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This report is one of a series describing different aspects of Phase !l of the Joint Industry Tubuiar Frames
Project. Each report is self contained providing detailed information in the subject area and summarising
relevant data from other documents. The following table lists and brigfly describes the focus of each repoit

for cross-referencing purposes.

Report Title

Reference

Circulation

Summary and Conclusions
Overview report describing the project and principal findings

C636\04\478R

1

Background, Scope and Development
Scene setting report summarising previous work, identified needs
and Phase IIl prograrnme definition and development

C636\04\435R

3D Test Set Up
Brief description of the 3D test set up and structural configuration

Material Testing Report
Description of material testing procedures, test results and
disposition of specific materials within test structure

Assessment of Locked-In Fabrication Stress

Explanation for the build up of locked-in fabrication stresses,
description of their measurement and summary of the locked-in
force values in key components at the start of each test

Test Frame Instrumentation
Detailed description of all instrumentation systemns used in the 3D
frame, accuracy, sign conventions etc. Data on CD in final report

(636\06\313R

C636123\004R

C636\21\050R

C636\25\071R

©

Loadcase 1 Test Report - Multiplanar K Joint Action
Detailed description of the Loadcase 1 static test response and
interpretation of the results and their significance

Loadcase 2 Test Report - Interaction Between X-Braced Planes
Detailed description of the Loadcase 2 static test response and
interpretation of the results and their significance

Loadcase 3 Test Report - Multiple Member Failures and 3D
System Action

Detailed description of the Loadcase 3 static test response and
interpretation of the results and their significance

C636\37\014R

£636\39\011R

C636\40\021R
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Report Title Relerence Circulation

Phitosophy of Cyclic Testing C636\24\021R 1
Discussion of the background to cyclic response issues in the
context of ultimate system strength and basis for specific loading
scenarios

Loadcase 1 Cyclic Test Report C636\38\010R 1
Detailed description of the Loadcase 1 cyclic test response and
interpretation of the results and their significance. Gomparison
with LC1 static results

Monotonic and Cyclic testing of Isolated K Joints STF22 F98704 1/2
Description and presentation of results from isolated component (C636\24)

tests undertaken by SINTEF in Norway

Loadcases 2 and 3 Cyclic Test Report C636\41\011R 2

Detailed description of the Loadcases 2 and 3 cyclic test
responses and interpretation of the results and their significance.
Comparison with LC2 and LC3 static results

Loadcases 1 and 3 ‘Alternative’ Cyclic Tests C636\45\008R 3
Detailed description of the Loadcases 1 and 3 alternative cyclic
test responses and interpretation of the resuits and their
significance. Comparison with LC1 and LG3 static and cyclic
tests

Multiplanar SCFs C636\18\018R 1
Joint BG / BOMEL report describing analytical work and
experimental measurements of multiplanar SCFs. Includes
comparison with 'standard' empirical approaches

Site Testing Programme results - Report to Benchmark £636\32\066R 4
Analysts

Comprehensive report describing results for benchmark cases
LC1, LG2 and LC3, including all pertinent data and providing
response plots 'matching' the contributions from individual
analysts

Benchmark Conclusions C636\32\084R 1
Report comparing blind and post test analyses with measured
responses and assimilating learnings and recommendations for
future practice identified by Benchmark Analysts
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Key to circufation.

Circulation | All participants Participants in Participants contributing | Benchmark
1st extension finance/analytical results Analysts
to 2nd extension

1 v . - X
2 - v - X
3 - - v X
4 v - - v
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JOINT INDUSTRY TUBULAR FRAMES PROJECT - PHASE Il

LOADCASE 1 TEST REPORT
MULTIPLANAR K JOINT ACTION

EXECUTIVE SUMMARY

Phase IIl of the Joint Industry Tubular Frames Project invoives a series of ultimate strength tests of a jacket
type structure together with associated analytical and laboratory investigations. This report forms one of
a series and addresses the specific resuits from the first Loadcase 1 ultimate strength test of the frame.,

The critical components in the test were a pair of multiplanar K joints. Previous 2D investigations had
indicated some 20-40% greater capacity when K joints were loaded within a frame compared with
predictions from isolated fest databases. The purpose of the investigation was to assess how these
factors applied in the more realistic case of multiplanar K joints and to see how the structural system
adapts as components fail.

This report provides specific background to the Loadcase 1 test and gives a detailed description of the test.
Findings from complementary laboratory tests undertaken by SINTEF, previous Frames Project research,
and analyses performed by Norsk Hydro and BOMEL are presented. Current industry practice is assessed
in relation to the provisions of recent codes and standards.

It was found that the muitiplanar K joints in the frame exhibited strengths as much as twice the level seen
inisolated test databases. The potential sources of strength are examined in the context of the supporting
tests and it is found that frame constraints dominate over local stiffening or relative force contributions.

Once joint failure occurs forces redistribute through the structure contributing to a global reserve strength
ratio of 4.0 with respect to API practice. This is attributable to both the conservatism in joint capacity
calculations and system contributions to strength.

The ultimate response was finally determined by buckling of a compression K-brace. The details of the

member response are assessed in the Loadcase 3 report alongside other similar component response
data.

