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EXECUTIVE SUMMARY
Background

-In 1992, Hurricane Andrew passed through a large number of platforms in the Gulf of Mexico.
While most platforms were unaffected, several were severely damaged or toppled.

Working under contract for the MMS, PMB subsequently performed an onshore, "post-mortem”
inspection of one of the damaged platforms that was in the process of being salvaged. PMB also
performed a nonlinear analysis of the platform to determine if the observed damage could be
predicted analytically. Results of the onshore inspection and results of the analytical evaluation
are documented in this report.

The platform was of eight leg configuration, located in 140 ft water depth in the South Timbalier
region, and was installed in 1965. Framing consisted of diagonal racing in the longitudinal
direction and K bracing in the transverse direction.

Onshore Inspection

The platform was severely damaged but did not topple in Andrew, and was inspected onshore
after the platform had been cut into several large pieces for salvage (see Section 2, Photos 2-2
and 2-3). The platform had suffered significant joint damage including cracked X joints,
complete sever of several K joints, and damaged KT joints. There were no joint cans at any of
the damaged joints. There was also a noticeable curvature in the platform legs.

The X joints contained a 2+ ft crack at the centerline of the tension member, which was also
the through member of the compression-tension pair. The tension member was also crushed by
the compression members, creating an oval cross-section with the crack located along the
narrow apex of the oval (Photos 2-10 and 2-11).

All of the K joints on the platform were damaged by complete sever of the chord (Photo 2-12).
It appeared that the chord severed due to excessive beam shear. The failure plane was located
along a line parallel to the compression member of the K. The failure can be attributed to the
chord and K brace members having the same diameter and thickness, with the chord unable to
carry the shear load along the approximate 2 inch gap between the two K braces.

The interior KT joints (nearby the highly wave loaded conductors) showed some bulging and
cracks, but were generally still intact and capable of carrving load (Photo 2-16). It appears that
the vertical member of the KT, which eliminated the gap, provides the additional strength to
carry loads along the chord.
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The platform legs in the lower elevations where the K bracing had completely failed had a slight
curvature in the direction of the Andrew waves (Photos 2-20 and 2-21). This curvature was
possible since the complete loss of the K joints allowed for the formation of large deformations
in the legs.

Several of the platform joints near the mudline where sandblasted clean to allow for close visual
inspection of the joints for cracks caused by high stresses during Andrew or by long term
fatigue. All of the cleaned joints (which included both tension and compression braces) showed
no signs of cracks or other damage.

Structural Analysis

A three dimensional, nonlinear computer model of the deck, jacket and foundation was used to
evaluate the platform using PMB’s computer code CAP (Capacity Analysis Program). Nonlinear
elements were used for the braces, legs, piles and soils. Andrew metocean conditions were
based upon a hindcast by Oceanweather.

There were two key aspects of the platform studied. The first was joint capacity and joint force-
deformation relationships, based upon the severed joint damage observed in the inspection. The
second was foundation performance, since previous study of this platform in during the Andrew
Joint Industry Project (JIP), indicated that joint damage should have occurred, yet none was
observed.

Capacity of the joints was determined based upon a literature survey of available joint test results
and parametric equations. A combination of joint capacity work by Billington, Lalani and
Tebbet (1982) and Ma and Tebbet (1988), was used to determine the capacity of a majority of
Jjoints. These equations are believed to be a more realistic estimate of joint capacity than the
API RP 2A equations used in the Andrew Joint Industry Project (JIP), since the API equations
represent a lower bound of joint strength, whereas the equations used by this study use a median
joint strength.

Several methods were used to model joint force-deformation. The first was an elastic-plastic
relationship, similar to that of the Andrew JIP. This predicted that the platform would have
survived Andrew. This type of modeling does not allow for sufficient load shedding that occurs
when a joint completely fails as observed in the inspection.

A second and more realistic method of modeling joints using an elastic-brittle relationship
showed a much better comparison, with the model predicting that the platform would have been
severely damaged in Andrew, with the damage similar to that observed.

The foundation was first modeled as-is using API RP 2A procedures to define pile-soil nonlinear
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spring characteristics (p-y, t-z and g-z). This model showed that the platform would fail in the
foundation with no failures of any of the jacket members. The soil shear strength was then
increased to force failures into the jacket as observed following Andrew. This was used as a
simplified method to account for possible conservatism in the API pile-soil formulations. The
‘result was that analytically predicted platform member failures best match those observed when
the soil shear strength is increased by 100%. While this is by no means a conclusive study,
since only one platform under one loading condition was evaluated, it does indicate possible
conservatism in the API pile-soil formulations.

Conclusions and Recommendations
Platform Inspection

The ST 177B structures sustained serious damage to joints at the intersection of X, K and KT
braces. The failures appear to be attributable to the lack of joint cans and the problem of chord
and brace diameters of the same size. This is a problem that probably exists in a number of
platform of this vintage and needs to be accounted for when evaluating the platform for fitness

of purpose.

Note that there were no joint failures at the legs (which were grouted), helping to confirm the
industry perception of increased joint strength due to the composite action of the leg, grout and

pile.

The platform legs showed a slight curvature in the direction of the Andrew waves. This
"damage" is attributable to large deformation of the legs once the K joints had sheared. This
frame action resistance by the legs ultimately allowed the platform to remain standing after
Andrew even though almost all of the joints had been damaged.

Overall, there were no other signs of damage of any kind to the platform, such as fatigue
cracking, dented members or corrosion. Joints sand blasted clean during the inspection were
in remarkably good condition for a 28 year old platform. It appeared that the platform
operator’s maintenance program provided an adequate job for this particular structure.

Several intact and damaged joint specimens were cut from the platform and placed in storage
in one of Chevron’s yards in the New Orleans area. It recommended that these joints be used
for further testing of material properties as well as ultimate strength. These joints are unique
since they provide the specific type of steel materials and fabrication techniques (rolling,
welding, etc.) typical of the 1960°s vintage of platforms.

One possibility is to propose the effort in the form of a Joint Industry Project (JIP) funded by
industry and regulators such as the MMS and HSE. The testing could be performed at a

PMB Engineering Inc. ES-3 August 1994



MMS Platform Post Moriem

university or other testing facility that can handle large specimens. The work would be similar
to that previously performed at Texas A&M for damaged platform braces under a JIP managed
by PMB (PMB, 1990).

- Platform Analysis

The initial "Base Case" computer model predicted that the platform would have collapsed during
Andrew. The failure mode predicted by the analysis was in the foundation, with little or no
damage to the jacket. However, the post Andrew platform inspection indicated that the failure
mode was instead in the jacket, with serious damage to almost all of the jomnts in the jacket.

There was no indication of foundation damage or failure.

The computer models were therefore adjusted in terms of the foundation and jacket joint
modeling in order to try to adjust the analytical evaluation until it more closely matched the
observed results.

The foundation adjustments indicate that an increase in soil shear strength on the order of 50 to
100 percent provides sufficient foundation resistance to allow joint failures in the jacket prior
to failure of the platform. A similar pattern of analytically predicted foundation failures, yet
none that were observed in the filed, was seen in the Andrew JIP.

The jacket joint strength adjustments indicate that elastic-brittle joint modeling of the K joints,
which mimics the complete shear of the joint as seen in the platform inspection, provides a good
match to the observed platform performance and damage that occurred in Andrew. The brittle
joint model also included the adjusted foundation with increased soil shear strength. The model
predicted that almost all of the jacket joints would have failed in Andrew but the platform would
have survived due to bending resistance of the grouted leg-pile. There would also have been
some initial yielding of the legs. This is essential the same type of damage as indicated by the
platform inspection.

For this particular study, the computer model was modified until it predicted that the platform
would perform as indicated by the onshore inspection. The analytical "recipe” that worked well
for this case (i.e. increased foundation strength and brittle joints) needs to be tested using other
platforms that were damaged or survived large storms. A parallel study being performed by
PMB for the MMS (PMB, 1994d) that is evaluating three more platforms from Andrew,
indicates that the "recipe” that worked well for this platform does not perform as well for two
of the three platforms, where the recipe indicates that the platform should have collapsed, or at
least seriously damaged, yet the platforms survived undamaged.

