 Specimen P9 -- End Rotation from Test and FE Analysis

i
{
H
H
¥

H

0.0005 0.001 0.0015 0.002 0.0025 O




Specimen P10

i
i

!
!
|

A e e e e
z

g e

0.15 0.2 0.25

Axial Shortening (in.)

Figure 13-20 Specimen P10 -- Load

0.1

Shortening from Test and FE Analysis

Specimen P11

0.14

Y A it mintadls de bt AT SR Ke
] i i } |
i i | I i —
i i ] i i :
i i ! i i &
I i ! t §
-~ [ R e B 7S mm
1 I i i o
! ] 1 f @
f i | i g
* f f } 2
i _ | :
~ e e i S, faii%%mm
i t ! i _ © o
] i i i |
I i _ | ! M
i i i | i
i i ! ! i
et~ — 111fl;;f|!&+ti;$:sssf;;xim
i ] i ] i o
1 i _ !
H I i i I
\ M_ “ i i |
i i i i
- 3 R r (Y R W -m
\ ! i 1 | i o
Bt N i ! i ;
] i i i |
! ! i : i ]
i i i i
b i | } } i * e
P~ m m @ mw m s

(sdpy) peor

-Shortening from Test and FE Analysis

Figure 13-21 Specimen P11 - Load



T
i

Specimen P12
Specimen P13

I
|
|
|

|

i

!
k.
o
w
i
s

T

0.08

i
i
i
i
1
1
1

et s s e e o e o ] e e it e

1
SV
[

!
]
i
o o g e g e
t
!
I
4

0.06

Axial Shortening (in.)

1
!
I
1

i e e

[ WU SPp—

S S
o e e e et

!
|
H
I
|
VPO S -
|
|
i
i

H
H
i
{
i

{
{
{
|
i
i
i
i
[
H
H
! {

B

St e i it e

!
i
H
H
i
g o o o
]
i i
I i
f |
JUUR VORI RUVIRUSIUE PRI AU
i i
| ¢
| i
i !
IR TN R A Lo
i T ! [
1 i 1 i
I | 1 !
H H } |
I 1 ; | o
o T e o e e O
| | i §
H } ] i
‘J"’fm i
i

Figure 13-22 Specimen P12 -- Load-Shortening from Test and FE Analysis
70

(sdpt) peon

r : 3 _ .z
{sdny) peo

0.186

0.14

H
i
i
I
T

0.12

)

E

0.1

0.08
Axial Shortening (in
Figure 13-23 Specimen P13 -- Load-Shortening from Test and FE Analysis

0.06




Specimen P14

"
; H

o S

!
i
!
—f
]
H
I

I

1

i
“""‘r*

-
i

i

H

S ———

n i

i i

! u

o e
| ;

{ |

z I

(sdny) peo

1
f
f
]
H
;

e g s

P S
|
i
I
!
e -
1
I
I
}

!
s e ]

0.06

Axial Shortening (in.)

0.12

0.04

st and FE Analysis

Shortening from Te

Figure 13-24 Specimen P14 -- Load-

(sdiy} peo

©w
-
0 G
.
o
o
m...l . s
kel ! : ©
ot ! ;
o | i
i i o
iiiii tml'llisin.sl..ch;s !Efr..ld!.“
! i «
i }
| !
f i o,
IIIII N NS U N
! i Ghm
H { o
! i k=
| m 9§
FI— —— e o e et s o x...nn.
H 1 S 9
i i th
i i o
| i B
S S 3
i o
i
i
}
LR |
T S
i
i
i
i
§ [
i
;
i
_ - O
8 8 § 8 8 2 o

Figure 13-25 Specimen P15 - Load-Shortening from Test and FE Analysis



0 1 i f f
! f ! t
W | { | i
i f | i
m | ! } }
.:i;fsiahz::lr:tnpxa:
3 H i ]
X ;! | i
97 ¢ ! | i
i i f
*. i I
] i ]
- w. i -7
. ! i
{ } i
+ | i
LI i i
by 1 1
Shaiient St S il ks S
] L { i
T f !
T N F T i
(O L 7 i
R St _
oo e e e o e o e o o
f ! i
w | i t
P { !
P ! 1 I
. i i
SRR S O TR A
i | f
v 1
i !
] i
i

ttttt | SR

0.003 0.004 0.005 0.006 0.06G7

0.002

Rotation (rad)
Fig. 13-26 Specimen P13 -- End Rotation from Test and FE Analysis

70

Specimen P14

404

(sdpy) peo

H
{
0.004

Rotation (rad)
Fig. 13-27 Specimen P14 -- End Rotation from Test and FE Analysis

}

0.003

0.007

i
G.002




0.007
0.08

0.07

i
[
Specimen P15
0.006

0.06

0.005

0.05

Axial Shortening (in.)

0.004

Rotation (rad)

0.04

End Rotation from Test and FE Analysis

0.003

0.002
en P15
0.03

0.02

(sdiy) peon

Figure 13-28 Specim

-29 Specimens P10 and P10C -- Load-Shortening from FE Analysis

Figure 13



|

i I SRR

I
;

Di

Do

¥

3

Figure 14-1 " Shifted Circle” Model of Thickness Variation Around Circumference [8]

Unfolded Circumference




[

3 c |
4_ o 5 b e m__.uwuw»n_-ou-ww

-—.Cosine Variation

Unfolded Circumference

Figure 14-2: "Cosine Patch" Model of Thickness Variation
Around Circumierence. (From Ref. 5,10}



Constant-thickness portion
: ~— Main Patch
A

u\j ______ i:.f uuuuuuuuu i

v
AP T
A-A

P o

Unfolded Circumfsrence = D

Figure 14-3 "Constant-Thickness Patch® Model of Thickness
Variation in Corrosion Patch



X X

§ 4_._,,,_? —

T W SO A R N e

n-um-ﬂm-ﬂm—mm-um-

!

: &=azl

tp::

¥

i C =8e L)

Unfolded Circumnference

Figure 14-4 "Constant-Thickness Patch® Model of Thickness
Variation Around Circumference

\




0.50

Specimen P2-C1

0.45- | Original Thickness, t=0.385 in.
0.40-

ol o

)
o)
g

hes

0.307

e

(

7 0.25

ickness, t

0.207

Th

0.157
0.107

0.057 Specimen P2-C1 |

R =5.31In.
0.00 s

25 20 15 -0 5 0 5 10
Circumference (inches)

Figure 14-5: Irregular Thickness Variation at Location of Buckle 3.
Specimen P2-C1.



0.5

0.40-

Specimen P2-C1

o
(%)
¢

> 0.254 o

Thickness, t (mches)

0.157
0.104

0.057Specimen P2-C1 -

R=531in.

0.454 | Original Thickness, 1=0.385 in. /
, W

0.00

D8 -»éo T 5 :
- Circumference (inches)

~ —cR

-?0 ~5 0

!:Dg
m

=31

\ u—k

5 10

“wfg“*a/R:‘W“w/z*

Figure 14-6: Modelling of Thickness Variation at Location of Buckie 3.

Specimen P2-C1.

15



Thickness, t (inches)

§Specimen P2-C1

0.45+ | Original Thickness, t=0.385 in. _
0.407

0307 ta = 0.325 in.

0201t =0.17in.
0.157

0.10~

0.057Specimen P2-C1

R=5.31in.
0.00 :

25 20 -5 40 5 0 5 10
Circumference (inches)

Cowez Y= €29 >
~ —OR=410- — =

Figure 14-7: Modelling of Thickness Variation at Location of Buckle 3.
Specimen P2-C1.



f-_Approximate Analytical Method }——7 Specimen P2-C1

= 1.25 e
= P4
1.00

a2
@
B (.75
4--'.{' \ -
0.50 Calculated from Thickness
’ Measurements
0.25
0.00

0.00 100 200 300 400 500 660 7.00
Circumference (radians)

Figure 14-8: Buckle 2, Specimen P2-C1 -- Stress Distribution around Tube Circumference.
(Nondimensionalized with respect to the stress at the centroid.)