C636\37\014R Rev O August 1999 Page 0.10 of 0.10
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1. INTRODUCTION

1.1 BACKGROUND

Phase Il of the Joint Industry Tubular Frames Project follows earlier phases of 2D frame tests
and analytical investigations. These had indicated that components behave differently within the
confines of a frame than in isolated tests on which engineering practice has been based.
Furthermore the structural systems exhibit significant reserve of strength beyond design load
levels. If these effects could be assured for jacket structures there could be important practical
benefits in terms of a reduced need to strengthen existing structures and greater efficiency in
future designs.

The purpose of the Frames Project Phase Il was therefore to demonstrate the validity of these
findings for 3D jacket type structures and in so doing to examine aspects absent from the earlier
plane frame tests. The specific objectives were:

. To establish the effects of nonlinear joint/member behaviour on three-dimensional
frame behaviour and collapse mechanisms.

° To quantify the reserve and residual strength of three-dimensional frames and to
investigate redundancy and load shedding characteristics.

. To investigate the static performance of members and joints within three-dimensional
frames and to develop procedures for the exploitation of available component data.

. To carry out comparative isolated joint tests.

. To measure locked-in stresses introduced during construction of three-dimensional
frames.

. To calibrate and apply a nontinear numerical procedure, SAFJAC, to the coliapse

analysis of the test frame and to provide data for the calibration of other software with
similar stated capabilities.

. To benchmark the capabilities of existing 3D nonlinear analysis software.

These objectives have been fulfilled with the conduct of a series of static and cyclic tests of a
three dimensional jacket type structure under different loading scenarios denoted Loadcase 1,

C638\37\014R Rev O August 1999 Page 1.1 of 1,5
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Loadcase 2 and Loadcase 3 (LC1, LCZ and LC3). Figure 1.1 shows the test set up and
scenarios.

Grid Line E

Loadcae
Loadcase 3

“ oadcase 1

Figure 1.1 3D frame loading configuration

Reference 1 describes in detail how the test structure was designed in the context of the Phase
M programme and the range of features embraced. This report focuses on the specific conduct
of, and findings from, the Loadcase 1 static test. Appendix A provides structural drawings for
the frame pertinent to the LC1 response.

1.2 LOADCASE 1 OBJECTIVES

Multiplanar K joint intersecticns are a common feature of offshore jacket structures. However
data on the ultimate strength of multiplanar connections are sparse. Design practice assesses
the capacity within individual planes, completely neglecting the benefit or detrimental effects of
out-of-plane braces and the loads they transmit.

In Phase If of the Frames Project® ¥ a K-braced plane frame was tested for a number of
alternative gap K joint configurations (Figure 1.2). Although isolated tests of K joints generally
exhibit a ductile mode of failure with ovalisation of the chord around the compression
intersection” the peak capacity of the joints in the 2D frame was governed by cracking at the
tension brace weld toe in the gap region. Further isolated tests confirmed that this was due to
the strong shear across the gap region when both ends of the chord are constrained within the
structure (Figure 1.2). In most isolated tests, one end of the chord is often left free.

C636\37\0T4R Rev O August 1999 Page 1.2 of 1.5
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Figure 1.2 Phase Il K-braced frame test

The capacity of the K joints in the frame was found to be 17-34% higher than the mean value
predicted from the data underlying the then current HSE Guidance. However, as described, the
mode of failure had a 'brittle' as opposed to 'ductile’ characteristic, resulting in rapid load
shedding and loss of integrity for the K-braced bay. Figure 1.3 shows the member forces in the
primary K braces in the 2D test frame in comparison with the applied load.

One aspect of the Phase Il programme was therefore to examine the relevance of these findings
for 3D structures and specifically:

° To assess how much out-of-plane bracing modifies the response mode and capacity
of K joints within a structure, whether due to local stiffening of the chord wall, the
loads in the out-of-piane braces or out-of-plane constraint.

] To assess how applied load transfers via the multiplanar connections to mobilise
alternative loadpaths in the 3D structure contributing to the reserve and residual
strength of the system

Figure 1.4 shows the Loadcase 1 scenario in which these multiplanar K joint responses were
examined (see also Figure 1.1). The actuator is mounted on the K-braced Frame C, pushing the
structure upwards. The two K nodes in Frame C both form multiplanar connections at the
intersection with the Level 1 and Leve! 2 diamond bracing. Atthe Level 1 intersection (closest
to the actuator) the out-of-plane diamond braces overlap whereas at Level 2 they do not.

C636\37\014R Rev O August 1999 Page 1.3 of 1.5
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The Loadcase 1 configuration was designed based on an extensive survey of actual jacket
configurations from drawings provided by Participants and held by BOMEL in-house. Although
space, tubular sizes manufactured and the requirements of other test scenarios imposed some
restrictions, the geometry and non-dimensional properties of the K nodes an Line C were chosen
to be representative of offshore practice.

A number of other studies within the Phase Il programme have provided complementary
information, either to aid in the interpretation of the Loadcase 1 test or to help determine the
appropriate application of the findings. The studies include:

° Nonlinear shell finite element analysis performed by Norsk Hydro to predict the
capacity of the K joints in isolation and analysed within the 3D frame®

® Laboratory tests for nominally identical K joints with and without out-of-plane bracing
performed by SINTEF®,

* Component and system response predictions performed by BOMEL using the Frames
Project noniinear software SAFJAC?.