Based upon the above, it is obvious that further study is required before a well established recipe
for evaluating platforms under extreme environmental conditions can be developed. The recipe
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first identified in the Andrew JIP and then further refined in this study appears promising, but
several adjustments are still required. Foundation strength is currently being further studied by
PMB in a study funded by the MMS and API (PMB, 1994a). Joint strength and modeling will
be one of the key issues investigated in the proposed Andrew Phase Il JIP, where the joint

“specialist firm of MSL Engineering will be assisting PMB on the further evaluation of platform
performance in Andrew. Both of these projects will enable development and testing of a much
improved recipe.
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SECTION 1 - INTRODUCTION

1.1 BACKGROUND

‘During August 1992 Hurricane Andrew passed through the Gulf of Mexico and severely

damaged a number of offshore platforms. The Minerals Management Service (MMS)
subsequently contracted PMB to perform a "Post Mortem Platform Failure Evaluation Study"
on one of the more severely damaged or toppled structures. There were two main tasks for the
study:

1. Platform Inspection and Evaluation. Two eight leg, 140 ft water depth, platforms
that were severely damaged but did not topple in Andrew were inspected onshore after
the platforms had been cut into several large pieces for salvage. The platforms had
suffered significant joint damage including cracked X joints, complete sever of several
K joints and damaged KT joints. The platforms provided a unique opportunity to study
these types of member failures. The results of the inspection were subsequently used as
a comparison against nonlinear analysis of one of the platforms to determine if the
damage could be predicted. An iterative process was used to modify the computer model
until the analytical results matched the observed.

2. Offshore Platform Evaluation System (OPES). In 1991, PMB developed a
prototype of a computer based system called OPES that links inspection results with
structural analysis results via a central database system. OPES provides a powerful tool
that provides quick access to the key information regarding a platform’s current state
such as extent of damage (if any), platform capacity based upon structural analysis,
primary load carrying members, etc. The work was performed for the MMS. OPES was
subsequently further developed via a technical grant from PMB’s parent company
Bechtel. For this project, a prototype of OPES was loaded with inspection information
gathered during a parallel study for the MMS (A&E Contract, PMB 1994d) that involved
platform inspections and analysis of several platforms affected by Andrew.

This reports presents the approach, results and conclusions associated with the first effort
associated with the platform inspection and evaluation. A separate report describes OPES,
including a prototype version of the program.

1.2 ACKNOWLEDGEMENTS

The MMS and PMB appreciate the assistance Chevron in providing the opportunity to inspect
several Chevron platforms for use in the project. Particular thanks go to Mr. Dircen Botelho,
Mr. Ron Perego and Mr. Paul Versowsky of Chevron who were instrumental in providing
access to the ST 177 B and ST 177 B AUX platforms, in addition to drawings and other
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pertinent information necessary for both the inspection and analysis work.
1.3 CONTRACT INFORMATION

- This work was performed for the MMS, as part of BAA No. MMS-93-01, Contract No. 1435-
0001-30742. The work was performed during the period from September 1993 to August 1994,
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SECTION 2 - ONSHORE PLATFORM INSPECTION
2.1  PLATFORM CONFIGURATION

“The ST 177 B platform general configuration and key characteristics are shown in Figure 2-1.
The ST 177 B AUX platform is essentially the same. Appendix A provides additional
information on the ST 177 B platform including member sizes. Photo 2-1 shows an above water
view of the ST 151 K platform which is very similar to the ST 177 B and ST 177 B AUX
configuration.

As previously noted, both platforms were seriously damaged in Andrew with significant joint
failures as determined by underwater inspections. It was also noted by Chevron personnel who
visited the platform immediately following Andrew that the platforms vibrated due to the passage
of typical everyday waves.

Chevron decide to "scrap” the platforms and sold them to a salvage company which cut the
platforms into large sections for transport to shore where they were eventually cut into small
pieces for scrap. The deck was first removed by cutting it in half vertically, resulting in two
smaller deck sections similar to a "four pile"” deck. The conductors were next removed (after
the wells had been plugged) by explosives located below the mudline, with the conductors lifted
free and put on a salvage barge along with the deck sections for transport to shore.

The jacket, which is the primary interest of this study, was cut into four pieces which were also
brought to shore aboard a cargo barge. The piles where first cut below the mudline by cutting
a window in the pile/leg just below the top-of-jacket, and lowering explosives down the center
of the pile until the proper depth is reached below the mudline (15-20 ft). This allows the lower
jacket sections to be later be lifted free from the mud with the piles remaining in-place (with the
pile cut at the proper elevation below the mud per MMS requirements).

The jacket was cut into the sections by divers using underwater cutting tools or explosives to cut
the jacket into four pieces. The jacket was cut down the middle between Rows B and C and
then cut horizontally at approximately the (-)60 ft elevation. The jacket pieces were placed on
a barge (typically 2-3 pieces per barge load) and transported to shore to be further cut into
scrap.

2.2  PLATFORM SALVAGE CONFIGURATION

Photos 2-2 and 2-3 show broadside and end-on views of three jacket sections from ST 177 B
resting on one of the transport barges. This is the set of jacket components that served as a
basis for most of the inspections. As described later, some components of the ST 177 B AUX
platform in the process of being scrapped nearby where also investigated.
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Figure 2-2 shows the plan view of the ST 177 B sections. The Bottom North (BN) section is to
the left, the Top North (TN) section is in the middle, and the Bottom South (BS) section is to
the right. Thus BN on the right was connected to BS (think of it as rotating BS 180 clockwise
degrees in Photo 2-2 and then connecting it to BN) and TN was on top of BN (think of this by

-simply placing TN without any rotation on top of BN in Photo 2-2).

A closer look at Photo 2-2 reveals clearly damaged K joints on the BN (left side) and BS (right
side). Closer inspection showed even more damage to the X and K joints on the TN (center)
and other K and KT joints of the bottom section. Several of the mudline joints on the bottom
sections were sandblasted clean and inspected for possible fatigue damage.

Photo 2-4 shows a closeup of BN, Photo 2-5 shows a closeup of TN and Photo 2-6 shows a
closeup of BS. The following sections describe the findings of the inspections.

2.3 X JOINT INSPECTIONS

The X joints were located in the upperbays of the platform just below the water line of TN
(Photo 2-5). Photo 2-7 shows a closeup of the BN X joint in the transverse frame Row 2. The
through brace (and coincidentally the tension brace) extends from the bottom right side to the
upper left side. The most severe Andrew waves moved basically from right to left of the photo.
A crack is clearly seen at the intersection of the braces along the tension brace.

Photo 2-8 shows a further closeup of the crack which is approximately 1 inch in width at the
widest point and about 30 inches in length. Photo 2-9 shows another closeup of the joint
including an obvious bulge on the tension member. These photos indicate that the two ends of
the compression brace at the joint basically "squeezed" the tension member until it deformed into
an oval cross-section and began to bulge and eventually crack.

Similar cracks were seen on the remaining portion of the X braces of the ST 177 B AUX
structure as shown in Photo 2-10. A closeup of one of these joints, as shown in Photo 2-11,
also reveals a similar bulging on the tension member.

Note that the X joint on the outside Row 1 was not damaged in terms of a crack or bulge. This
is likely due to the higher loads on the interior transverse rows due to the presence of the
conductors which were located between Rows 2 and 3.

It is also interesting to note that these failures may have a different mode if it had been the
through member that was in compression. With the through member in tension, it allowed the
compression braces to slowly squeeze the tension member during high loading. If the through
member was in compression, there would be no member to squeeze, and perhaps the member
would have instead failed by buckling out of plane (although the tension brace would have
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helped prevent this).
2.4 K JOINT INSPECTIONS

‘K joints were located in the middle two elevations. The uppermost K (closest to the waterline)
is located on the lower section of TN (Photo 2-5). A closeup of the K joint on ROW 2 is shown
in Photo 2-12. Andrew waves moved basically from right to left in the photo. The failure
occurred due to complete shear through the chord. The shear plane is in a plane directly along
the bottom of the compression brace. Note that the right band side of the K brace has dropped
downward approximately 1 foot. This is due to the portal action of the legs as discussed din
Section 2-6.

The chord and braces are of the same diameter and thickness for the K joints, with the upper
K being 16 inch diameter by 0.406 inches thick and the lower K being 18 inch diameter by
0.438 inch thick.

The ST 177 B joints were designed with approximately a 2 inch gap between the braces and no
joint can. This allows high shear stresses in the chord, which eventually failed. As discussed
later, the KT joints (which had no gap due to the presence of the vertical T member) did not
exhibit this failure mode.

Photo 2-13 shows the K on Row 1 which also had the same type of failure. Again the shear
failure in the chord is along a plane on the bottom of the compression brace. Note that for the
K braces, both the interior and exterior transverse row joints were damaged (unlike the X joints
which were only damaged on the interior rows closest to the conductors).

Photo 2-14 shows a closeup of the compression member side of the K joint on BS (top Kin
Photo 2-6). Note that the compression member is on the right hand side of the BS section since
it is rotated 180 degrees compared to the previously discussed TN section. In this case the
compression member punched into the chord prior to chord failure. This photo provides clear
evidence of the inability of the chord to transfer load between the compression and tension brace
pair at the K joint when there is no joint can present. Similar to the TN section, both the
interior and exterior K joints failed.