1;..—-..«-."—“-."-..........’.‘

Op

9]
-

o

O -
L &
[
%

/-——— Original (uncorroded) surface

—»m-—.u!._w—-m—-—

h 4
& t4 A
ts t1

Unfolded Circumference

Figure 14-9 “Linear Segments” Model for
Approximating Corroded Section



7 8
. 4 e
J b
i 2
I I - o
i ~ D ..
i < Q
{ p.mul
£ &
B Y O g
W o=
i r.,* r.mu.....m
L:,!:mm 28
” m 5 o @E
21 O o E
ol 2 5=
R Bl o Qo
o -3 LY 2
=2 G.+ [
WUl 8 o I
ﬁO 8* -
o ]
i E 5 B
TR = £
£ 8 o
S 9 L
v O
PN A
L4 0
33 —
Q. o %
0 x
o \ R
il




2 THETR ood 'muR o] —
DN& I E B E ] mwn_ LB R E ] mwn* .- Nw.ﬁ_ ——
9bd ==r= Gld vrese pldimmm Eld mm—
cid -~-~  id----- Obd ~~-
8d Id - I

8E1 0Lt

L12'02'61'eld ¢ Zi0ld £g vl 61894 81°91°¢d
T8 d

o
M~

Fig. 15-2 Combinations of Corrosion Patch Parameters



(&%)
0
- o _
o3 g
i
zs
P
e — P B T2
o \n
™
[ 4T
i
e
IR e Y
o £
% R vt
_ o
W2
ol
” in
e ST — T e e ] 17,u
2n =i S
o o |
1 H
1 Q“ i
! i
;;;..z#;W:f;sz;,;g:;if;;i;;?axf-ﬁ
P o o
a o
o S o
) < '}

&
[Eg]
(sdny) peoy srewnn

Fig. 15-3 Ultimate Load vs. b

o)
r O
Ty o
Oy
o MW
H o
ey o I xR
=== ! ” Cle
.m- x i i H
,,,,,,,,,,,,,,,,,,,,, ¢ ' ,
i i P
H i ¥
' ' P
1 i '
1 i ¥
t ” ¥ I~
R T .i‘.«{. — z..l*i . o . 11.% SN . 5
- M - ” 9 m e
et 8 o) B e /
o N At B it /
It N LS B i -
TToEr e e 2L e | 8
2l gl T T
. 3 Ly,
5,. W M yf,f,*”m WL
_. __ A
il i ;
i 4 i
H H t
) 7 ; «y
SO S ....‘Iii,.zlﬁm.;sz!i? T & ot
’ ’ L4 b ol
s . ’
i \\
B ’
; 4
\_‘ \..\
\_. \.‘ ’
¢ / P
' ’
Shabl ST R ek o o
o mU 3 T T Ls @
[ - ] )
[s8 P~ €O un = ™

(sdpy) peo ereunyn

Fig. 15-4 Utltimate Load vs. D/tp--Specimens P5 to P23



80

| " D/tp=79
- *D/tp=110
i el : e xXDite=138
70 ! e /1RAe=79 5D/tp=157
_ *. w ¥ *D/t=183
2 AN BRRET ‘
= 604 i ~ el
g ; iR S r— T
- E * /-vD/tpm 110 |
g 504 3 C T TR |
[ e “*\\‘ :
40+ : ngtg}: 138"/ %\‘\ \‘.
: | Mool AU Mvedbuetl A !
i Tl
s % :
30 ; T
1 2.1 3.15 5.9
WR (in.)
Fig. 15-5 Ultimate Load vs. WR--Specimens P5 to P23
80 |

Ultimate Load from FE Analysis (kips)

g:} e

e, ey B T ——

! 'm D/tp=79
{ Lo Dftp=110

T i
| |
i H
| [
—————— T T o~ D138
| S r=ra=syroe B F
e S ; Fixed Ends| |G D/tp=157

FA s el i

-
—
-

N
R
L

i w

-

‘j{\\‘ N ! i
QT — ===~ ?”WW;’_ ~ DAp=157 L~ e *
x ~ Lt IDA=183 —
pre A Il el
i [ : / i
; !
i i
s I
30— e e e el LT T
§ ; i .
. K\N\ }
i i i i H
: A
i ; ; i _
20 } ; : ; ; %Kwhﬁ
0.1 0.2 0.3 04 0.5 0.6 Q.7

AR = Area Reduction (%f’i:? )
Fig. 15-6 p vs. AR--Specimens P5 to P25



Pure/ py

P

0.35

——————— Design Approximation =% ~ S>>
| T

: ? !

0.31 X Specimens P5 o P15 (simulated catches)

#*  Salveged long specimens (prav. orof; 8

&

0.0 Salvaged long and short specimens (P1 1o Py e g e
+ Hebor and Ricles specimens {simuigted patches) 0 ]
0.1 ¥ Specimens tested at Texas A&M !
x El E i H 1 1
0.05 a1 0.15 0.2 0.25 0.3

ar = AR/Ag
Fig. 15-8 p vs. ar--Test Specimen Comparison



0.35

0.75

T ¥ T _.m T T w T M H
f m | i | | |
| ! " AT o : “ :
i i i i ! i | -
i ! \\w ! w\ w\\ i /,///rw f ! m | Q
A ——— e i i i t N | ! Privy o fL
1 R i v s e S A N R 1
= & i ) o
K/ ETTL I VA L N i ftwﬁw N Y 28 -
£ ) * ! s /ot f i T e
&% 18 1/ ¢ AR A [V N ol 1o~ 0 0ONE
ol (X oo I I A | X\ | TR T RN
4 LL i T i } ! 2 | x&r. ﬂw Pl il 0Ty A0S
10 E|-= -0 R T 2 L8 8
S T ! T I R a - — e L g ~-tELIEL '+ -0 2|
O ! uﬁ | ¥ « f I o Fig! Lp 1§ & SP,&HH&
o I P g _ | 5 PAZE XD 21 420 O s e
o i /i YA i ! = [ m.%u ol el s 2 v 8< @
T AEVAF | m o I XE P n i | Hosams
! | ! Vgl M [ o E (o Dipy gl SR IR I Ro e g e
e — t:.?mw;?étt?\.t.@ B et s =T St e =RV ot B N M. .
Lo 1 | | | ©g o i NN 00X %+ § ®
" e v oA | i i & S ! | ® ! /w \ !
! _ T A 71 i ! !
! Voo w0 | m m M < \ \
| Y @1 /0 Al _ | _ ol o [ | m 1
oy A QL gg LT N L : _ L~ @ 2 T T :
i ' I ¥ i I - 5 ! &
P!, S 3 _
ux%f@ i %m | i Q ! I
i i ' i o
LR . Bl ] 18] o > ! H
' /g 1% % L 1 05 puld i pir
] L ! L e ~ 4 “ &
S P =t e T = Fe O 4. c
st i R LR SR T) © T [ N
x*§1 f | el oy 2 50 ! &
%/ % | i L8l 11 30 I -
0. : - o8 T -
\u M\ i i ] = w [Ty o e&
AT ! i ! L n S < !
i ra g e SRR S S S— s sC | S I
o i [ [ llsss<s 8o f
/% [ ! | ! i SEET XS |
/ W o T oo i
yal | W ! i LH = ) = (L |
i | ' i i I Q )
%\m m . _ i i 1O X ¥ ¢ 1 ® 2 =
& bt —r—io
@ @ 9@ ~ @ m ¥ 6 § =
- 0o o o O o o o & o

0.95

0.8

Ar/ Ag
ions for Ultimate Strength

0.85

-
Qan

0.8
an = Relative Net Area

Fig. 15-10 Data Base and Regression Approximat
Relative Net Area

£

i

0.7
as Function o

0.65



i
1 DESIGN FORMULAS :