. Blind predictions using various nonlinear analysis packages contributed by Analysts
to the Benchmark®,

In addition the repeat of the Loadcase 1 static test once the structure was repaired but with
cyclic applied loads"™, provides a comparative reference.

It can therefore be seen that the Loadcase 1 test was not only addressing the specific issues
surrounding multiplanar K joints but was also contributing to the overall project objectives (see
Section 1.1},

1.3 REPORT LAYOUT

Having established the purpose of the Loadcase 1 test, Section 2 describes the structural
response. Section 3 provides a corresponding factual description of the other analytical and
experimental studies contributing to the understanding of the frame behaviour. In Section 4
reference is made to recent codes and standards and, by inference, isolated tubular joint
databases. All these aspects are assimilated in Section 5 leading to conclusions in Section 6.

As noted in the Foreword, this report is one of a series describing the Frames Project Phase IIf
results. It assembles data relevant to the interpretation of the Loadcase 1 static test results.
More detailed information, for example an the instrumentation or materials, can be found in the
companion reports. The draft report is printed in black and white with key plots reproduced in
colour in the appendices. Final and electronic issues will be in full colour.

C636\37\014R Rev O August 1999 Page 1.50f 1.5




2. LOADCASE 1 TEST

2.1 CONFIGURATION

2.1.1  Reference Schemes

Figure 1.4 shows the 3D test structure at the start of the Loadcase 1 test. The loading beam and
actuator are positioned on Frame C applying positive load upwards in displacement control, The
datum position (zero applied load) corresponds to the condition in which the tubular frame
cantilevers under its self weight from the reaction rig; the weight of the actuator system is taken
directly to ground. A consistent numbering scheme for every member and node within the frame
was adopted by all parties and for all aspects of the work. This is shown in Figures 2.1 and 2.2
as it applies for Loadcase 1. The global axis system is also shown.

For internal member axial forces the convention: positive = tension, negative = compression
is adopted. A left hand rule defines moment orientations; however, these are also described
within the local context.

2.1.2  Component Properties

Appendix A contains as-built structural drawings for the 3D frame. Reference 9 provides
information on the disposition of material throughout the structure, together with diameter (D)
and waill thickness (T) measurements from surveys for every member segment within each
member and at key nodes. Results are developed from static tensile coupon tests giving yield
properties (F,) corresponding to the rate of structural testing. Reference 10 explains the build
up of locked-in fabrication forces within the frame. Measured values are presented and
combined with calculated member forces due to seif weight to give the net force in every
component at the start of each test (zero applied load).

For this report, properties for key components in the Loadcase 1 test scenario have been
extracted and are presented below. Table 2.1 details the geometric properties and parameters
in comparison with nominal and assumed values at the design stage. Table 2.2 shows the
contributions to the initial distribution of forces in the structure at the start of the Loadcase 1
test.

C636\37\014R Rev O August 1999 Page 2.1 of 2.27
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Table 2.2 Loadcase 1 - Initial forces at zero applied load
Forces (kN)
Locked in fabrication Forces induced as Net force Self weight Locked-in
force - free supports are removed | atstartof {§ gravitational | fabrication
Member component to and datum position LC1 test component of | component
compieted, propped | reached (recorded by force of force
structure instrumentation) (calculated)
(DEMEC system)
a b a+h c a+h-¢
61 -9 -72 -81 -78 -5
62 60 70 130 76 54
63 2 -80 -78 -53 -25
64 20 74 94 54 40
65 - kY] - 3 -
66 -3 -36 -67 -32 -35
67 - 106 - 25 -
68 - -20 - -24 -
72 -37 32 -5 34 -38
86 18 -3 15 0 14
87 -3 5 2 0 3
94 47 -20 27 -4 31
95 -30 20 -10 4 -14
Source: C636\21\046w.xls
Notes:
1 - indicates no value available
2 Figures rounded to 0 d.p
3 (a) Mechanical DEMEC system accurate to within = 10 kN - coarse but suitable for use during
fabrication®. Force values based on nominal properties
{b) Instrumentation readings use loadcell values where available. Where site installed strain gauges
are used, force values based on nominal properties
{c) Calculated self weight forces taken from BOMEL SAFJAC analysis
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2.1.3  Response Data

All data for member forces, moments and displacements are taken from the instrumentation
installed and monitored on site by AV Technology Limited. Appendix B presents drawings
showing the location of instrumentation within the frame. The 880 data channel system
includes:

. Integral pre-calibrated loadcells welded into the structure during fabrication. These are
exceptionally accurate and are relied upon wherever possible. Four gauges (two
opposite pairs) provide redundancy in the axial force calculation.

° Site installed surface mounted linear strain gauges to provide supplementary data on
forces and moments (using nominal or local measurements of section properties).
Four gauges (two opposite pairs) provide redundancy in the axial force calculation
although care is needed in interpreting axial forces when sections distort and hoop
strains become significant.

L Displacement transducers record deformations at key nodes and displacements of the
frame and reaction rig.