The upper K joints of BN (Photo 2-4) showed the same type of failures, with both the interior
and the exterior joints completely severed at the chord.

2.5 KT JOINT INSPECTIONS

Proceeding down the platform to the mudline are the lower KT joints which differ from the K
joints due to the presence of the vertical T member, resulting in an overlapped joint. Photo 2-15
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shows a closeup of the interior KT joint on Row 2 on BN (Photo 2-4). At first the joint
appeared to be undamaged, however closer inspection revealed a slight bulge on the chord above
the compression member as can be seen to the right of the jomnt in Photo 2-135.

-Photo 2-16 shows a closer view of the joint with the bulge more visible. A vertical crack can

be seen starting at about the middle of the vertical member approximately 1 ft below the chord
and proceeding up to the weld at the chord. Photo 2-17 shows an even closer view of the crack,
also revealing a hole in the vertical member at the intersection of the chord, vertical member
and tension member. A slight crack along the compression brace weld with the chord can also
be seen. This damage indicates that the joint was highly loaded and perhaps on the verge of
complete failure, similar to the K joints. However, the presence of the vertical member provides
for a stronger joint, and in particular, a stronger chord cross-section in the joint region.

Note that for the KT joints, the chord was 20 inch diameter (0.438 inch thick), the diagonal
braces were 18 inch diameter (0.438 inch thick) and the vertical T member was 14 inch diameter
(0.375 inch thick). This too helped prevent failure of the chord as seen for the K braces.

Similar damage was found at the interior Row 3 KT joint on BS (Photo 2-5). However, on both
BN and BS the exterior KT joints were intact with no signs of damage. Again this can be
attributed to the presence of the conductors in the inner regions and the resulting higher loads
imparted to the interior jacket rows.

The two brace diagonals along Row B on BN were sandblasted clean at the joints closest to the
mudline to check for cracks that could have been caused by high loading (or fatigue as described
later). The joint at Bl for the tension brace is shown in Photo 2-18 and the joint at B2 for the
compression brace is shown in Photo 2-19. Both joints were in good condition with no signs
of cracking or bulging due to overload. Note that the leg-pile is grouted.

2.6 LEG INSPECTIONS

At first glance, the legs appeared to be in good condition. There were no signs of cracks,
bulging or other problems. However, after viewing the platform sections for some time, it
became apparent that all of the legs on each section contained a slight curvature.

Close inspection of Photo 2-4 shows curvature of the BN legs (left section of photo) away from
the direction of the Andrew waves as anticipated (which came from the right for this section).
For this section, the K joints had completely failed, leaving only the portal action for the legs
to resist Andrew loads. The bending appears to be generally equally distributed along the length
of the member, although in some of the legs there appeared to be a slightly larger bend at the
horizontal framing locations. Photo 2-20 shows a view up the B2 leg showing a convex
curvature away from the Andrew waves. Photo 2-21 shows a view up the Bl leg showing a
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concave curvature away from the Andrew waves.

Photo 2-2 shows leg bending on TN where the legs curve to the right. Note that this curvature
is against the direction of the Andrew waves (for this section, the waves where coming from the
‘right). Photo 2-22 shows a view up the B2 leg showing a slight convex curvature into the
Andrew waves. Photo 2-23 shows a view up the Bl leg showing a slight concave curvature into
the Andrew waves. This "reverse” curvature (compared to the direction of the Andrew waves)
is probably due to the action of the X braces which remained basically intact, keeping the upper
bay square. The result is a reverse in curvature of the legs in this region. This reverse
curvature is also caused in part by the battered legs.

The other bottom section BS (right of Photo 2-2) shows similar leg bending as the other bottom
section BN. Note that in Photo 2-2, BS is rotated 180 degrees counterclockwise from BN, so
Andrew waves approached from the left, as indicated by the pile bending. Photo 2-24 shows
a view up the D1 leg showing concave bending and Photo 2-25 shows a view up the D2 leg
showing concave bending, with both legs bent away from the Andrew waves.

2-7 TRANSVERSE DIAGONAL BRACE INSPECTIONS

The longitudinal diagonal bracing extending between each major horizontal frame showed no
signs of damage. These braces can be seen in Photos 2-2 through 2-5 and are the diagonal
braces that are in the plane that is perpendicular to the paper.

Computer analysis of this platform for the Andrew JIP (PMB, 1993) indicated that several of
these braces would be highly loaded in Andrew, particularly those near the mudline. Therefor
several joints of these members were sand blasted clean allowing a close visual inspection of the
welds. The joints were those located near the mudline since they were most accessible. Photo
2-26 shows the BN B2 leg at the mudline which was cleaned near the joints as seen in the photo.
Photo 2-27 shows a closeup of another the mudline joint which was in tension during Andrew.
There are no signs of any damage, with the welds appearing to be in remarkably good shape for
28 year old structure.

2.8 FATIGUE AND CORROSION INSPECTIONS

Several mudline joints on BN were also cleaned and checked visually for any fatigue cracking
or corrosion pitting. Photo 2-28 shows a complex joint on Leg B2 and Photo 2-29 shows a
complex joint on Leg A1. The joints and welds were again in excellent condition.

Corrosion on the jacket appeared to be minimal. There were no signs of loss of material or
pitting, although for the upper jacket sections there was marine growth covering almost all of
the jacket steel, and it was difficult to ascertain for sure that there was not any corrosion.
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The original anodes had been completely depleted. These original anodes were held on by small

angles extending between the horizontal members and the legs as shown in Photo 2-30. Retrofit

anodes had been placed on the platform (Photo 2-31) and appeared to have been performing an
adequate job, although several appeared to be ready for replacement in the near future,

2.9 OTHER INSPECTIONS

The ST 117 B AUX platform was almost fully scrapped by time of the inspection, however,
several of the platform’s remaining pieces showed some interesting points.

Photo 2-32 shows a piece of one of the platform’s 33 inch diameter leg sections with a piece of
the leg removed to expose the grout. A piece of the cut leg section can be seen in the lower
right hand corner of the photo. The 30 inch diameter pile can be seen at the end of the member.
The grout is only about 1 to 1 1/2 inches thick, but the grout job appears to have been good with
full coverage as can be seen in the photo. There was a fair amount of cracking in the grout, but
this may have been caused by the demolition process.

Photo 2-33 shows one of the conductors with the drill strings clearly visible. Note the offset of
the drill strings. Note also the large amount of grout which makes the conductors very stiff but
also very heavy. Although the mass is not a problem for these structures, it would be an issue
for similar platforms offshore California and is taken into account in seismic analysis.

2.10 JOINTS SELECTED FOR FURTHER TESTING

Several joints and material samples were identified during the onshore inspection to be saved for
possible use at a later date in a testing program. This included damaged as well as intact joints.
The joints were trucked to a Chevron yard in the new Orleans area and put in storage at a
Chevron yard. Appendix A contains photos of the specimens selected for further testing.

The intent of such a program would be to test the samples in order to determine material
strength and characteristics of the steel material typically used for this vintage of platforms. The
damaged samples could be further inspected by material experts to help define the method of
failure and why failure occurred. The intact specimens could be tested to failure in order to
determine strength characteristic of these joints.

Such testing would require a large facility capable of handling and testing the large test
specimens. The testing program would be similar to the Damaged Brace JIP performed by PMB
and Texas A&M in 1990.

PMB Engineering Inc. 2.6 August 1994
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MMS Plattorm Post Mortem

SECTION 3 - COMPUTER ANALYSIS
3.1  INTRODUCTION

“A CAP (Capacity Analysis Program) mode! was created of the ST-177B structure, based on the
model provided by Chevron and updated by PMB for the Andrew JIP (PMB, 1993). Pushover
analyses were performed using environmental loads generated based on the most severe hour of
Hurricane Andrew. A set of analyses of increasing sophistication were performed and their
results compared in order to determine the effect of analysis assumptions.

The following analyses were performed:

. Basic Model

Full nominal soil strength, elasto-plastic joint failure.

. 50% Increase in Soil Strength

Same as the basic model, except that the soil strength is increased by 50%. This is
intended to investigate possible conservatism in the API RP 2A soil strength recipe.

. 100% Increase Soil Strength

Same as the basic model, except that the soil strength is doubled. These soil properties
are used for all subsequent analyses.

. Soil Nodes Fixed

All nodes below the mudline fixed to determine the platform capacity based upon the
jacket only.

. Brittle K-Joints

Same as the 100% Increase Soil Strength model except that the K-joints are modeled to
fail in a brittle fashion.

PMB Engineering Inc. 3-1 Angust 1994
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3.2  DESCRIPTION OF MODEL

A plot of the model is shown in Figure 3-1.