0.004 = = m e o o R ™ [ Fom=a TR e A
4
; 3 f § : § )/_./’ ;
0.80+ -+ p(ar) 4 terms il P2t bbby
7 plan) = 3.0843 + 10.9821an +i ; ! !
o 0.7041 + 13.3467af + 4.4489aF T F ~—m oo
a / : ] .
= i : ; i i i
Sl I B A~ C T
I / i [ | H i
~~~~~ T e e e e
s Y !
i _{p{ar} 3 terms ;

p(an) = 0.036 + 0.131an + 0.833a-"

an = Relative Net Area = An / Ag

|
i
p(an) 2 terms B Bl EEET
plan) = 0.18an + 0.82an ! ;
075 0.8 0.85 0.9 0.05 1

Fig. 15-11 Comparison of Suitable Formulas for Ultimate Strength

as Functions of Relative Net Area an




A,...T

P ta e
y tacirc

e e

) ta,cifc

i SRS

long

2

B

a
tmin

L1 tavg, long.

5

ot
Ll
1
i
!
1
,E

s
H
Ef'

s Parameter, (Spacimen P3-C1, Buckle

on of Thicknes

i

minat

e

+
i

1 De

Fig. 16-



(L/0a) ¥a
o@ b

Oc 0

0470

i
14 LLzy = A4

-9 °0

;;;;;;; 08 0

580

+06 0

- 456 0

00}

Fig. 16-2 Local Buckling Formulas for Various Specifications

(Egs. 16-2 to 16-7)



PHOTOGRAPHS



10

o UBWI0AG JO MOTA [[RI0A() HP1-7 010y LD 1d TOWads JO MOTA [RIDAC) HE) {7 010y




L ® §

Tl UOUIDAAS JO MOTA [[RIOAQ) H(P)I-7 010U TO-€d WWINAS JO MOTA [IBI9AG 1(9) 17 030N




supandg [y

(10" 1d uswoadg)
O] POS[) SOIMIXL] puyf Surieag] potroyds 1p-p ojoyg

PHD) [BOIA Y, pum 9J0F JO matp 17y 0304




{11 d uswnoadg)
~neday] e 0as0[g Axodi] 310 MOIA - 010U

-aredey Axodyy a1059q 1)1 towady
JO BOIY PPN UT 20BLING DGN |
PUE SDAD9]G POISBIYPUBS JO MDA 17§ 030U ]







for

Buckles in Area 'E’
imen P2-C1

View of Local

-
-

5.1

Photo

2

Eyis

i

Areg

Kles s
3-CL

i
P

Spec




for

n Area ‘B

b
1

Bucides

f Local

EeW O

v

»
*

3

3

Photo

; ps
imen P1.U1

jr e

S




£
H

' (o]
(421
=
43
m
& )
=3 »
& B
a3
Wﬁm 4
i =
> e
mm i
2 H
&
—
)
bk P “wi
Rells) :
8 o Eacy
g 8 AMH
3 A - &
£ : g
R . Wy 0
8 m D& m:i
- .-y & ..7&.
.- L
=R i
tE B
., sk
- "
E
3 .
: 3
g e
sk
£ &
B




S in

4
.

s
1
&
13
Pk
=3
o
2
Pl
oy
]
g
<}
v v
A3
TQ;
MP
55
bt
< B
®&
o

Photo 6-2:




o
t=4

earin

o]
=
£8

rrangement of
Fixture

£

a

A

i{a)

Photo 10-




L

o

Qs

R

S

L
\

o Mw\w

w/m
n

.

.

o

TN
134

Beart

B

tndrical

s of Cy

Component

4
i
7
i

Principa

-
-

2

Photo 10

xtures

F




unsay, 2i05aq UoiR]

S{HIT Y Cd udunoady g O3]
ST UE SPONEE B0 » M YO waurady ey 0101 ] SUNSAY, 10y ADERY ¢ ey ¢

|




ol

P

he

5

i

e
A)

!

5

-

¥

uc

nal Local R
i

I
i

S

-
»

-2

Photo 11

5 (P

Ten

.
pec




efore Testing

A0
e
ja
j=)
%)
&
B
o
3]
[
€03
ool
yrd
32
£
- .

L

\
o

o
z




T Fap
Testing

n P7 before

ime

¢ Speci

-5

Photo 11

g
”_;,:

n

e

Py
A-iifl

H

i3
Ly,
TE




dunsay 2AOJRG (d vowads g1y LF L m:mmﬁﬁ dunnp 8d uowpady L-11 0104

G6eng

6d]




f

cho

he Pat

Final Local Buckle in t

-
.

Photo 11-9

Specimen P10




£
i

fithe Patch o

e
Piz

uckl
men

-11

Photo 11

=
i

Spec




44
[

i1

g Test

n

13 dur

P

pecimen

S

i2:

Photo 11-




zﬁz&;g

L.

fl s

i

Sy

ting

imen Pi4 after Teg

Spec

14

Photo 11-




fore Testing

15 be

P

-16: Specimen

Photo 11




APFENDIX A. FORTRAN-77 PROGRAM CXS.for
(CXS stands for Corroded Cross (X) Section)

Al. Introduction

The FORTRAN-77 program CXS.for was written for computing the cross-sectional
properties and strength of corroded tubular circular sections with the thickness varving
linearly between N points around the circumference,

The load capacities (strength) are computed for the following limiting states:
1) First yielding at the point of maximum stress, P,
2) Local buckling in the area of smallest thickness according to the API specification,
P.: [3].
3) Local buckling in the area of smallest thickness according to the DnV
specification, P, [4].
4) Ultumate ("Design") load according to the proposed formula, P, [Eq. 15-24].

5) Ultimate load according to the proposed formula for pin-ended members, P,

[Eq. 15-23a].

The procedure of the computer program is shown by the flow chart in Sect. A5 and

the code is listed in Sect. A6.
A2. Input

The first step in running the program is to input the data, and this can be done either

from the keyboard or from an external data file’. I the dama file is used, it has to be

‘Also, a sample set of input data is built into the program in order to
facilitate the learning process.

A-]




properly formatted {an example is shown in Sect. A2.3). For keyboard entry, the program

provides prompts and sample input values.
A2.1 Input Units

The units for angles can be either degrees or radians. (If the value of the largest angle

of the input is less than 6.3 (=27), the angles are considered to be in radians.)
Other units should be consistent, therefore:
a) inches, kips (load) and ksi (stress)

or b) mm, Newtons (not kN, load) and MPa (stress).

A2.2 Input from Keyvboard

The input procedure from the keyboard is as follows:

fa—y

. Section/Specimen name.

b3

Flag to indicate the type of units used: C for "customary” - U.S. or M for
“metric” - S.1.

3. Inside radius of the section.

4. Np which is the sequential number of the point at which the thickness is the

smallest, thus, a potential location of local buckling.

5. N which is the total number of points where thickness is given.

6. The angle to each of the N points measured clockwise in radians or degrees from

the upward y-axis of the section with respect 1o the center of the circle.

The thickness at each of the N points.

o

8. The distances w0 the point of load application in the x and y directions, that is,
load eccentricities e, and e,. If the load is not applied eccentrically, zero maust

be entered for both.

s

A7



9. Ultimate test (or FE) load if available. If the load is not known, a value should
still be entered, and the program suggests 100.

10. Yield stress.

11. Adjusted-thickness-ratio, TATP, which is the average thickness over a portion of
the circumference which includes the point of minimum thickness and is
estimated to be sufficient to develop a local buckle (usually 0.8 of the inside
radius). The value would normally be from 1.0 and up. To use the default

value of 1.03, a zero value is entered.

A2.3 Input from External File

The input items in an external file are arranged in the same sequence as for the input
from the keyboard except that the flag (Item 2) is put as the last item. The section name