Reference 11 provides a detailed description of the instrumentation technigues and data
acquisition and reduction systems. Monitoring of the instrumentation was command activated
(ie. not continuous). The raw data were processed online in an Excel spreadsheet programmed
by BOMEL and AVT for this purpose. During and after the tests the data were validated and
cross-checked wherever possible. Faulty gauges were replaced and/or formulae were altered
to eliminate any erroneous values. The need for such corrections was rare and in general the
quality and consistency of the data were shown to be excelient.

The final datafile provided by AVT for the Loadcase 1 test was:
LGia_test.xis

The updated spreadsheet incorporating BOMEL modifications as detailed on the spreadsheet
revision sheet is:

C636\37\011w.xis

Copies of the datafiles are provided with Reference 11. This report presents the load effects
determined from the raw data using these spreadsheet systems.

C636\37\014R Rev O August 1999 Page 2.5 of 2.27
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2.1.4  Test Procedure

Prior to the test commencing a number of cycles of load were applied up to 100kN in stages,
in order that the functionality of all systems could by checked and the take- -up of load in the
structure could be compared with predictions. On satisfactory completion of the trial, the
actuator ram was withdrawn to leave the structure hanging at the datum position (zero applied
load) relative to which all forces and moments were measured.

Throughout the test the following steps and procedures were followed:

. A datum scan of the instrumentation was taken (Scan 1) as the Scan number was
displayed on the master board (see Figure 1.4). The scan number associated with
each set of measurements uniquely defined the point in the test.

. An increment of load was applied under displacement control at the direction of
BOMEL. Once complete, the actuator was locked-off in position. An on-screen trace
of actuator load with time was monitored: a flat trace indicated a state of static
equilibrium had been achieved. This was almost instantaneous when the structure
was elastic but took a couple of minutes to reach once there was extensive plasticity.

° The scan number on the master board was incremented by one.

L] The instrumentation system was scanned and backed up. Dial gauges were read
manually.

L] Throughout, all parties maintained independent logs with respect to Scan number and

clock time of key events (eg. physical observations, checks on spurious gauge
readings, ramp rate changes, movements in camera position, etc).

. Resuits within the data acquisition spreadsheet were reviewed by BOMEL. Graphs
were generated automatically, piotting incremental measured values against BOMEL
predictions. Built-in checks on maximum and minimum strains and functionality were
monitored. Based on a review of the data the appropriate value for the next load /
displacement increment was determined.

The sequence was repeated until the ultimate capacity of the structure had been attained and the
pattern and leve! of post-peak loading capacity had been determined. The extent of post-peak
deformation was limited to ensure extensive plasticity was not generated in distant parts of the
structural frame.

C636\37\014R Rev O August 1999 Page 2.6 of 2.27
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. The applied load was then reduced in three or four decrements with scans of the
instrumentation and record keeping at each stage as before.

2.2 RESPONSE

221 Preamble

The test set up for Loadcase 1 is shown in Figure 1.4. The member and node numbering
schemes are shown in Figures 2.1 and 2.2. The datum position corresponds to the structure
cantilevered from the reaction rig under its self weight with no actuator load.

Load was applied in displacement control on Line C, posttive load pushing the frame upwards.
Frame G was K-braced. The 64° B=0.6 K joints at Level 1 (Node 38) and Level 2 (Node 37)
have a nominai gap ratio (E=g/D) 0f 0.1. Typical of jacket structures, the K nodes form part of
a multiplanar connection. In both cases the out-of-plane K joints have 45° brace angles. At
Node 37 the configuration is non-overlapping (Figure 2.3) but at Node 38, closest to the loading
beam, the brace intersections overlap (Figure 2.4),

(a) Forward view along Line C (b) Reverse view along Line C
into gap region at Level 2 bracing
Figure 2.3 Node 37 pre test
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222 Global Response

Figures 2.5 and 2.6 show the loading and unloading trace for the full test. Figure 2.5 is
annotated with the scan numbers to which reference will be made. Figure 2.6 highlights key
events in the test described in further detail below.

GLOBAL RESPONSE

ACTUATOR
1200 -

1000 +

800 +

600 +

ACTUATOR LOAD (kN)

400 1

0 20 40 60 80 100 120 140
Global Displacement (mm)

Loadcase 1 - Test

Figure 2.5 Loadcase 1 - Scan numbers through test

GLOBAL RESPONSE
ACTUATOR

1200

K brace 72 buckling \
100 + K Node 38 tension P
branch weld toe cracking \ /”"’—
el
800 +
K Node 38 compression /
branch softening

600 +
K Node 37 compression
branch softening

ACTUATOR LOAD (kN)

400 +

200 +

0 20 40 &0 80 100 120 140
Global Displacement (mm)

Loadcase 1 - Test

Figure 2.6 Loadcase 1 - Key events through test
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As described previously these traces correspond to the state of the structure after load has been
applied, the actuator has been locked-off and the internal forces have equilibrated. The actuator
control system supplied by Bodycote Limited independently recorded the applied load and
displacement of the point of load application at one second intervals throughout. Figure 2.7 piots
the ioads applied by the actuator with those recorded by the logger once the system had
equilibrated. The degree of 'relaxation’ later in the test as the structure became plastic is evident.
Furthermore the actuator system also provides evidence of the peak system capacity in
instances where failure occurred as load was being applied between scans.