"3.2.1 Substructure

The substructure was modeled explicitly, with the following exceptions and comments:

. Joint cans were neglected.

. Risers and caissons were neglected.

All material was assumed to be A36 steel, with a mean yield strength of 42 ksi.

3.2.2 Superstructure

The deck legs above the top of jacket were modeled explicitly, including the deck legs through
the deck section. The remaining deck framing was replaced with stiff vertical and horizontal
X bracing to minimize the size of the computer model.

The deck weight was 500 kips.

3.2.3 Conductors

The fourteen conductors were modeled explicitly. Equivalent linear beams were substituted for
conductors below the mudline, based upon previous work in the Andrew JIP.

3.2.4 Piles and Soil
The piles are 30 inches in diameter and have a penetration of 180 feet. Soil properties used for
the analysis were based upon a soil boring at the ST 151 K site. These are the same soil

properties as used in the Andrew JIP.

The nonlinear lateral p-y, vertical t-z and tip q-z pile-soil properties were based upon the API
RP 2A recipe, and were automatically generated by CAP.

3.2.5 Element Types
The following element types were used for the various portions of the basic model:

. Legs, Piles and Plan Horizontals: nonlinear beam-column elements, with plastic failure

PMB Engineering Inc. 3-2 August 1994
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3.3

behavior appropriate for A36 steel (i.e., the stiffness softens for a while before fully
plastic behavior is reached)

Longitudinal frame diagonal braces: brace capacity controls in this loading direction
therefore the model used buckling Marshall struts which shed load following initial vield.

Transverse frame K and X braces: joint capacities control in this loading direction
therefore the model used nonlinear truss elements with capacities adjusted to reflect
calculated joint capacity. In the earlier models, elasto-plastic truss elements were used
which sustain a constant load following initial yield. In the later analysis, elastic-brittle
truss elements were used which shed all load immediately following initial yield.

All members expected to behave linearly (deck, plan bracing): linear beam elements

ENVIRONMENTAL LOADS

The environmental loads were based on the Oceanweather Hurricane Andrew Hindcast
(Oceanweather, 1992) for the worst hour of the storm. The specific criteria is as follows:

Maximum wave height = 60 ft

Associated peak spectral period = 14 sec

Associated current velocity = 3.46 ft/sec

Maximum wind speed = 158 ft/s

Environmental direction = 267 deg off true north, or 302 deg off project north
The following assumptions were made, based on API RP2A, 20th edition:
Storm tide and surge = 2 ft

Current blockage factor = 0.85 (for diagonal direction)

Current profile is constant

Wave spreading factor = 0.88

Conductor shielding factor = 0.60

PMB Engineering Inc. 3-3 Angust 1954
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. Marine growth profile per on-shore visual inspection. Assume constant 1.5 inches on
radius down 1o elevation -102 ft, then tapering down to no marine growth at the mudline

. Drag coefficient = 1,05 (0.65 for smooth members), inertia coefficient = 1.2 (1.6 for
smooth members)

The wave reaches approximately five feet into the subceliar deck. Using API Preliminary Deck
Force Guidelines (API, 1994) the calculated wave-in-deck load is 676 kips. 'This load is
assumed to be divided equally at the cellar deck level among the eight legs.

Wind load on the deck was calculated using APl RP2A 20th recommendations. The total wind
force was 15 kips.

The combined wave and current load generated by CAP based on the above assumptions was
3875 kips, with the majority caused by the wave.

The resulting total environmental load used in the pushover analysis is 4566 kips. In the
pushover analysis results, the "load ratio” is the actual pushover load divided by this load.

3.4 MEMBER AND JOINT CAPACITY CALCULATION AND MODELING

3.4.1 Member Failure Mode Determination

Joint capacities for the X- and K(and KT)-joints were calculated as discussed below, The
broadside frame diagonals are not affected by joint capacity as the legs are fully grouted.

For the transverse frame X and K braces, the yielding and buckling capacities for the members
were calculated, and it was found that joint capacity controls for these elements. Thus, these
braces were modeled using nonlinear truss elements with adjusted yield capacity.

For the broadside frame diagonals, the yielding and buckling capacities were calculated, and it
was found that buckling controls. Thus, these braces were modeled using buckling Marshall
strut elements, which automatically model the braces’ buckling behavior.

4.4.2 Joint Capacities

Joint capacities were calculated for the X and K joints in the transverse frames. The API RP
2A joint capacity equations were not used because they represent a lower bound, not mean,
capacity, and even with that difference accounted for, they are overly conservative according
to later laboratory test results (the API equations are based on tests performed before 1980).
Thus, a more recently-derived set of joint capacity equations were used. A summary of the
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approach is described below. More specific details are provided in Appendix B.

The X- and K-joint capacities were calculated using the formulas presented in a pair of papers,
OTC 4189 (Billington, Lalani and Tebbett, 1982) and BOSS *88 (Ma and Tebbetr), with API's
-Q, term added to account for the effects of chord stress (as these papers do not study the effects
of chord stress). Based on the drawings, it was determined that the brace members were the
compression portion of the X, and the chord members were the tension portion of the X; thus
the axial compression, not tension, formula is applicable. The out-of-plane bending formula was
also used, as discussed below. Because the braces are modeled as truss elements, their in-plane
bending moment is not modeled; however, this moment component is expected to be small and
not significantly affect the behavior of the brace or structure.

The joint capacities were modeled by adjusting the yield stress of the brace elements so that they
fail at the appropriate load level. This effective yield stress was adjusted to account for the
effects of chord stress and lateral hydrodynamic forces according to the folowing methodology:

(1) Estimate the stress level in the chord in order to calculate a preliminary Q; factor for use
in the joint capacity equations. Calculate the axial capacity and out-of-plane bending
capacity.

(2) Estimate the maximum water particle velocity (maximum wave-induced plus current with
blockage) at the brace’s average water depth.

(3 Given the element length, estimate the brace-end moments due to the drag force on the
element. Assume partially fixed ends (i.e. the moment is 1/10 of the distributed load
time the length squared). Assume a drag coefficient of 1.05 (for rough members with
marine growth). For X braces, take the full length of each brace, not the half-length,
because the crossing brace does not provide much restraint against out-of-plane bending.

(4) Use the API RP 2A (20th) axial/bending interaction equation. For simplicity, assume
the moment calculated in the previous step is out-of-plane (which is close enough to
correct). Find the axial force at combined axial/bending failure with this moment, based
on the axial and out-of-plane bending capacities calculated in the first step. Take this to
be the effective axial capacity for the element.

&) After the analysis, determine the actual stresses in the chord at the end of the load step
when the adjacent brace fails. Each of the three chord stresses (axial, in-plane bending,
out-of-plane bending) should be calculated as the average of the stresses in the two
adjacent chord elements, accounting for sign. If the combined (SRSS) stress is not close
to the one originally estimated in the first step, go back to the first step with these
improved chord stresses and repeat.

PMB Engineering Inc. 3.5 August 1994
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For the base case analysis. it was found that the chord stresses converged in one iteration (in
addition to the original time through). A second iteration was performed to verify convergence.
For the next several analysis cases, the chord stresses at failure were checked, and they were
found to be close to the ones found in the base case. Thus, for the remainder of the analyses,
“the same joint capacities were used.

3.4.3 Brittle Joint Failure

The Andrew JIP modeled joint failure in an elastic perfectly plastic mode which allows the joint
to continue to carry load following initial yield (which occurs at a load level determined by the
above joint capacity equations). This assumption was based upon earlier modeling of joint
failures at legs where the member would tend to punch into the leg in a ductile mode and not
to separate from the leg. Figure 3-2 shows a typical force deformation curve for an elastic-
plastic failure mode. The elastic-plastic approach to modeling joints has also been used in other
platform assessment studies (Imm, 1994).

However, based on the inspection results, the K-braces in this structure fail in a brittle fashion,
i.e. the joint fails completely and cannot carry any load. Thus, in order to improve the platform
models, the K-braces were replaced in the later analysis with brittle truss elements, which fail
completely and cease to carry load after they reach their effective yield stress. Figure 3-2 also
shows a typical force deformation curve for an elastic-brittle failure mode.

3.4.4 Brittle Joint Modeling

The K-joint failures observed in ST-130A and similar structures actually involve the entire joint,
not just the braces; when the joint failure occurs, the chord shears completely through between
the tension and compression braces. For the analysis cases which model this brittle failure of
the entire K-joint, another iterative solution was used, in which one of the two adjacent chord
elements was replaced with a yielding beam-column element, which would experience a
complete brittle failure soon after yielding, which effectively destroys the load path through the
joint.