(first item) and the flag (last item) should be in single quotes, and individual items on a line
should be separated by a comma or a blank space(s). The sampie input file shown below is
put in four lines.

Line I gives items (1) to (4) of the keyboard input listing.

Line 2 contains the N angle values. If necessary more lines can be added to list the

angles when they do not ali fit on one line.
Line 3 contains the N thickness values corresponding to the angles on Line 2. As for
Line 2, more lines may be needed to list thickness for all points.

Line 4 has the load eccentricities, e, and g, the test load, the yield stress, the TATP
value, and the flag for the type of units ('C’ for Customary U.S., "M’ for
Metric - S.L.).

Sample Inpui File

‘PIB-I0E’, 4.%%%8,1, 10

a. U.944 1,272 1.79%2 2.082 2.544 3.084 4.0%8 4.37% 5.657
G.lel 0.28B2 0.256 .264  .327 357 353 347 286 L 2Z0
G. 5 C



A3. Output

The output is given in severa] ways:

i} To the screen only.

2y To the screen and to a separate external output file for each set of input data.

3) To the screen for each set of input data and to an external cumulative output file
which tabulates the principal results for several sets of input data, one set per

line.
A3.1 Output Units
The angles are output in degrees and the remaining output is again in congistent units:
a) inches (centroid, area, moments of inertia), kips (loads),
or b) mm (centroid, area, moments of inertia), kN {loads).
A3.2 Output to Screen and Separate File
The output to the screen and separate file gives the following:
1. Name of section, inside radius, Np and N.

2. The distances to the centroid from the center of the circle,
X,and Y..

3. Net area and Gross area (A, = v (2R, + t,,, ) to)-

4. Moments and product of inertia: I, I, and I,,.

5. Swess amplification factor K at T, =T, at mid-thickness.
&. Proncipal moments of inertia Imaj and Tmin

~1

Angle © the major principal axis ({CW from the upward v-axis), Zma; [degrees].



8. The angle and the stress amplification factor, Zmax and Kmax, for the point of
maximum stress on the outside surface.

9. f=(P../A*K)/F, which is the stress in the patch due to the test load P, divided
by the vield stress.

. 10. D/T, = DIT,, the ratio of the diameter to the adjusted thickness in the patch.
This 1s the slenderness parameter for computing the local buckling stress
according to the API and DnV specifications.

11. The local buckling stresses according to the API and DnV specifications divided
by the vieid stress.

12. The load for first yielding at the point of maximum stress, P,,,.

13. The ultimate loads that would cause local buckling according to P, and Py,

14. The ultimate DESIGN load according to the proposed formula, P,,.

15. The ultimate load according to the proposed formula for pinned ends, P,,,.

Finally, the program asks the user if there is another section to analyze.
A sample output for the input example of Sect. A2.3 is given below.

Sample Output File

Specimen: P3B-10K , R= 4.9%9980 , Np= 1, = 10
Xo= 0.08276
Yo= ~0.76764

A {(Net Area)= B8.9825% Ix= 114.071
AG{GrossArea= 11.6154 Iy= 118,386
Ta/Tp=1.050000 Ixy= 1.73819

Principal Moments of Inertia and the angle to
the major principal axis (CW from upward y-axis)

Imai= 118.9%%

anplification factor at Tmin=Tp, HKpm 1.335435%
Angie and ampl fact for max stress: Imax= 353.6234%5 Kmax= 1.3&6L17
f={Ptest/A*Kp}/Fy=1.014 B/Ta» 6£1.13Z Fapi/Fy=0.39968 Pdnv/Fy=(.9947




Test Load= 275.000
Ld for first yieldng at pnt of max stress, Pyld= 269,839
Load according to APY Specification, Papi= 270.335
Load according to DnV Specification, Pdnv= 26%.614
Load acc to propos formula, DESIGN recomm Pdess 246.332 {Note,an>=0.85}
Load acc to propos formula, pinned ends Ppin= 202.464 (Note,an>=0.65)

A3.3 Output to Screen and Cumulative File

The cumulative output file can be made in either of two formats: Long format and
Short format. In both cases the file is arranged so that it can be directly imported inte a

spreadsheet (QuattroPro or Lotus 1-2-3).
The Long format lists the following on one line:

Section/Specimen name, Area, [, L,, 1, Stress Amplification factors for the patch

and maximum stress: K, and K., and loads Py,;, P and P,

api o5

However, the Long format provides the listing only when the values are in the hundreds,

thus, it is suitable mainly when the units are inches, kips, and ksi (not mm, kN and MPa).

The Short format lists the name of the Section/Specimen and the six ultimate loads,

and it has enough space for using the metric (S.1.) units.
A4, Special Cases
A4.1 Sections with a Hole or Holes
The special case of sections with a hole(s) Is readily analyzed except that the foads

controlled by local buckling are not given since they cannot be computed.
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A4.2 Undamaged Sections

When the section is undamaged, that 1s, all values of thickness are the same, the

computer will display the following message on the screen:

NOTE:
The section is centrally symunetrical, that is, the moments of inertia about any
centroidal axis are the same and the product of inertia is equal to zero,
I, = 0.
This message IS NOT saved in the output file!

Information of the final results of the solution will be shown in the same arrangement

as for other cases, both on the screen and in the output file.

A4.2.1 Toad Applied at the Center

When the load is applied at the center, the properties can be obtained by specifiying
the angles and the same thickness at some two (or even one) arbitrary points. The message

shown above will be followed by another message:

NOTE:
Stresses in the section are uniform and, thus, Km = 1.0. Zm is set to ZP and
Tm = TP to indicate the location of potential local buckling.

Again this message is displayed on the screen and is not put into the output file.

A4 2.2 Load Applied with Eeceniricities €. and e

When the load is applied with eccentricities ey and ¢y, select some two diametnically
opposite points, say at angles 0° and 180°, and use the given thickness at both. Run the