GLOBAL RESPONSE FROM LOADING SYSTEM

1200 1

K brace 72 buckles 1055 k)
11640 kN sorrected) N\
1000 K Node tension branch
weld 10¢ cracking 8 N
{875 kN corrected)

z
x
3 800
E
o
(")
£
3 600 1
b-]
3
]
=
-1
§ 400 1
T
<

200 4

0 r - v T .
0 20 40 80 80 100 120 140
Global Displacement (mm)
Loadcase 1

— Dataimporied from Bodycote fie b1c1 pm —e-ogger data

Figure 2.7 Applied actuator loads in comparison with
equilibrated forces recorded at each scan

Note: The data in this plot include a 15kN positive load offset due to the self weight of the hinge unit and toadcell. In all other
plots and data reported in this document the appropfiate correction has been made.

These global response plots are reproduced in colour in Appendix C. Corresponding plots for
the member forces in different areas of the structure are also provided and will be referred to in
the test descriptions which foilow. The main text includes a compilation plot (Figure 2.8) from
which the pattern and relative magnitude of forces in primary bracing of interest in the Loadcase
1 test can be seen. Some explanatory notes are presented in the text following the figure.
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The plots are arranged as if looking at the structure from the viewpoint in Figure 1.4. The top
diagrams relate to the bays closest to the viewer. Those on the right correspond to the loaded
Frame C and those to the left give results for Frame D; the intermediate diagrams are for the
interconnecting diamond bracing which forms the out-of-plane K bracing at Nodes 37 and 38.
All plots are to the same scale to enable direct comparisons to be made. The member forces
are plotted with respect to the incremental displacements through the test. Graphs giving a
record of the loading in other parts of the structure are included in Appendix C.

2.2.3 Detailed Response

During the initial stages of Ioading the global response was linear and there was negligible
relaxation as the actuator displacement (ofl volume) was locked-off for each scan. It was not
until Scan 16 (see Figure 2.5) that any signs of distress were visible. Initially distortion of the
chord around the compression intersections of K Nodes 37 and 38 could be seen as shown in
Figure 2.9. Close-up shots of the nodes revealed evidence of surface cracking at the tension
weld toe in the gap region (Figure 2.10).

During the early stages of the test, the tension and compression K braces 61/62 and 63/64 in
the Frame C plane sustained equal and opposite forces for each increment of applied load (Figure
2.8). However, as the K nodes began to distort the compression loadpaths softened and the
relative magnitude of the forces in the tension braces, 61 and 63, increased. A slight softening
in the global response was also evident until, as the load was increased beyond Scan 20, the
crack at Node 38 went through thickness (Figure 2.11) and the global load fell to the equilibrium
position recorded at Scan 21. Logging at one second intervals from the actuator system (as
shown in Figure 2.7) indicates a load of 875kN was being applied at the point failure occurred.

Instrumentation output for the equilibrium condition at Scan 20, plotted in Figure 2.8, indicates
maximum tension and compression forces in the braces at Node 38 of 670kN (Brace 63) and
-578KkN (Brace 64). Corresponding values at Node 37, which remained uncracked, were 619kN
and -554kN. When considering the absolute capacities of the components, it is important to
remember that the applied load effects are recorded with reference to a zero datum. Self
weight effects are additional. For example, self weight forces in Braces 63 and 64 at Node 38
oppose the applied loads and are calculated to be -53 and +54kN. Neglecting locked-in
fabrication force effects in the illustration, the net forces acting at Scan 20 just prior to failure
are therefore +617kN (670-53) and -524kN (-5 78+54).

Once the structure had re-equilibrated at Scan 21 additional actuator loads were sustained by
the structure with a greater transfer of applied load through the diamond bracing at Level 1
across into the 3D structure and Frame D. Load transfer through K Node 37 at Level 2 in Frame
G also continued. Figure 2.8 shows the pattern of force distribution across the diamond bracing
levels to Frame D with increasing displacement of the frame through the test.
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Having applied a giobal load of 1040kN, the actuator system was locked off for Scan 33.
However, as the structure equilibrated Brace 72 slowly buckled in-plane and the pressure in the
hydraulic system fell to 834kN for the same global displacement {Figure 2.7). The Loadcase 1
test was terminated at this point and the structure was unloaded.

In the original scheme it had only been intended to investigate failures in Frame G and establish
the pattern of subsequent load redistribution. In the event the test was continued significantly
beyond that point giving information on the subsequent failure modes and specific data on K-
braced member buckling which had not been covered in the earlier Frames Project investigations.
It was necessary to stop the test at this point to limit the degree of damage and extent {cost) of
repairs in view of the subsequent tests to be performed.

Figures 2.12 to 2.16 show the condition of the structure at the end of the test. Figures 2.12 and
2.13 show the condition of Node 38: deformation around the compression intersection, cracking
in the gap region and overall deformation of the chord. Despite the damage, the load transferred
by the primary K joint had faflen less the 25% below the failure load (see Figure 2.8). At Scan
32 the measured brace forces were still 531 and -418kN. Node 37 (Figure 2.14) remained intact
despite surface cracking and chord distortions, sustaining tension/compression brace loads of
706kN / -592kN under the maximum applied actuator load. (630/-516kN when corrected for
initial gravitational effects of +76kN).