First, an analysis was performed in which each chord beam-column element was given an
arbitrarily high yield stress to preclude it from failing. The actual axial force and bending
moments at the ends of each beam-column chord, at the end of the load step when the adjacent
brace fails, were obtained. Based on these forces, an effective chord yield stress was calculated
which would cause the chord to yield by the end of the load step in which the brace fails. The
analysis was then rerun with this yield stress in the chord. The result is that the chord member
fails at approximately the same load level as the brace member, resulting in a complete loss of
the load carrying capability through the joint as observed in the inspection.
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3.5 ANALYSIS RESULTS
3.5.1 General Resuls

-A summary plot of the pushover load ratio as a function of deck Y-direction lateral displacement
for all major analyses is shown in Figure 3-3. As described below, the model containing the
100% soil increase and the brittle joints appears to most accurately match the observed platform
performance in Andrew.

Analysis results presented in the following sections include inelastic event plots. These plots
indicate which model elements have experienced non linearity - yielding or other failure. For
beam column elements, a small dark "blot" at one end of the element indicates that first yield
has been reached at that end. Further softening events, which approximate fully plastic
behavior, are indicated by larger-diameter "blots". (In analysis cases with brittle failure of
beam-column elements, these elements fail very soon after first yield. After brittle failure, the
relevant member ends are marked with larger sized "blots".)

Analysis results also include plots of pushover load ratio versus lateral deck displacement.
Displaced shape plots show the deformed shape of the platform following significant member
failures. For all of the displaced shape plots, the displacements have been exaggerated 20 times.

3.5.2 Basic Maodel

The capacity of the basic model is 0.87 times the Hurricane Andrew environmental pushover
load. The displaced shape at first yield is shown in Figure 3-4. The first yield is the joint of
the X brace near the top of jacket (brace with dashed line). Yielded and failed elements with
the corresponding displaced shapes for an intermediate step is shown in Figure 3-5, indicating
failure of several X braces and initial lateral failure of one of the piles. The final results
indicated that there was substantial yielding in all of the piles with lateral pile failure defining
the platform failure mode.

The pushover load plot is shown in Figure 3-6, with major events indicated. The general
behavior is a gradually, fairly smooth, decreasing stiffness, with no abrupt changes in behavior
until the pile failure. The first elements to fail are the compression X-braces at a load level of
0.67 times the total environmental load. The piles begin to yield at a load ratio of 0.83. None
of the K-braces fail in this analysis.

As described in Section 2, the onshore inspection of the platform revealed severe damage to
almost all of the K braces, yet the computer analysis indicated no joint failures other than the
upper row of X braces. The foundation appears to be controlling the platform failure
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mechanism. It was therefore decided to arbitrarily increase the foundation strength by first 50%
and then 100% to see if the failure mode could be "forced" into the jacket as was observed
following Andrew. The next sections describe these analysis.

-3.5.3 Soils Improved 50%

The capacity of the model with soils improved 50% is 1.01 times the Hurricane Andrew
environmental pushover load, or about 16% greater than the basic model’s capacity. The
element failure sequence was very similar to that of the basic model (no soil strength increase)
with lateral failure of the piles again being the platform failure mechanistn. However, late in
the analysis there were some failures of the several K braces just below the elevation with the
X brace failures.

The pushover load plot is shown in Figure 3-7, with major events indicated. All of the
compression X-bracing between the fourth and fifth level bays fail, as do the interior
compression diagonals between the third and fourth level bays. The X-braces begin to fail at
a load level of 0.69 times the total environmental load. The piles begin to yield at a load ratio
of 0.87 and the compression diagonals (K-braces) begin to fail at a load ratio of 0.97. The
failure of the compression diagonals at a load ratio of 0.97 implies that the strengthening of the
soil succeeded in moving failures into the jacket as observed in Andrew.

3.5.4 Soils Improved 100%

The capacity of the model with soils improved 100% is 1.15 times the Hurricane Andrew
environmental pushover load or about 32% greater than the basic model’s capacity. The
displaced shape intermediate load step where there is some initial pile yielding and where several
braces have failed is shown in Figure 3-8. The platform failure mechanism was again lateral
failure of the piles.

Although the global failure mechanism was in the foundation, there were a considerable number
of failures in the jacket. All of the compression X-braces fail, as do all compression K-braces
in the third level (from the mudline). Three of four compression diagonals failed in the first
level, as did one interior diagona! in the second level.

The pushover load plot is shown in Figure 3-9, with major events indicated. The general
behavior is that of a gradually, smoothly decreasing stiffness, with no abrupt changes in
behavior. The X-braces start to fail at a load ratio of 0.69 times the total environmental load.
The piles start to fail at 0.83 times the total environmental load. The K-braces start to fail at
1.01 times the environmental load and the legs start to fail at 1.11 times the environmental foad.
With the exception of the legs, all of the other elements that fail are failing or yielding at
consistent load levels with the previous analyses.
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3.5.5 Soil Nodes Fixed

The intent of this analysis was to determine the member failure sequence in the jacket when the

foundation is eliminated from the model to see if the failures correspond to the observed failures.

The capacity of the model with all soil nodes fixed is 1.55 times the Hurricane Andrew
environmental pushover load, or about 78% greater than the basic model’s capacity. The
displaced shape and first yield are shown in Figure 3-10. The X braces near the top of jacket
are the first to yield as seen in the previous analyses with the strengthened foundation.

Figure 3-11 shows the displaced shape at an intermediate load step with all of the X joints failed,
K joints failed a the third level (from the mud) and KT joints failed at the lowest level. Figure
3-12 shows the last load step before failure with all of the transverse joints having failed. There
is also some initial yielding in the legs near the mudline which ultimately leads to the platform
global failure mechanism.

The pushover load plot is shown in Figure 5-13, with major events indicated. The response of
the jacket without the foundation soil springs is almost linear even after the compression X-
braces have failed and continues until the first level KT-braces begin to yield. After the first
level K-braces begin to fail there is a pronounced "kink" in the force-displacement curve as the
jacket stiffness significantly decreases. The stiffness continues to decrease as additional K-braces
in the upper levels continue to fail and the horizontals also begin to yield. The leg extensions
just below the mudline begin to yield after the first level KT-braces yield. The X-braces fail at
a ratio of 0.69 times the total environmental load. The KT-braces fail at a ratio of 1.01 times
the total environmental load. The level of load at which the X- and K-braces fail is consistent
with the previous models with the soil strength increased. The piles just below the mudline
begin to yield at a load ratio of 1.17 times the total environmental load and the horizontals begin
to yield at 1.39 times the total environmental load.

3.5.6 Brittle K-Joints

The previous analyses demonstrate that a majority of the transverse joints will fail first in the
platform provided there is sufficient strength in the foundation. This matches with the observed
platform failures. However, the previous models have used an elasto-plastic joint model for XS
and K joints which allows for continued load at a joint following failure. For the K joints, this
differs from the observed joint failures where the joints were found to be completely severed
across the chord. This analysis uses the brittle joint approach as described in Section 3.4. The
soil strength was increased to 100% above the basic model.

The capacity of the model with brittle K-joints, joint capacities reiterated (using the previous
model’s results), and soils improved 100% (in relation to the base model) is 1.19 times the
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Hurricane Andrew environmental pushover load or about 37% greater than the basic model’s
capacity. The displaced shape and first yield are shown in Figure 3-14. The first member
failures are again the X braces near the top of jacket. Note that the X braces are still modeled
as elasto-plastic elements to match the observed performance of these joints which did not
completely sever like the K joints. ;

Figure 3-15 shows the displaced shape at an intermediate load step. All of the upper X braces
have now yielded. The first elevation KT joints and the second elevation K joints have failed
in a brittle mode, forcing the load back into the legs for redistribution to other members. There
is also some initial yielding due to bending at the two corner legs downstream from the wave
direction. Recall that in the platform inspection there was a noticeable curvature to the platform
legs in the same direction as indicated by the analysis. There is no indication of yielding in the
piles.

Figure 3-16 shows the displaced shape just prior to failure which was controlled by bending
failure in the platform legs. The last row of K joints have now failed. There is continued
yielding of the corner legs, with yielding indicated along the entire leg length in the K and K
region. The leg is still linear in the X brace region.

The pushover load plot is shown in Figure 3-17, with major events indicated. The general
behavior is that of a system that suddenly loses a large portion of stiffness when the platform
begins to "unzip” as first the X braces then K braces begin to fail. Since the K braces fail in
a brittle mode, load is shed to the legs for redistribution in the platform system.

Following failure of the braces, the platform again picks up strength as the legs resist the applied
load via frame action. The platform resistance increases to greater than about 1.2 times the
Andrew load when system failure occurs as a result of multiple leg failures.

The fact that the multiple brace failures occur at 0.85 times the environmental load implies that
this model would have predicted the brace failures observed in Andrew. Additionally, since the
platform does not experience global failure at the Andrew load (the legs are still providing
resistance) global failure at the computed ultimate capacity, the model’s behavior could be
correlated to the real case of the platform still standing after Hurricane Andrew, albeit in its
damaged-beyond-repair condition.