program. Then, use the angle to the maximum siress as the assigned location for Np (patch

g

A g




location) and some other angle approximately diametrically opposite to N, (e.g., N, angle
+ 180°) and re-run the program. The reason for re-running the program is that the initial
selection would give the local buckling loads for the initial Np point, not for the point of

maximum stress.

AR




A5. FLOW CHART for Program CXS.for

Dimension Variables,
Set Parameters

Define Constants
E (ksi), ©

©

| INPUT of DATA

i

FROM
Keyboard [K]
Qutside File [F]

Data in Program [D]

Y
F .
Enter Enter Filename Read Data
Data (including path) | in Program
on Keyboard Read-in Data to Variables
% - ,;, < ]
| COMPUTATIONS |

Angles are in Angles are in
Radians Degrees
|
[Convert to Radians|

j

- * -

Modify E from ksi
E to MPa

4

y




®

H
i

i

Compute 23 Integrals for each of N
Angles and Store in Array (23, N+1)
Hi, N+1)y = K, 1)

f

.Cross-Sectional Properties wrt Center of Circle |

+

H

Initialize AR, Qx, Qy, Ixc, lyc, Ixyc!

Compute Contribution to Properties
by Each Segment and Add to the
Sum, One by One

 Centroid of Cross Section xc and
f yc from Qy and Qx

Transform Moments of Inertia from
Circle Center C to Centroid c.g.

Is Section
Undamaged,
t = const.?

Display alMessage

on Screen (only)
that the Section
is Centrally

Symmetric
é

H
i

i ? . "
Compute Moments of %ﬁeﬁ%3§
| and the Angle to Major |
Principal Axis

i

6
®

A0




®
i

Stress Amplification Factor Kp for
Mid-Thickness Point at Angle
of Np {Minimum Thickness)
Considering Load
Eccentricities ex and ey

Display Message on Screen {only)
if ex = ey = 0, and Stresses
are Uniform in the Cross Section

Call Subroutine MAXKZ to Compute
the Angle ZM to the Point on the
Qutside Surface with Maximum
Stess and the Stress
Amplification Factor KM

Set Flag
for Hole

Compute First Yield
Load Pyld

Is there a
Hole in Cross
Section [t = 0]7

o T -t
Adjust Minimum Thickness
to Averaged Thickness
and Compute Wall
Slendermness D/Ta

- Compute the Loads to Cause |
- Local Buckling According |

io the AP and DnV
Specifications, Papi and Pdnv |

v
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©
Y
Compute DESIGN Load According
to the Proposed Formula
(Eq. 15-24)

Compute the Ultimate Load
According to the Proposed Formula
(Eqg. 15-77)

i
i
Convert the Angles to the Major
Principal Axis Zmaj and to the
Point of Maximum Stress ZM
from Radians to Degrees

Output to
Screen only [S]
Screen and File [F)
Screen and Cumulative

Y File for Many
| Enter Name of Qutput Data Sets [C] s this Qutput No
FHefaﬁth Open it. for 1st Data Set A)
or nput
Write Resulits to Y N szg&)ﬁft >
Output File

Enter Name of
CUM File and

!

A

Open for input
Long Format L]
v {usually for Customary
units) or Short Format [S
T T 1o List only Loads
| Write Long Table _
Heading and 1st | \““\ky/
- Line of Quiput | 'S
fo C‘Uﬁﬁ Fiie | [ Write Short Table
Heading and 1st Line
PO E— of Qutput to
CUM File
Y \
W ®




©
@

L Longil]or
g « Short [S]
: Format
Y Y
'Write Output to Write Qutput to
| CUM File in CUM File in
! L.ong Format Short Format
- - |
L4
Display Resuits on Screen
in the Format used for the
Single Output File [F}
_Y Another Case N -
B to Analyze?
v nalyze Y
Goto Input Data Close ir;put and
Block (1) Output Files




Subroutine MAXKZ |

Initialize Variables and Kiemp = 0, Ztemp = (,

and Angle Increment

EAngie = Angle at nginning of Segment .
.

Compute Thickness and x, y Coordinates for the
Outside Point at Current Angle in J-th Segment

Compute Stress Amplification Factor K
for this Point

A /\
r« Y Is K = Kiemp? N o
A .

H
Kiemp = K
Ziemp = Z {angle)}
Y -

]— -t

lincrement Angle |

A

[s New Angle 2 angle (J + 1)?

zmax = ziampg KA = K?empé

(RETURN )
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A6. Listing of Program CXS.for

FROGRAM LX5
*  YF77 Preogram: Model X(Zross) Section Sorroded Pipe
* with N Thickness Parametlers
* by A.Dstapenko; 82%4;3246;4256,4276,4306

* 3214; CXS.FOR #r MxSL.for, some editing

* 3P46; CXSa.FOR, fr.CXS, dete redundant material, edit

* 3374; CXSh.FOR, fr.CXSA,modify check on const thickness.Some editing.
* 4376,4256; CXSC.FOR,fr.CXS8 revise output to CUM file of SHORT format
* 4286; CXSD.for fr.CXSC, streamline decision {ogic.

* 4306: CXS.for renamed from CXSD.for, some editing

* VARTABLES
* Character Variables
*  FIN File with input data

*  FOUT File for output of resuits

*  ECOUT  File for cumulative output of several sets of input data.
*  gI%, QOUT Ouestion flags for input end output, respectively

*  SPEC Section or Specimen name

* Integer Variables

* Counter

* K MuNel

* N Number of thicknmess values in cross section

* NP tabal for the point in corroded section with minimum thickness
*  QH Fiag for presence of a hole in corresion patch

w

* pouble Precision Variables

* AR Constants for a particular segment

*  AR,AG Net or Gross crogs-sectional area

* AN Relative net area = AR/AG

*  aQ,BG,LQ,DG Constants for Gx and Gy of a segment
*  pY B/t ratio wrt Tadj in corresion patch

*  EE  Modulus of elasticity (set to 29500 ksi)

*  E¥,EY Load eccentricitiss wri the center of the circie in x and vy

* dirpctiong, respeotively
# 1¢1,43 to 23,0y ¥alues of 23 intsgrals for B 22{4) values. ALl storad
# in B colunns of the 11231815 array.

= EF 4,417 Comstans for [x, 1y arel D2y of a segment.

* KB, KM Stress amplification factors: Stress in patch, maXx giress in sect.
¥ IR, PY,IXY Momerits of inertia wrt the centroid.

* MG, IYL, IXYC Moments of inertia wrt the center of circle.

* pYLO,PAP],PDNV, PDES,PFIN Lomds for various capacity Limits.
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*  1,TP,IATP Thickness:iwall, pateh, ratio of averaged adjusted to TP,

IMPLICIT DOUBLE PRECISION (A-2)
COMMOR T, 22
INTEGER J,M,N,NP,3H
CHARACTER*20 FIN,FOUT, FCOUT,QIN,QOLT,QC, 04, GR, SPEC, U
DIMENSION T(151),22¢151)
GIMENSION 1(23,151)
P123.1415924555857930+0

¥ Medulus of elasticity in ksi, for $1 units (MPa) mogdified later,
EE=295030+0

PRINT*
PRINT*
PRINT 1
PRINT™, FORTRAN-TT Program CXS.FOR
PRINT™
PRINT* ¢ Computation of Properties and Strength’
PRINT=>, 7 of a corroded tubular circular section using’