Brace 72 can be seen in its buckled state in Figure 2.15. The axial force recorded at Scan 32
prior to the load increment causing failure was -618kN (-584kN corrected for gravity).

Figure 2.16 shows the structure subsequent to unloading at Scan 38.
Throughout the test uplift of the rig from the support stools was monitored. The reactions were

taken out beneath the actuator and at supports to the rear of the rig. However, at the remainder
of the supports the rig lifted up by as much as 7mm.
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(@) Node 37 (b) Node 38

Figure 2.10 Surface cracking in Frame C K joint gaps at Scan 16

C636\37\OT4R Rev O August 1999 Page 2.14 of 2.27




Figure 2.12  Node 38 post failure
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Figure 2.13 Node 38 deformation
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Figure 2.14 Node 37 - Local chord deformation and surface cracking

Figure 2.15 Brace 72 - Buckled
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Figure 2.17  View into multipianar 'gap' region of Node 38 post test
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2.2.4  Comparison with Phase Il 2D Results

From the view onto the structure at the end of the test (Figure 2.16) buckling of brace 72 is
evident but distortion of the joints at Nodes 37 and 38 is not discernable. Although the nodes
are distant, the deformations are in fact localised to the external face of Frame C away from the
diamond bracing.

Indeed, although cracking at the tension weld toe at Node 38 is initiated at the centerline of
Frame C, subsequent propagation was predominantiy te the outside face of the joint and not into
the constrained gap region between the Frame C and Level 1 planes of bracing. Figure 2.17
presents a view into this region once the joint had been removed from the structure. The
asymmetry in the damage and constraint afforded by the out-of-plane bracing is evident.

Useful comparison can also be made with symmetric deformations observed in the Frames
Project Phase Il plane frame tests®. Figure 2.18 shows a view into the gap region at Scan 19
of the Frame VIl test. The corresponding global and member force plots are shown in Figure
1.3. The brace to chord diameter ratio at the intersection {B) was 0.77, reasonably comparable
with the 0.62 B ratio for the K joints of interest in Frame C of the 3D test specimen. The
significance of the chord deformations and greater extent of cracking in the 2D test are evident.
Figures 2.19 and 2.20 show corresponding views along the chord of the planar joint and in
elevation.

Further comparison can be made between the post-peak capacity of the planar and multiplanar
joints with reference to Figures 1.3 and 2.8. In the case of the planar joint the relative loss of
load carrying capacity is greater. The multiplanar jointin Frame C of the 3D frame continues to
sustain some 75% of the peak load (Figure 2.8) whereas in the Phase II test the load had
reduced to around 50% of the peak and was continuing to decay at the point the test was
terminated (Figure 1.3). Both tests provide evidence that, prior to failure as compression
intersection deforms, the tension loadpath transmits higher loads through the joint.
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Figure 2.19 Phase Il - plane frame test - K joint chord deformation - Frame VIIl Scan 19
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Figure 2.20 Phase Il - plang frame test B = 0.77 K joint distortion - Frame VIIl Scan 19

2.2.5  Local K Joint Responses

The multiplanar K joints on Line C were heavily instrumented for the Loadcase 1 test in order that
the mechanisms of load transfer could be exarmined. Layout drawings on Appendix B show the
position of sets of four site-installed strain gauges on the incoming braces in- and out-of-plane.
Those closest to the joint are denoted 'Near', the second set 'Far’ In addition displacement
transducers straddte the tension and compression intersections along the axis of the braces in
Frame C. The instrumentation can be seen clearly in the photographs (Figures 2.3, 2.4 and 2.9
to 2.17). The output provides information on the load deformation response of the joints. This
is used for back-analysing the response of the frame and providing recommendations for
characterising joint responses in jacket analyses. In addition the strain gauges enable the
moments acting at the intersection in addition to axial loads to be quantified up to and beyond
the point of failure. They aiso confirm the pattern of deformations occurring locally and enable
the strength manifested by the joints to be determined more completely.

2.2.5.1 Load deformation responses

Figure 2.21 presents the load deformation responses for Nodes 37 (Level 2) and 38 (Level 1)
with the tension and compression branch responses separately identified. The seales in all
cases are the same to give an immediate comparison of the characteristics. As may be
anticipated from the test description and photographic evidence, the tension loadpath is
significantly stiffer than compression. Comparing the responses it can be seen that, although
generally similar, the degree of deformation at Node 37 is somewhat greater than at Node 38,
even though a peak in the Node 37 capacity had not been reached.
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It should be noted that the unevenness in the traces is not considered to be due to physical
phenomena, rather it is due to some interference within the logging system. The same
'jaggedness' can be seen in plots from displacement transducers monitoring global
displacements of the frame and rig whereas it is clear from the actuator signals that the loading
(and response) were smooth. The transducers were connected within the same sub-bank in the
logger. Similar effects were not seen in any other test. A smoothing curve to the traces can be
readily eyed in.