As compared 1o the previous models, this model appears to most accurately predict the observed
platform behavior in Andrew.

PMB Engineering Inc. 3-10 Angust 1994
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6.0 CONCLUSIONS

The actual failure of the structure involved the shearing of most K-joints and the crushing of the
tension members in the X-braces. The structure did not collapse during the storm but lost

-enough of its load-bearing capacity that it was considered to have failed. There was little or no

observable pile failure behavior.

Soil strength is one of the controlling factors in pushover analyses. It seems that an increase of
50% to 100% in the reported soil shear strength will more correctly model field conditions,
since models with the increased soil strength demonstrated a better comparison to the observed
platform damage.

Another factor is joint modeling. The earlier models used elastic-plastic joint models, with the
analytical results not matching that well with observed results. The later analysis results using
brittle joints more closely matched the observed platform performance.

When both the soil strength increase and the brittle failure of the K-joints are inchiuded in the
model, the structure experiences joint failures at a load level below the full Andrew loading, but
continues to stand even after the full level of Andrew loading is applied. There is some plastic
behavior in the legs of the structure at load levels below the full Andrew loading but no failure
mechanism is established at that point.

This corresponds to the actual behavior of the structure, where the K-braces had sheared and the
Jacket’s load bearing capacity was reduced to the bending strength of its legs. The legs had
begun to yield but had not completely failed at the Andrew loading, which would correspond
with the observed "lean” in the jacket after the storm. Thus, the analytical model that combined
the increased strength foundation with the brittle joints, appears to provide a reasonable "recipe”
for evaluation of the ST 177 B platform during Andrew.

PMB Engineering Inc. 3-11 August 194
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SECTION 4 - CONCLUSIONS AND RECOMMENDATIONS

4.1 PLATFORM INSPECTION

“The ST 177B structures sustained serious damage to joints at the intersection of X, K and KT

braces. The failures appear to be attributable to the lack of joint cans and the problem of chord
and brace diameters of the same size. This is a problem that probably exists in a number of
platform of this vintage and needs to be accounted for when evaluating the platform for fitness

of purpose.

Note that there were no joint failures at the legs (which were grouted), helping to confirm the
industry perception of increased joint strength due to the composite action of the leg, grout and
pile.

The platform legs showed a slight curvature in the direction of the Andrew waves. This
"damage" is attributable to large deformation of the legs once the X joints had sheared. This
frame action resistance by the legs ultimately allowed the platform to remain standing after
Andrew even though almost all of the joints had been damaged.

Overall, there were no other signs of damage of any kind to the platform, such as fatigue
cracking, dented members or corrosion. Joints sand blasted clean during the inspection were
in remarkably good condition for a 28 year old platform. It appeared that the platform

- operator’s maintenance program provided an adequate job for this particular structure.

Several intact and damaged joint specimens were cut from the platform and placed in storage
in one of Chevron’s yards in the New Orleans area. It recommended that these joints be used
for further testing of material properties as well as ultimate strength. These joints are unique
since they provide the specific type of steel materials and fabrication techniques (rolling,
welding, etc.) typical of the 1960’s vintage of platforms.

One possibility is to propose the effort in the form of a Joint Industry Project (JIP) funded by
industry and regulators such as the MMS and HSE. The testing could be performed at a
university or other testing facility that can handle large specimens. The work would be similar
to that previously performed at Texas A&M for damaged platform braces under a JIP managed
by PMB (PMB, 1990).

4.2 PLATFORM ANALYSIS
The initial "Base Case" computer model predicted that the platform would have collapsed during

Andrew. The failure mode predicted by the analysis was in the foundation, with little or no
damage to the jacket. However, the post Andrew platform inspection indicated that the failure

PMB Engineering Inc. 4-1 August 194
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mode was instead in the jacket, with serious damage to almost all of the joints in the jacket.
There was no indication of foundation damage or failure.

The computer models were therefore adjusted in terms of the foundation and jacket joint

“modeling in order to try to adjust the analytical evaluation until it more closely matched the

observed results.

The foundation adjustments indicate that an increase in soil shear strength on the order of 50 to
100 percent provides sufficient foundation resistance to allow joint failures in the jacket prior
to failure of the platform. A similar pattern of analytically predicted foundation failures, yet
none that were observed in the filed, was seen in the Andrew JIP.

The jacket joint strength adjustments indicate that elastic-brittle joint modeling of the K joints,
which mimics the complete shear of the joint as seen in the platform inspection, provides a good
match to the observed platform performance and damage that occurred in Andrew. The brittle
joint model also included the adjusted foundation with increased soil shear strength. The model
predicted that almost all of the jacket joints would have failed in Andrew but the platform would
have survived due to bending resistance of the grouted leg-pile. There would also have been
some initial yielding of the legs. This is essential the same type of damage as indicated by the
platform inspection.

For this particular study, the computer model was modified until it predicted that the platform
would perform as indicated by the onshore inspection. The analytical "recipe” that worked well
for this case (i.e. increased foundation strength and brittle joints) needs to be tested using other
platforms that were damaged or survived large storms. A parallel study being performed by
PMB for the MMS (PMB, 1994d) that is evaluating three more platforms from Andrew,
indicates that the "recipe” that worked well for this platform does not perform as well for two
of the three platforms, where the recipe indicates that the platform should have collapsed, or at
least seripusly damaged, yet the platforms survived undamaged.

Based upon the above, it is obvious that further study is required before a well established recipe
for evaluating platforms under extreme environmental conditions can be developed. The recipe
first identified in the Andrew JIP and then further refined in this study appears promising, but
several adjustments are still required. Foundation strength is currently being further studied by
PMB in a study funded by the MMS and API (PMB, 1994a). Joint strength and modeling will
be one of the key issues investigated in the proposed Andrew Phase 1I JIP, where the joint
specialist firm of MSL Engineering will be assisting PMB on the further evaluation of platform
performance in Andrew. Both of these projects will enable development and testing of a much
improved recipe.

PMB Engineering Inc. 4-2 August 194
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APPENDIX A - Joints Selected for Further Testing
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JOINT CAPACITY CALCULATION METHODOLOGY

1. Introduction

The joint capacity equations in API RP 2A-WSD (20th edition, 1993)
give lower bound capacities with additiconal safety factors. While
these are appropriate for design, they grossly underestimate the
average expected joint strength. Thus, -ways of calculating the
mean joint capacities were investigated.

The API equations contain the following conservatisms:

. There is a 1.7 safety factor in the basic equations, and an
equivalent safety factor (1/0.6) in the term representing
chord stress effects.

. The joint strength terms, Q,, are adijusted to fit the lower
bound of the experimental data, not the mean.

. The API equations are based on data from OTC paper 3690 (Yura,
Zettlemoyer and Edwards), which was published in 1980.
Additional Jjoint capacity test data have become available
since then from various sources, data which more often than
not predicts a slightly higher mean capacity than the 1980
equations.

2. Recommended Joint Capacity Eguations

A review of various sources of data (see References) was performed,
and a set of recommended joint capacity equations was formulated
for X, K and overlapping KT joints, which apply to the S$T-177B
structure. A description of these equations follows.

2.1 X Joint Axial Compression Capacity

(see notes)

2.2 X Joint Axial Capacity

(see notes)

2.3 1In-Plane Rending Capacity

{(see notes)

2.4 Out-of-Plane Bending Capacity

(see notes)

2.5 Overlapping KT Joint Axial Capacity

(see notes)

2.6 Overlapping KT Joint In-Plane Bending Capacity



{see notes)
2.7 Overlapping KT Joint OQut-of-Plane Bending Capacity
{see notes)

3. Joint Capacity Fguation Comparison

For one X brace in compression and one K brace in the ST-177B
structure, the following capacities were calculation for
comparison:

» API RP ZA-WSD (20th) with all safety factors

These are the lower bound capacities, with safety factors,
that are typically used for design.

. API RA Z2A-WSD with safety factors removed

These represent lower bound capacities, without the additional
safety factors.

. OTC 3690 equations, adjusted to represent mean capacity

The API equations (above) are based on the equations presented
in this paper. These equations, with an additional factor to
convert from lower bound capacity to mean capacity (alsoc
presented in this paper) were used to calculate the mean
capacities.

. Recommended Equations

These are equivalent in intent to the OTC 3690 mean equations,
but are based on the study of more recent data.