PRINT*,” N segments (max 150) with linear thickness variation’
PRINT* ! (loads to cause first yielding Pyld, Loads to cause local”’
PRINT*, ¢ buckling accerding to AP! arnd Drv Specifications, and’
PRINT*, fLds accord to propsd formulas for DESIGN and pinred ends}’
PRINT*
PRINT=,’ by A. Ustapenko March 19967
PRINT>
PRINT* / [Default adj. thickmess for local buckling analysis is’
PRINT*,7 Tadj=1.05(¥min=Tp), i.e, (Ta/Tp=TATP=1.05)."
PRINT*,* Other values of Ta/Tp are entered via the *
PRINT* 7/ last but one numeric entry in input data_l’
PRINT 1
1 FORMAT(IX,71¢7 %' )

FATARET IR ERRTR TR AR Ndd INPU? 0$ QA’%‘A HRIKEI AR ARK T RRIA TR T T RN A NT IR h

3 CONTIRUE

5 PRINT*
PRINT™ ¢ is the dsta o be [HPUT from: KEYBOARD <K»/
FRINT™ ¢ an external FILE <F»:
PRINT® S or sample DATA (in this programd <»%?
SRINTS
PRINT*, ¢ Entér the corresponding letter: 7
PRINT™

READ {*_7¢A}'} GIN
PF (QIN.KE. 'S’ AND.GIN.NE. 'k’ LAND.GIN.KE."F/ ANG .QIN.NE. T/
+  LANDL.GIN.ME. DY AND.QIN.NE.'d’) THEN



PRINT®,’YDU have ENTERED an INCORRECT LETTER, PLEASE RE-ENTER'
GO 1O S )
END IF

1F (GIN.EQ. "X/ OR.GIN.EG. k") THEN
PRIKT™ ¢ INPUT DATA FOR TeE SECTION/

PRIKT*

PRINT®,*  Enter Section/Specimen Name {w/o quotes):z/
PRINT® / (Example: Secti)’

PRINT*

READ{™, ' {A}7SPEC

PRINT™

PRINT*, ‘Indicate the system of units used by entering *
PRINT*, ! <> for Customary U.5. (in., kip,ksi)y?
PRINT™, ' or <M» for Metric - S.I. (mm, kN, HPa).’
PRINT*, ! Enter C or M (w/0 quotesty’
PRINT*, ' (Example: © )7
PRINT*
READ (™, “(AY') d
1% (U.NE.’c? . AND.U.NE.*C’ AND.UNE.'m’ LAND.U.KE. "®*) THEN
PRINT*,7YOU have ERTERED an INCORRELT LETTER, PLEASE RE-ENTER/
GO 70 4
END IF
PRINT*
PRINT* ¢ Enter the Inside Radius. (Example: 5.0)7
PRINT*
READ*, R
PRINT*
PRINT®, ‘Enter the seguential counter Np of the anglte for Tmin’
PRINT®, 7 {(Example: 134
PRINT*
READ*, NP
PRINT*
PRINT*,‘Enter N, the number of Thickness Values.(Maximum Nz150}7
PRINT® 7 {Example: 5)/
PRINT*
READ™, N
PRINWT*
PRINT® ‘Enter ¥ Angle Values {in DEGREES or RADIANS, messured OW/
ERIRTR S from upsard verticel axis y¥if

PRINT®, 7 [Angles are sssumed To be in Degreses, unless the largest’

BRINT®, 7 value 7% less than 6.3, Then, angles sre in Radisns.)’
FRINT®
PRINT®, " (Example: (.4,2.9,4.,4.8,6.03
PRINT™

READ™, (ZZ(33, J=T,N)



PRINT™
PRINT* 7 Enter N Thickness Valueg?

PRINT, ' {Exampie: 0.1,.2,.18,.23, 1y
FRINT™

READ®, (T(J], J=1,N)

PRINT*

PRINT*," Enter load eccentricities Ex and £y measured’

PRINT*,’ from center of circle in x and y directions.’

PRINTY™ ! (Exampley .3, -0.153 ¢

PRINT*

READ™ EX,EY

PRINT*

PRINT*, "  Enter the uitimate test (oad P (kips or ¥N) and '
PRINT*,? The yield stress Fv (ksi or MPa).’

PRINT™,’ [If the test lead P is not krown, enter the ultimate’

PRINT®, ¢ load from FE analysis or use, say 1003¢
PRINT* ¢ (Example: 160., 40.)7
PRINT*
READ*, P, FY
PRINT*
PRINT™, " Enter the Adjusted-Thickness-Ratio Tadj/Tp.’
PRINT* ¥ [ (Tadj/Tp) »= 1.0 1*

PRINT™,” (Exampie: 1.13 {Yo use Default of 1.5, enter 0.3}/
PRINT*
READ *, JATP
GO TO 100
END IF

* INPUT FROM a DATA FILE

PRINT*
IF (GIN.EQ.'F/ OR.QIN.EQ.*f7) THEN
PRINT*
PRINT*, Enter the name of the [NPUT DATA Fiie:!
PRINT*

READ (*,*(A}!)IFIN
OPEN (UNIT=10,FILE=FIN}
READ(C1G,%) SPEC,R, NP, N, (Z2(d),d=1, N3, (TCd3, 31,13
READ(13,%) EX, EY, P, FY, TATP,u

52 TG 108

EHB 3F

FOIHEUT OF SAMPLE DATA I THIS PROURAM
HFO(RIN.EQ.TDY OR.LQINLES . "d7 ) THEN

SPEC ='P3A-57
R =5 .0
NP o=t




# =5
FEAGS Loty
2Z(2y=0.84
LZ(3)=2.G25
ZZ{a)=3.794
ZE(5)=5.C78
T{1) =0, 165
(23 =0.22
T{3) = (236
sy =372
T(5) =. A
Ex =0.2
£Y  =-0.1
P =245
FY =40.9
TATP=1.05
HEAE
END IF

o e K TS e e g o e ek R R e AR AR R DOMPUTATIORS  FRRRA Rl ok s e e e de e s ok e e 3 S sk b Aok e ok e

* Check if angles are in Degrees and, if so, convert to Radii.
100 TF(22LN).67.6.3) THEN
DO 27 J=1,N
27 LS I=2Z{II*PI/18G,
END iF

* Check if default vatue of TATP is to be used.
IF (TATP.LT.1.0) TATP=1.05
* Check what system of units used and adiust E for S.i.
[F (U.EQ.'m’ .OR.U.EQ, M) EE=EE*5H_BYY
M=+
ZZ(M)=Z2C1)+2. %P}
T(MI=T(1H)
ZP=ZZ{NP}
TP=T(NP)
* Computation of all integrals in the [-array
DO 10 JmlM
E=gZ{4}
T, J:=BTH(Z:
108, 432008 3+ 2% N
SN E b Lt TEA LT UALr e AL 1o
A, y={ W3- GRS INCI B (TH2-23%00%¢8)
i¢5,d)=-C0842Z3
{6, d3=SINCEY-Z*00O8(2 )
P47 JI=2RT*SIN{Z - (I**2-23%C0%( 2



{8,5)=3% (¥ 2 23RS INCT Y- (2**3- 6% 1) L0S(D)
169, d1=¢2*I+SIN(2*T) ) /4 '
1010, YS(Z¥I** P42 P¥SINCE, *2)+COS(2. %21/
o IO, 0)m{2RTHRT-1INSINGZ R T/ BATIAIAGRINLOS(R L0 /4
1012, J)R{(Z**G - SRIe* 230 (I¥I¥¥F-3FZIRSIN(E . YT+

* (E*Z**2-3Y%(L0S{LYIv*E)/8
1013, s (@R 2FES . TOR IR 1507 F 200 (ZHIXNG - X I 243 ) /8%
+ SIN(Z.*Z)+(2*I**3-3* 2% (L08(2))**2/2

1014, )=(2*2-SIN(2¥L)) /4
1615, )= 2e2R2 - 2* IS IN(2*2)-COS(2*2) /8
1C16, JYsZ* 3 /6 (2*I**2- TI*SIN(2*L)/B-2*LOS(27L)/4

TE17, J3B((2F*4eBRZa* 2y~ (P¥PR*F-3¥2)*GIN(2. YD)~

+ (E*Z**2-3y*(LOS(ZI**2)/8
T{1B, Y= {2RT**5+10%Z%*F-15%2 3 /20~ (B¥L*¥4-4* T 2+3) /8%
* SINCZ.*¥2)-(2%I**3-F*Z 3T (COS(Z))**2/2

1019, 0y=-L08¢2%2) /4

1¢20, 5)=(SIN(R2*L)-2¥I*COS(2*2})/8

T€21, J)a( 2% IFSINCR*Z )~ (2¥2**2- 1)*C0S(2¥L3 ) /8

1422, J3=f (6% E**2-3 ¥ SIN(2* 2~ (A*Z**3-6*2)*COS(2*2) 1/ 16

!{23,J)z((Q*Z**S-é*Z)*SEN{Z*Z)'{2*2**4-&*2**2+3)*C05(2*2})/8
16 CONTINUE

*  £ROSS-SECTIONAL PROPERTIES wrt CENTER of CIRCLE

* Initialyze AR, QX, etc.
AR=0,
ax=0.
aY=0.
IXC=0,
1YC=0.
1XYC=0.
* Computation of properties, segment by segment
Do 20 g=2 .M
21=32¢04-13
Z2=E20Jd)

A={T (-1 T2-T(S P LN CEG-2%

B={T(43-TLd-1057428-27%

= Computation of Ares AR
BARS{AR{ JFRAAIF(IZ- T BRLRAAIH{ZEREL-ZIFND
+ TERRZ IR OIIRNE-FIRRENE
AR=AR+DAR
* Computation of the static moments Ux and Qv

AQuA®{ 2¥R+A)**2
BOmBF{4FR¥FZHEFARRAIFAND )
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CG=B**Z2* {4 *R+3%A)

ORzE**y
DRX=(AG*{1(T, d0-141, 37 10 0+BQY(1{2,d)- {2, 1))+
- COLICE, 00103, 0-10+D0% (104, 3 144, 0~ 133 3/4
DOYS{AQ* {15, J3-1¢5, d-T30+Ba*(1{5,41-1{&, 4= 133+
+ CO*LI{T, - 107, 4- 1) 1+D0O%(1{8, 33+ 1(8, i~ 133 )1/4
GR=OX+DEX
QY =RY+DRY

Computation of the moments of inertia
R1=R+A
R2=R+2%A
R3=2*R+A

E=A*RI*RI*R3*C.125
FoB*RI*RE*RI*C. 25
G=RT*R3*B*B*0.75
He(RV+RIJ¥B*B*B*0.25
[1=B*B*B*B*0. 125