Figure 2.22 presents the corresponding local responses recorded at the Frame Viil K joint in the
Phase |l plane frame test programme. The capacities differ because of different chord
properties. Nevertheless the order of magnitude of deformations and comparison between
tension and compression response characteristics are similar. However, it is important to
recognise that instrumentation on the 3D joints was necessarily placed on the outside face where
deformations were greatest: at the 'inside' face the muftiplanar braces constrained the
deformations. The ‘average' deformations in the 3D cases may therefore be inferred to be
somewhat less than for the planar joints.

500
400 " 15
/13:__,,./'-""'“""“\\
1 1/, \\
300 — ™

Brace load (kN)

1)
o
L=

100

0 ’ :
0 5 10 15
Displacement at intersection (mm)
-4 Tension intersection —a— Compression intersection

Figure 2.22 Local joint response characteristics - Phase || planar K joint in Frame Vill
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2.2.5.2 Combined bending and axial action

Axial force and moment data from loadcells and strain gauges on the braces framing into Nodes
37 and 38 on Frame C are plotted in Figures 2.23 and 2.24. Loadcell forces are calculated using
pre-calibrated values; loadcell moments and axial forces and moments at Near and Far strain
gauge positions are based on nominal geometric properties. A sfight discrepancy may therefore
be anticipated but in general correlation is good. Braces 86 and 87 at Node 37 present an
exception however which is discussed further below.

For the K braces in Frame C (Braces 61, 62, 63 and 64) the sign convention gives positive
moments in-plane for bowing towards Frame B and out-of-plane for inwards curvature towards
Frames D and E. Given the upward application of load to the structure towards Frame B and the
greater stiffness of the chords on the inside face, it is to be expected that in-plane moments are
positive in all Frame C braces and that tension braces exhibit positive out-of-plane moments
whereas they are negative for the compression braces.

Within the planes of Levels 1 and 2, positive moments also indicate bowing upwards towards
Frame B. Out-of-plane positive moments correspond with bowing towards Level 1 and away
from Level 2 (see Figures 2.2 and 2.3 for reference). Once again the sign of the moments in the
Brace 86-87 and 94-95 figures fits with physical expectations. About the axis of the joint
chords, the corresponding Frame C and Level 1 or 2 tension braces bend consistently in one
sense - conditions in the compression braces are consistent with each other but opposite.

Results for a specific set are not presented (eg. 95 Near SG for out-of-plane bending in Figure
2.24), where it was found that raw values for an individual gauge were spurious due to the gauge
or cable being damaged. Use is made however of the orthogonal gauge pair (to extract in-plane
values in the example cited).

A number of important observations can be made regarding the secondary moments resulting
from the global frame movements:

] As K joint 38 approached failure so the in-plane moment in the primary compression
brace reduced (Figure 2.24) reflecting the diminishing ability of the gap region to
transfer load as the crack-initiated and propagated at the tension weld toe. However
bending in the tension brace continued to add to the axial effects driving crack
development.

A similar characteristic can be seen developing at Node 37 (Figure 2.23) even though
a peak in the axial load sustained had not been reached by the end of the test.
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* The magnitude of the moments at Nodes 37 and 38 were comparable being somewhat
higher in the former case.

L Moments at the loadcells were relatively small (as anticipated when positioning them
to obtain reliable axial force measurements). The magnitude of moments close to the
mutiplanar K joint intersections was considerably greater and was larger at the 'Near
as opposed to 'Far locations. The Near and Far gauges were respectively 241 (284)
mm and 441 (484) mm from the brace-chord intersections and 366 (477) mm and
966 (677) mm from the chord centerline. The first figures are for the bracing in frame
C, figures in brackets are for the 45° bracing in Levels 1 and 2. On this basis the
acting moments can be extrapolated and combined with axial force data to assess fully
the joint capacity and utilisation.

o There is evidence in the measurements for Braces 86 and 87 that distortion of the
section (ovalisation) is taking place. In the absence of such ovalisation, linear gauges
give an accurate measure of axial stress. As hoop strains become significant (relative
to the magnitude of axial components) the fuller conversion to axial stress is required
(ie. Axial stress = E/ (1 - v®)™* (Axial strain + v * Hoop strain), where v = Poisson's
ratio and E is Young's modulus).

When a fulier conversion is not used the averages from opposite pairs of linear strain
gauges do not equate as hoop strains are greater at the major axis than minor. The
effects can be seen in Figure 2.23 for Braces 86 and 87. There is a discrepancy
between the axial forces calculated on the basis of opposite gauge pairs at loadcell
and strain gauge locations precisely because hoop strains due to ovalisation are
neglected. The effect is marked in this case because the net axial strains are very
small. In the other cases ovalisation is also occurring but the hoop effects are minor
in comparison with the very much greater leveis of axial strain.

2.3 QUANTIFIED SUMMARY OF RESULTS

For ease of reference in the subsequent evaluation of the results, the key events and associated
forces described in Section 2.2 for the Loadcase 1 test, are summarised in Table 2.3.
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3. COMPONENT TESTING AND ANALYSIS

3.1 NORSK HYDRO FINITE ELEMENT ANALYSIS

3.1.1  Background

As part of the validation studies during the design of the 3D test structure, Norsk Hydro
contributed a series of finite element analyses to determine the response characteristics of
multiplanar K joints being considered within the Loadcase 1 scenario®. The work included the
devetopment of planar and multiplanar K Joint models and analysis using ANSYS. An example
is shown in Figure 3.1. Alternative configurations with overlapping and non- -overlapped out-of-
plane braces were considered. The joints were analysed in isolation and within a bearm element
representation of the 3D frame (Figure 3.2). Different combinations of gap and overlap
geometries were considered at the Level 1 and Level 2 K nodes in Frame C.