The results of this comparison are presented in Table 1. For
simplicity, this comparison assumes negligible chord stress (i.e.
the Q; term is unity). Removing the safety factor (compare the
first case and second case) results in a capacity increase of about
two. Adjusting the equations for mean rather than lower bound
capacity {compare the second case and third case) results in an
additional increase of approximately 20% for the moment capacities,
7% for the X-joint axial compression capacity (there was little
scatter in the experimental results), and about 50% for the K~joint
axial capacity (because OTC 3690 and API adopted different
formulations for the gap effect factor, the only place in which
they are substantially different).

The recommended equations, based on more recent data, represent an
increase in capacity over the OTC 3690 eguations. The increase in
mean capacity over the OTC 36%0 equations (compare the third and
fourth cases) ranges between 5% and 30%.

Thus, the recommended mean capacities are between two and four



times greater than the API capacities for design.

4.

Use of Joint Capacities in Analvsis

For model elements which do not model meoments, but only axial
forces, the effective axial Jjocint capacity must be adijusted to
account for the presence of moments. This is done as follows:

(1)

(2)

(3)

Estimate the maximum water particle velocity (maximum wave-
induced plus current with blockage) at the brace’s average
water depth. :

Using the element length (face to face), estimate the brace-
end moments due to the drag force on the element. Assume
partially fixed ends (i.e. moment is 1/10 of the distributed
load times the length squared). Assume a drag coefficient of
1.05 for members with marine growth and 0.65 for members
without marine growth. For X braces, take the full length of
each brace, not the half-length, because the crossing brace
does not provide much restraint against out-of-plane bending.

Use the API RP 2A-WSD (20th edition, 19983) axial/bending

interaction equation. For simplicity, assume the moment
calculated in the previous step is out-of-plane (which is
close enocugh to correct). Find the axial force at combined

axial/bending failure with this moment. Take this to be the
effective axial capacity for the element.



COMPARISON OF JOINT CAPACITY FORMULAS
FOR END X BRACES AND END UPPER K BRACES

Yura et al 1980
Load APl 20th ed. AP 20th ed. (OTC 3690), Recommended
Brace Case with safety factors| w/o safety factors|adiusted for mearny Equations
X Axical 105 208 222 233
IP Bending 85 168 207 236
OP Bending 71 141 165 190
K Axial 126 250 378 482
P Bending 103 204 251 326
OP Bending 86 170 200 230
Note: There is assumed o be no stress in the chord (hence ¢ Qf factor of 1).

TABLE 1
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DATARASE IS LARGER. THAN THOSE OF BARLIER REFEREAICES,
AND IT ACcounTs FoRo THE BETA- THAWESS #AcToR, (v,
UNLIEE THE EARUER ONES. LT IS BASED O ULTMATE
CAPACITY, MOoT FIRST cRACKL LIKE APT ;| ™HE BEFERENCE
E_emeeuns THAT ULTIMATE, VoT th&s‘!‘ CRACKk., IS MORE
APPROPRIATE. The REFERENCE ALSO NOTES THAT

o MPRESSIon) CHORD /OAD HAS AN EFFECT o TEAS/on

CAPACITY, So Mo Qe FACTOIR NEED BE USED, As (ONG AS
g is AT ok nvEAR L.

T%iu.s? use (e AS TEFWED FpR AXIAL COMPRESS/on FOR

B <09. For B>0.9,use Q=1.
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) Tn-Prane ._EEA)D!NG

T \s GENERALLY ACLEPTED (AND THERE IS VO EVIDENCE
o ™E coTRARY) THAT X ToWTs BEHAVE Like T/
TOINTS I IN-PLANE BBUDNG. (HUS The GEATIRAC
EZQUATION Wit BT (LUSTED.

Tie MosT UP-TO-DATE BRUATION IS PRESEUTED 1A
BOss 88, Ma+ Tegegerr (wm R Appeo):

M= FTd 6.1 8V Ky Qe

THis s 1DeEATICAL TO THE TRUATION From OTC 4169

(BiouneTon, Lacant + TEBRETT, [787L) BUT wiTh THE

Kb; TACTOR. ADDED TO ACLDUNT FoR AMNGLES OTHER-

wav GO0° THis EQUATIoN IWaIdEs A 0 TErm NoT
PreseuT W APT 20

Qe was BEsw appen per APT 20™, as me omen
REFENENCES DO NoT STUDY THE EFTECT oF COHDRD STRESSES -

Qe= 1- 0.045 TA

WHERE A 1S DEFIWED AS ToR A XHAL comFEESS/Ons

NoTe ™at THIS £@uiTion, uavke APT 20" (Brove
LILE mosT OMER. ToRMULATIONS) DOES NOT CONTAIN
Siv & v ME DEAOMINATOR. [ RIS 1S REPLACED BY
The MmoRE RIGOROLS Kpi TEEm, WHICH IS Falely
SIMLAR. OVER. MOST VALUES of & (AUp THE SAME AT
©=90°). |

Fop. rEuDIvG (UNLIKE AXAL w,zxg))? TAKE Qg =1 1 ALL
CHORD EXTREMA ARE W TEASICAL, AS RECOMATIDED BY
APT (v oee Vack, OMAE 1991, PRESENTS Ao EVIDENCE

O Artaier e BTDAIMN AL AAPA AU
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Qur-ot-Prave  Beudine

T IS GENTRALY AccEP TED Oﬂwo THERE 1S NO TUIDENCE
TD THE CONTRARY) THAT X Towr BeHAVE cike /Y Towts

N OUT-OF-RLANE BEADIAG. HUS THE GEUEBAL TRUATION
oL B USED. '

THe MosT UPTO-DATE CAVATION [s TEESEVTED (n
Boss 88, Ma + Tzeeerr (Wi Qp Aveep):

. Rt /
M= Bld (4rq800; @

THS & THE SAme SavaTioN peesenvTED W T 1C 489
(BiiuwoTw , Lacant < Tesrerr, 987,

Qe wAS Beer ADpED PER ATL '&Oﬁ, ASTHE OTHER
REFERENCES Do NOT STUDY THE EXFEC of CHORD STRESSTS!

Qc= 1-0.0L1 YAT

WiEre A 1S DerngD As Fol AXWAL ComPRESS/ow

Tor. BENDIAG (UnUkE AXIAL (oan), Take Qe=1 1% 4w
CHORD EXTREMA ARE |/ TEASIDY, AS RECOMMEUDED EY
APT (vans vee Vark, OVMAEC |991, PrESENT MO
EVIDENCE RELATING Td BEADING CAPACITY),
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- Note_on_frame Action

Kesuors seom LLIW Gonvkercevece [T 8‘?,} Cownvecty +
LETTLEMOTER, INDICATE THAT FoR AXIAL CAPACITY
oF K BRACES, THE TRAME AcTiov (AS OPPosEDTD
AN ISOLATED TOINT) |[NCEEASES THE CAPACITY By
=26 6. PepuaPs AN WCRBASE OF AROUT 20 %
SHouwp BE APPLIED TO Al TOINT CAPACTIES To
AccouuT TFoR FRAME Acmon. BECAUSE REsUOs HALT
AT BEEA COBTAWED o OTHER. (DADINGS AVUD OTHEL.
TOWT TYPE S, PoWEVER, IT IS SUGGESTED THAT THIS
INCEEASE ACT BE consSIPERED UNTIL TORMER. RESucTs
PUE Beey OBTANED.

FAC.TD\QS Usen a IHE EQUA'WONS

;= Q.5 For. B > Q.
Qg e B 6
= 1 for < 06

APP&OXIMATE EQ UATIONUS FOR  (NTERSECTION (EAJoTH FACTDIES -

1
Sin &

Koo= 32 /s
i 45w &

Koz (2




XSAMPLE . XLS

X-JOINT MEAN CAPACITY COMPARISON

d=D=16", t=T=0.406", theta=39 deg, Fy = 42 ksi
Qf=0, Ka calculated by approximate formula

Axial Axicl In Plane Qut of Plane
Compression Tension Bending Bending

Equation Type (o)) (b (ft-Io) (f-1)
AP 20th min 325 246 263 220
UEG 1985 min 267 200 141 168

AWS min 180 (APD (APD (APD
UT/Lloyd 1993 min 542 542 — —
w/ Ka term min 701 701 -— e
Yurg 1980 (mean APD | mean 347 348 322 257

Billington et af 1982 mean 467 * 1009 260 296"
_ w/o Ka term| mean 360 779 e
- Sanders/Yura 1987 mean - 1174« —
w/o Katemrmp mean — Q07

Ma/Tebbett 1988 mean 467 * 456 * 296"
w/o Ka & Kbiterm] mean 360 250 e

* use these values
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Kecommennen Mean K Jowr Caracties

{
(NONOVERLAPPING OMNLY)

AxiaL

Use 'me FORMULA PRESEANTED (A OTC 41819 (Btu.we’r‘om,
Lacant «TesBerr, 78D, wint APTS Qe Tsrm .