DIX=CE*(I(F, )T, d- 13 +F*{ 110, d)- 110, -1y 0™ (1 {11,040
+ POTT, -1 00 E012, 30 - T2, d- 10+ T I (LQ13, -1 (13, 071003
DIY=(E*(I(14,d)-1{14, d-133+FX{T0H5,d)- 1015, d-130+G* {1 (16,4~

+ TCI6, J- 1y {117, d - T 17, d- 10+ I (T OB, 35 - 118, 01003
DIXY=(EXCIQN, J0- 109, d- 1) 3+F* (120,02~ 1 (20, -1 8% (1 (21, 4)-
+ T2, -1y )+H* {1 {22, 43~ 1(22, 4= 1)+ 1% (123, 4)-1(23,4-130)

IXC=IXC+DIX
IYC=IYC+DEY
IXYE=IXYC+DIXY

20 CONTINUE

CENTROID and TRANSFORMATION of PROPERTIES to CENTROID
XC=0Y¥ /AR
UK AR
1X=1 XL~ AR*YLHE2
PY=1Y0-ARFROANZ
IRY = XY O AR=ACHYL
BRINT®

Check 1 the section has constant thickoess
TC=T{1}
DG 30 J=Z N
IF(ABS(TC-7¢4}3.6E.5.0-6) GOIO 32



30 CONT INUE
WRITEC®, {77 NOTE’/* /7! The secvion has constant thickness. Thus
+, the moments’’/
+ 2K, 7 tof inertis about any centroidal axis sre the same, and’ '/
+ 2X,‘"the product of inertis is squdi %o zere, Ixy=0,7/37)
IMA=TX
IMIN={X
ZPA=0,
PRINT®
PRINT*
PAUSE ’"Press ENTER (o proceed?
GO TO 50
32 CONTINUE

* Computation of principal 1's from Ix, ly, Ixy and of Angle 2PA
* for direction of the Major princ. axis wrt upward y-axis
W={IX-1Y)/2
RAD=SQRT (W*wW+ [ XY*IXY)
[MAJ=(IX+1Y 3/ 2+RAD
IMIN={IX+1Y}/2-RAD
* Determine the angle of the major principal axis
ZA=ASINCIXY/RADY/Z
IF (IX.GE.I1Y) THEN
ZPA=P]/2+ZA
ELSE [F (iXY.GE.G.) THEN
IPA=PI-ZA
ELSE
ZPAz-ZA
END IF
50 CONTINUE

XCE=XC-EX
YOE=YL-EY

* Computation of amplification factor Kp for mid-thickness point Np
* [Angile=ZZ(NP} at Tmin ]
* when Lload acts with eccentricities Ex and Ey wrt to Center C.
KP={R+TP/E"SIRLIZENP 34T
YPu{Re TR/ EYMLOS{ ZZ0NP Y 1o ¥

KPR IR RUE - (R CE P P+ (Y Y B - LY ROE I YR /L IR Iy - [HY ™92

*  Computation of ANGLE Im, amplif factor Km and local thickness Tm

* for the point on outside surface with meximum stress

* Theok if stress s uniform (Ka=1.0Y and 2Zm is undefined,
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[F (ABS{XCE3I/R.LT.5.D-B.AND.ABS{YCE}/R.LT.5.D-8) THEN
PRINT™
WRITE(®, ¢/ NOTE?f/'¢ Stresses in the section are uniform amd,
+ thus, Kmet.0.9//3%,7/2M is set to 2P and TH=TP to indicate the lo
+eation’ f 74X, fof potential ilocal buckling.’ 7373
KM=1.0
IM=ZP
TM=TP
PRINT*
PRINT*
FAUSE ‘Press ENTER to proceed’
GG T &0
END IF

CALL MAXKZ{PI,N,AR,IX,IY,IXY R, KC,YC, XCE, YE,ZM,KN)

&0 CONT IRUE

Comparison of stress at Tmin due to exper ult lead, with yield stress
F=P/AR/EY*KP

Leoad to cause first yielding 1n cross section
PYLD=AR®FY/KH

check if there is a hote ¢(that is t=0.0) in the section and, if so,
set a flag and bypass computation of Fapi, Fdnv and Papi.
aH=1
Do 102 Jé=1,N
102 TFCT{J}.EQ.0.0) GQH=0
IF(GH.EQ.0) GO TO 103

LOCAL BUCKLING STRESS in PATCH accoerding to AP! and DNV, and Papi
Adjusted thickness for buckle wave Tad] and the D/Ta ratio
TA=TATP*TP
DI=2*(R/TA+1)

Critical stress according to API,  Fapi/fy
IF (DT.LE.60) THEK
FARI=1.D
ELSE
FAPI=T 660,235 (BT**(. 253

EWD F

Criviesl stress sccording to Ony, Fanv/Fy
FONVET, ~EDTREYRLT S+0T /IGO0 3/EE S 2L /3.




* ditimate load Pu for local buckl aecording to APL and Dnv
PARP [=ARNFAR [ *FY/KP
PORV=PAP [ XFONV/FART

163 CONTINUE
* Comps of Ultimate Load Pprop (PAN) as functn of relat net area AN

* accord to proposed formula (Eq.15-24)
i
* Find maximum thickness in sectian and compute gross area AG.
THAX=T(1}
B0 101 4=2.¥
IMAK=]

IF {T{J).GE.THAXY TMAX=T(J)
101 CONTINUE
AG=RI* (2, *R+ TMAX Y X THAX
AN=AR/AG
*  Pdes according to £q.15-24
POES=(0. 18* AN+ B2*AN**F 3 *AG*FY
*  Ppin according to Eq.15-23a
PPIN=(0.016143 -0, 14437 AN+1 12822 7% AN**T 1*AG*EY
IF {(AN.LT.0.65) THENM
GR=* (Warn,an<{.&851)/
ELSE
QR=' {Note,an>=0.8%}'
ERD IF

* Convert angles to degrees for cutput.
ZM=ZM*180. /P

ZPA=ZPA*180. /PRI

HAXREXEK K TR ERRE LT R KT T deN DUTPBT ke o o o o o S ok ok e e i e e sl e ok T e e

PRINT*
&  PRINT*,'what is the destinztion of the computed OUTPUT results?’
PRINT*, ¢ To the Screen only <§»7

PRINT*,’ To the Screen and an external FILE for each data sef <Fs’
PRINT®.” Yo Screen and & Cumulative file for many data sets <0>7
PRINT™

ERINT®, 1 Enter the corresponding letter:’

ERiNT®

READ % F{AY' s QUUT

PP (QUOUT.NE. ST AND.LQOUT KE . ‘s’ AND.LGDUT HE. 7 F'  AND .GOUT.NE  F§°
* LANDL.QOUT UNE. ' AND . QOUT . NE.'g? ) THEN
BRINT®, ' YOU ENTERED AN INCORRECT LETTER, PLEASE RE-ENTER’
G2 D 5
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END IF

iFO{QOUT.EQ./STLORLQDUT.EC. '8’y GO TG 200

* CUTPUT TO AN EXTERNAL FILE
IF (QOUT EQ./F'.OR.GQUT FU. "f'} THEN
FRIKT®
PRINT *, ¢ Enter tne name of the OUTPRUT File for the results:’
PRINT™
READ (™, "(AY') FouT
OFER (UNIT=11,FILE=FOUT)

TF(QH.EQ.0) THEN
* Printout for Specimens with holes
VQETEC11,299}S?E€,R,RP,N,XC,YC,AR,iX,AG,IY,IXY,EKAJ,ININ,Z?A,KP,
+  IZM,KM,F,P,PYLD,PDES,QR,PPIN,OR,
+ 'Since Tp=0.0(hole),D/Tp, Fapi, Fdnv,Papi and Pdnv are N.A.
ELSE
* Printout for Specimens without holes
WRITE(11,3003SPEC,R, NP, N, XC,YC, AR, IX,AG, I, TATP, IXY, IMAJ, IMIN,
+  ZPA,KP,IM,KM,F,DT,FAPY, FONV,F,PYLD, PAPI, PDNV, POES, OR, PPIN, GR
END IF

G0 19 200
END IF

* QUTPUT to a CUMULATIVE file

PRINT*
7 PRINT*,* Is this the first DATA set to Start the Cum file? <§»7 Yo the
Screen only <S»/
PRINT*,/ or an Additional data set to cumulative file? <A»?
PRINT*
PRINT*, Enter the corresponding letter:’
PRINT™
READ (*,7{A)}’) QC
¥ (QURE. 7S’ AND QU NE. "’ AND.QC.NE.*A' LAND .QC.NE.7a') THEN
PRINT®,’ YOU ENYTERED AN INCORRELCT LETYER, PLEASE RE-ENTERY
GO T Y
ERD 1F

PFO(QULEN. TR ORLGCLEGR. e ) G0 T 13
PRINT *, 7 Enter the name of the CUM outpul File:r’

PRINT ¥
READ (™, 7{A}' ) FOOUT



OPEN (UNIT=12, FILE=FCOUT)

8 PRINT*
PRINY® ISELECT:?
PRINT® « L 7 LGNG format ts list ix, ty,Kp,ete, and Loads’

PRINT*, ¢ {Use when | and Load values sre expected to be’

PRINT® ¢ in the hurdireds; usually, for Customary units)’

PRINT*, ‘or S ) SHORY format to iist only Loads’

PRINT= ¢ {Use mainly when | and/or Load values expacted
+to’

PRINT*, ¢ be in the thousands; ustally, for 8§ units.y’

PRINT*

PRINT* ¢ Enter L or §*

PRINT*

"READ (*,'(A)") QL
IF (QL.NE.’S'.ANB.Q&.NE.’S’.ANﬁ.Qf-HE,'L“ANQ.QX.NE.’i’} THEN
PRINT*,’  YOU ENTERED AN INCORRECT LETTER, PLEASE RE-ENTER!
GO 10 8
END IF

IF (QL.EQ.'L7 . OR.GL.EQ, "1’ THEN