AbpeEn.

p= %% (4.1+20.3B) R4 QA Ko Qs

wiheee Qo = L9-6F por $<O.IST
& =L O FoR S20.I5
T=g9/D

Fbﬁ. Q{:, Use fdr('PI. .ZDE& PECOMMEBJDATION S !
Q¢ = 1-0.030 TA®
A = A Yeax Hrear +heop /ac, (APT's saFeTy cacoR REMOVED)
%x’“- NOMINAL COMPONENT STRESSES A/ CHORD
Q\: MAY BE TAELEM AS L IF ALC CHDRD ExXTREMA ARE |A
ension. (Vans pee Vace, 199] OMAE, DemousTATED
AT THIS IS UNCONSERVATIVE FoR X JowTs, BUT
MERE ARE ND EQUIVALEAT DATA FOR AnY OTHER JOWT
TYPES, SO CONTINVE TD USE AP E&aommemb,qwoms.>

T&e fﬂrPI—EQUA‘TIO/u DOES AJoT [NCLVDE The o T= .
OTC 489 shows MAT USE ofF Ko 1S APPRO PRIATE.
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Tw-Prave Reanive

T 1S GENERALLY ACcePTED (ANp THERE IS MO EVIDENCE
To BHE conTRARY) THAT K JowTs BEHAVE Uke /Y
TOINTS 1N IN-PLANE BEUDING. [HUs The CEnTiL
ZRUATION Wile RE (SEDR.

Tie MoST UP-TD-DATS EQUATON (s PRESEUTED I
oss 98, Ma ¢ Teggerr (wim Rp Avpeo):

M= 7T 6.1 87" Ky Qe

Tais 1s (DeATIcAL TO ™e TauaTion Feom OTC 4189

(Biuuneon, Lacant + TEBRETT, [387) BUT wiTH THE

£, FACTOR. ADDED TO ACCOUNT FoR ANGLES OTHER.

man GO° THis EQUATIoN INCLUDES 4 ¢ TErMm NoT
PeesenT W APT 20

Q,g Has REEN ADDED PeR AP ZOm-, AS THE OTHER
pEfERENCES DO NoT STUDY THE ETTRECT oF CHDRD STRESSES -

Q= 1- 0.045 TA"

WHERE A 1S TEFWED As FoR AXKL LOAD

NoTe THaT THIS Eauition, vavke APT 20" (mrovew
LIELE moST OTREE. TORMULATIONS) DOES ANoT CoMTAIN
S @ i ME DEAOMINATOR . [ RS 1S REPLAGED BY
The Mmope RIGorRoLs Kui TERm, WHCH IS FAIRLY

SUMLAR. OVER. AOsT VALUES of & (AVD T™ME SAME AT
S =90°).
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Ogr—of- Prave  Beaunivs

Tor < Genvaeawy AccerTep (np THerE 1S NO EVIDENCE
D THE cONTRARY) Trar K Towts BeHAVE wike /7 TowTs
N OUT-OF-PRLANE BEADIG. HUS THE GEUEBAL BERUATION

Wil BE USED.

The MoST UP-TO-DATE LRUATION IS PRESENTED (n
BssS 88, Ma + Treserr (wim Qi Avceo):

B S /

T & THE Same SavaTon pessevTed W T1C 4189
(BrouneTon, Lacaut + Tesperr, 1987,

Qe wAS Beenv ADbED PER ATL ZO&, AS THE OTHER
LEFERENCES Do NCT STUDY THE EXFECT of CHORD STRESSES!

Qr= 1-0.0201 FA"

wiere A \s DefnED A5 FoR AXL LOADS
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/\/o”x“é OM %Mﬁ )AFC—':WOA)

Kesuoms Teom LLW (onkereuce /“78“?7 Connvecly o

Zetriemorer, [NDICATE THAT FOR AXIAL CAPACITY
oF K BRaces, TEE TRAME AcTiow (As ofPosen T

AN SOLATED TOINT) [NCEEASES THE CAPACITY By
Pepiiaps AN INCREASE OF ABoUT 20 %

[ —26 6.
SHous BE APPLED TO AL TOINT CAPACITILS TO

AccoonT ToRk FAUE AcTmiown. gﬁcﬂcuse R=suas HAUVE
AoT BN OBWED DR OTHER. LDADINGS AND OTHEE.

TOWT TYPE S, PoWBVER, IT IS SUGGESTED THAT Tils
INCPEASE ANOT BE COMNSIPERED UNTIL TUORMER. Resucrs

PAVE  Beeas OBTANED.

Facmors Ucen jw ™e EmUATIONS

Q.3 ForR B > 0.4

Q=

W e fé (1- % ,g)

= 4 for B <L O6
Aop ROXIMATE ERUATIONS FOR INTERSECTION (ENGTH FACTHIES -

. 1
K"‘“z(j‘ * sw®>

K= 34+ 1/siu@®
b 4w ©




KSAMPLE.XLS

K-JOINT MEAN CAPACITY COMPARISON

d=18", D=20", =1=0.4375", g=2", theta=48.5 deq. Fy = 42 ksi
Qf=0, Ka calculated by approximate formuia

Axial Axial in Plane Qut of Plane
Compression Tension Bending Bending

Equation Type () (B {ft-1b) (ft-Ik)
AP 20th min 308 e 264 ‘ 167
UEG 1985 min 266 425 239 166
Yura et af 1980 mean 437 — 324 195

Billington et al 1982 mean 486 * e 317 219
w/fo Katerm| mean 416 — .

Ma/Tebbeit 1988 mean - — 458 * 219
w/o Ka & Kbitermi mean - _— 317

* use these values
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MeTrroo

 OverLAPIING KT JowT CAPACITY C AL LATION
Ve CAPACATY oF

Tas meTred C ALCULATES rue EFFECT
TE K ReacEs onTO ATHE cHotD, ,éfc_c,ou,«}'fwca o R
e | BRACE

SOME (DAD —reﬁ(NSFé;é- D\Efc;mv AREOLOY
T THE OTHER kK grACE.

AZS(A'L’
(10%)
{ONS (SEc:ﬁopé(.fS.Z)?

K~ ROVGH RRACE.
’E.EDUGED
HEOLGH
(RECTLY

-
onrEre. [~ BRACE WSTEAD OF P
e BY APT, PESULTING (M A
paTH, THE

T™AAN
TwWoe EEFFECTS

{OAD iAJTO Ty
DI gy APT- ASSUME AT TYESE
couAﬁEF-%ALANce EACH'O’R\ER.
<ee AT ?\?'LA-'WSD 4731 vok seFiuTon of TTEMS -
JAY?T ‘E&/\)' 4/3'1’2
o, (Poawt 3 )" Voot L) =
ot CAPACITY OF K——mﬁ%caim CHORD =
P -,—..L __.._t.,}f 7 Ve T q,>
o= Q@ < Gk
LUERE T = SIMPLE owT CAPACITY OF K -ppACE On/
CHOR Dy ASSUMING crwpe JoINT Wi GAF
ERUALTD TRUE GAP BETWEY THE K -pRcES
U™ SWEAR S css N WELD AT EATLVURE
= 04 ¥ty PR NIUAA ALLD WABLE VALVE (HTsC)
(vor Mises 71ELO
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© BT MINIM U, OF WELD THROAT THICEAMESS OR.
MINIRUN, BRACE Tricenvess (IF WD UoT
KAOWA, ASSUME B RACE THICEAESS)
LT ANGLE BETWEEN K-RRAcS AD CHDRD

0,= 2, oF wap senweey IC AT (s
APT goore 4.3.72- l)

@S

2 7T
APPROX{MATE FoRMULA F"DI{Q Q /-\—I; T d 'f’O('J_
pevrer: .= Td 4 (1+ Y @)
wwere d = piamerer. 0F K-RgacE

OLf /s Ok

/Q, IS BEST DETERMINED CRAPHICALLF OR Using
GEDMETRY,

é_:_F'OUT? }QINT”OF ERACES
On CHOR.D

RN

NoTE: Tms APPROACE ASSUMES TRAT THE STREMNGTH of
™e K-BRAce 1o [—BRAcE ToOWT IS EIMHER
SUFFCIEAJTLY LARGE T AVOID FALURE OR S
ANOT oF INTEREST.

Th-Pave Beuplus

Use UEG "Desivor TORULE. TOWTS Fol. OFFSHDRE STRUCTURES
(198S) recommespations, As APT poes yoT ADDRESS
HOMENTES
ToluT CAPACITY of K-BRAce on cHoRd = Mpp = |
smpLe ToluT TPB crmertyor K-BrACE on croRD,
Ascomins L-TYPE ToWT WM GAP Equsr To THE
TRUE g AP BEweenr THE - BRAcES