* Print the heading
350 FGRHAT(?X,AQ,SX,As,?X,AE,BX,AE,SX,AS,Z(#X,AZ),2<ax,A4)/88(’-'}}
WRITE{12,350) 'Sct/Spec*,’Area',’ix',’ly’,’Ixy’,'Kp’,’Km’,’Papi’
+ ' Pdes”’

* LUM DUTPUT fite is formatted for importing to QPre (in Comma & oy,

362 FORMAT CIX, 797,48, 10, 1 FBLG, 307, F9.4), 20,1 F5.33 A7,/ F7.3)
363 FORMAT (TX, 7"/, AB, "M, F8.4,3(7,7,F9.4),2¢",7 ,F5.3),2(,7 F7.3))
IF(QK.EQ.0) THEN
WRITE(12,362)SPEC, AR, IX, Y, IXY,KP KM, UN.A. "« PDES

ELSE
WRi?E{12,363)SP£C,AR,IX,IY,EXY,KP,KM,?AP%,PDES
ERD IF
GO 1O 200
ELSE
* Print the hesding
® Format for Shorv OUM heading of Shert cum titput fite

385 FORMATETH, A10,6(6% AS)/80(' 133
WRITE(YZ, 3653 TSestn/Spec  TPtest’, Pfyig’,’ Papit, - Pdnv?
+ ¢ Pdes’,’ Ppint

&

* LUM QUTPUT file is formatted for importing to GPro (in Comma & ooy,



366
367

13

FORMAT (71X, 7"/ A10, 70 ,2¢7,/ 6G10.5),2(A%1),2¢/,/,G10.5))
FORMAT (1X, /%', A10, " &¢¢ ¢ 610,53}

IF{GH EG. Q) THER
NREYE(?2,366)3?58,9,?¥L§,’“E_A.“’;’f"ﬁ.A."’,?DES,P?EK
ELSE .

WRITE(12,367)SPEC,P PYLD, PAP1, PDNV, POES, PPIN
END IF
GO 10 200

END IF

CONT IRUE

PF {GL.FQ./L7 .OR.CL.EQ.'L’) THEN

Print ADDiticnal entry in LONG FORMAY

PRINTY
PRINTS,'FCOUT-file is /_FCOUT,’ in LUNG FORMAT’

IF{QH.EQ.0) THEN
WRITEC12,362)8PEC, AR, IX, TY, IXY KR, KM, 1N A _1r ¢ uN & 7
ELSE
WRITE(12,363)SPEC, AR, 1X, 1Y, IXY,KP,KM, PAPT, PDNV
END [F

ELSE

*  Print ADDitional entry in SHORT FORMAT

2600

PRINT* fFCOUT-file is /, FCOUT,’ in SHORT FORMAT!

PF(GH.EG.0) THEN
WRITE(12Z,366)8PEC, P, PYLD, " "NLAL™Y 7 "N ALY PDES,PPIN

ELSE
WRITE(12,367)SPEL,P,PYLD,PAPT, PDNV, PDES, PPIN
END IF

END IF

FRINT*

* FORMAT of printout to scoreen and indiv file for rubes with holes

A

&

-

#

+

sy

FORMAT (2%, 'Speciment * 117, R=f (12.6,, Hp=7,13,

ToooMET RRSVRH e CUPY.SSTRK, fYos 1 FS.5/8K, A (Net Areads ¢
532.5,758, 7 {u= ’,G?Q.&féxz5%5{Gra§£ﬁ?éﬁ}ﬁfgé?z,é,?Sé,

fly= CLGTZLO/EX, MTal/Te=t.0 (hole)? 736, Txy= 7, 612.6/
7X,'Principat Moments of Inertia and the angle to the’/

9, 'major principal axis (LW from upward y-axis)'/

36X, TImal='  GI2.6/36X, ' Imin= G12.6/36X, ‘Imaj=t K9 .54/

A-2T
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+ 7X,‘amplification factor at Tmin=Tp, Kp=/,F8.5/2X,
+ fAngle and ampl fact for max stress: Imax=',F10.%,3X,’'Kmax=’,F8.5
+ /%, 1 F=(Prest/ATKRY/Fy=' F5.3//2X, Test Load=",G12.6,7 ,Load at fi

+rst yielding Pyids’ G12.6/2X, ‘Load acc to propes formula, DESIGH

+recomm  Pdess’ G12.6,A1772X, 'Load acc to propos formala, pinned en

+ds  Ppin=’,G12.6,A17//3X,A60)

* FORMAT of printout To screen and indiv file for tubes w/o holes

308

FORMAT (2X,'Specimen: 7 ,A%%,’, R=/,G12.6,7, Np=/, 13,
r,ONE' IB/19K, T Me= fERLSANGE, PYes L FRLS/4AX, A (Ket Arealds "
$612.6,736, 7 1x= 7, G12.5/4X, (AG{GrossAreal=’ G12.6,136, " 1y= /,
G12.6/8%, ' Ta/Tp=' FB.6,T36, " Ixy2 * ,G12.6/
10X, 7 Principal Moments of Inertia and the angle to’/
12%, *the major principat axis (CW from upward y-axis)’/
6K, TImaj=’ , G12.6/36K,  Imins’ ,G12.6/36X, ' Imaj=" F9.5/
7%, Amplification factor at TminzTp, Kp=',F8.5/
2X,*Angle and ampt fact for max stress: Zmax=*,F10.5,3X, ‘Kmax=",
FR.5/5X, ' $=(Ptest/A™p)/Fy=' F5.3,7 D/Ta=' F8.3," Fapi/Fy=' F&.4,
P Fdnv/Fy=’ ,F6.4/ 73X, Test Load=’,G12.6/
2%, 'Ld for first yieldng at pnt of max stress, Pylde? ,G12.6/
2X,'iLoad according to APl Specification, Papi=’ , G12.6/
2X, *Load according to Dnv Specification, Pdnvs=’ ,Gt2.6/
2X, ioad acc to propos formula, DESIGN recomm Pdes=’,G12.6,A17/
2%, 'Load acc to propos formula, pinned erxds Ppin=’,G12.6,A17)

* QUTPUT te screen

*

*

1F(QH.EG.0) THEN

printout for Specimens with holes

BRINT 299, SPEC,R,NP,N,XC,YC,AR, IX,AG, 1Y, IXY, IMAJ, IMIN, ZPA KP 2,
KM, E,P,PYLD,PDES, QR,PPIN,OR,

+ f8ince Tp=0.0¢hole),D/Tp, Fapi, Fdny,Papi and Pdnv are K.ALS

ELSE

Printout for $pecimens without holes

PRINT 300, 3PEC,R, NB,N,XC,YC, AR, IX,AG, I¥ TATP IXY IMAJ,IMIN,ZPA,
KP,ZM,KM,F,D7,FAPL, FONV,P,PYLD,PAPT, PDNV, PDES OR PPIN,GR
£ND IF

BRINT™
PRINT®, 7 ANOTHER CAZE TO ANALYZE?Y <enter Y or ¥/
FEINTH
READ L% ‘fA:7T: QIH
PEOSOIMOME,FYF AND L GINLNE.y' LAND OIN.NE. TN AND.GIN.HE. 075
THEH
PRINT*, ' You have Entered an NCORRECT LETTER, please RE-ENTER/
GG 10 15
£ND IF
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TF (GIN.EG,/Y/.OR.GIN.EGQ.'y'} THEN
CLOSE (30}
CLOSE (11
GO TO 3
ERD IF

END
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FUNCTION THZ{PI K, 2}

* Function THMZ computes the thickness at the angle = Z.
IMPLICIT DOUBLE PRECISION (A-2)
INTEGER J M N
COMMON 1,22
DIMERSION T(1513,22(151)
M=hi+1
Do 30 J=1,M
30 IF (22¢J3.GE.Z} B0 TO 31
3% CONTINUE
IF{4.EQ, 1) THENR
ZL=Z+2*P1
T1=T(N2)
TE=T(M)
21=2Z(N)
72=2Z(M)
ELSE
IL=Z
Ti=T(d=13
T2=7{d
21=2Z(J- 1)
22=22¢4)
END IF
THZ=TI+(T2-T13/(22-2 3% {21 -2}
RETURN
ENG
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CUBROUT IHE MAXKZCTT M AR, X, 1Y, TXY & XU, YO X0E,VLE, 2M, KH)

* suR MAXKY determines max KM and IM Ly sequential search ard parsbolic

* interpatation

[HELICIT DOUBLE PRECISION (A-2)



[

INTEGER J4,K,FL
COMMON 1,22
DIMENSION TC1513,2Z¢151)

The angle increment DI=0.035 corresponds 10 approx. 2 degress

pz=0.01
L=, 02
02=5.035
iniviaiize the variables for computing KM and IH
M=Rel
Mi=4.
ZM=0,
23=0.
K1zl
KM=
K3=0.
B0 10 J=1,M

PRINT®,’ d=' J
DG 10 Z=ZZ(J),Z22(J*1),02
TT=TMZ(PI N, 23
K {RHTTI*SIN(Z)-XC
Y=(R+TTI*C0S(Z)-YC

K=1.‘A£*{{[X*XCE‘iX**?CE)*X*(iY*YCE“iX?*XCE)*Y)/(IX*IY"IXY**Z)

1F {(J.EQ.T AND.Z.EQ.ZZ(1)) THEW
22=22(%)
IM=22
ZZ1=22{13+2*P1
K=K
K=K
KZi=k
FLat
GO T 15
ENDIF

[F{L.LT.KM} THEM

PFLJ.EQ. 1 AND.Z.E0, (Z2015+DZ); THEN
Zi5=2e7 %P1
L0 4
ENDIF
TFEFL.ED. T THEH
L3=E
K3=K
ENDIF
2i=ed
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12=2
K1=KZ
2=k
FL=0G
ELSE
IMT=Z2
IM=Z
21=22
Z2=Z
KMi=K2
KM=x
K1=K2
K2=K
FLa=d
ENDEIF

15 CONTINUE
10 CONTINUE

IF(KM.EQG.KZ1.AND.ZM.EQ.2Z{1)} GO TO 20
TFQZZT-2M3 LT .D2) THEN
3=
K3=K71
ENDIF

* Computation of max K by parabolic interpoiation from three points
X1=ZM1-2ZM
X3=73-7M
Y1KM1-KM
¥Y3=K3 ~KM
A=KHM
DIXPRI*(AF-XT)
B=LY TAIAAZ-YIXXTRRY /D
Ca{X1*Y3-X3*Y13/D
AM=-B/ (2L}
KMzA+BYXMAT* XM XM
TM=ZM+ XM
IF(ABS{ZM-2.*PI}.LE.7D-4) ZW=0.0
IF(ZM.GE 2*FT; ZM=EM-Z%PI
2 CONTIRUE
EETURM
BN

x‘%kg E