A number of validation checks were performed initially. The response of the 2D X-braced frame
and B=1.0 gap K joints tested in earlier phases of the Frames Project were back analysed. In
the X-braced case the combination of shell and beam element modelling was validated. For the
K joint, both coarse and fine mesh ANSYS analyses underpredicted the measured capacity by
some 20% and 15% respectively. The discrepancy was attributed to the presence of the welds
inthe test which effectively reduce the actual gap between the braces compared with the nominal
values used in analysis.

3.1.2  Modelling

The joint configurations adopted for the analysis of the 3D frame were generally similar, but not
identical to, the as-built properties in the LC1 test. External diameters and gap/overlap
dimensions correspond between the analysis and test. In-plane and out-of-plane braces were
4.5mm thick in the analysis whereas in the test the Frame C K bracing thickness was 5.6mm.
However, it is clear from the Norsk Hydro results that this change would have had little influence
on the predicted response, as all primary deformations occurred within the chord wall at the
joints. However the chord wall thickness (T) was 5.9mm in the analysis with a yield stress value
(F,) of 250 N/mm?; in the test the corresponding properties were 5.61mm and 288.6 N/mm? as
shown in Table 2.3. Joint capacity is generally accepted as being proportional to F. T2 On that
basis the analysis may be considered to offer a reasonable prediction ((5.9/5. 61)2 * (250 /
288.6) = 0.96).

An elastic perfectly plastic material stress strain model was adopted. The ANSYS SHELL43
Plastic Shell elements adopted are said to be well suited to model nonlinear, lat or warped, thin

to moderately-thick shell structures. The element has four nodes with six degrees of freedom

C638\37\014R Rev O August 1999 Page 3.1 of 3.17




BOMEL st (O

at each node: translation in nodal x, y and z deformation directions and rotation about the nodal
X, y and z axes. The deformation shapes are linear in both in-plane directions. For the out-of-
plane motion, a mixed interpolation of tensorial components is used. The element has plasticity,
creep, stress stiffening, large deflection, and large strain capabilities.

3.1.3  Joint Responses

Figure 3.3 provides a comparison between planar and multiplanar joint responses from isolated
analyses. In the multiplanar case the relative magnitude of in- and out-of-plane brace loads was
determined from a beam model analysis of the structure. It is therefore somewhat artificial in
that the coacting forces do not adjust as the joint progressively deforms and becomes plastic
to different degrees in different areas. Nevertheless the indication is that the multiplanar joint has
greater capacity in the primary vertical plane and the tension loadpath offers greater resistance
than the more ductile compression route. The responses were almost identical whether the out-
of-plane braces overlapped or had a gap.

3.1.4  Joint / Frame Responses

To overcome the above difficulties, the joint meshes were included in the beam model as shown
in Figure 3.2 at Node 38. Figure 3.4 shows the global response plot together with the trace of
member forces in the primary K braces (63 and 64) and out-of-plane diamond braces at Level
1(94 and 95). The traces were indistinguishable irrespective of the out-of-plane configuration,
However, this actually encouraged further comparison through the experimental investigations
as it was recognised that the analysis did not account for cracking. However it can be seen from
the plots that the compression capacity reached a plateau around 300kN comparing well with
the isolated analysis results (Figure 3.3(b)), whereas the load transfer via the tension load path
continued to increase reaching some 400kN. The two sudden drops in the traces were
associated with buckling in Frame D (first) and diamond bracing at Leve! 1 (second); they are
therefore not significant in considering the joint responses.

3.1.5 Comparisons

Scaled deformations of the joints at a global frame disptacement around 60mm are shown in
Figure 3.5 onto which colour contours of equivalent stress are drawn. In comparison with the
photographs in Section 2 it can be seen that the deformations around the compression
intersection were well captured in the analysis. Similarly the effect of the out-of-plane braces
constraining the chord is evident.

The loads sustained by the joints can be compared between the analysis (Figure 3.4) and test
results (Figure 2.8 - two figures, top right). It is important to note that the test results are
presented with respect to a zero applied load datum: some 54kN of the applied load effects
(Table 2.2} in the primary Frame C Braces, 63 and 64, were reversing the self weight
gravitationai forces neglected in the analysis. Nevertheless with reference to Table 2.3, the peak
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capacities in the test (tension = 670-54 = 616kN: compression = -578+54 = -524kN) were
significantly greater than the analytical values {tension = 400kN at the point the analysis was
terminated; compression = -300kN). Table 3.1 summarises the comparison. [n addition the
analytical results are ‘adjusted' reflecting the 15% underprediction when trial analyses were
compared with the 2D test data (Section 3.1 1) and the 4% discrepancy in chord wall properties
{Section 3.1.2). These values have no physical meaning nevertheless they do confirm that the
multiplanar test vaiues were significantly higher than predicted.

Table 3.1 Summary of analysis results and test comparison

Forces (kN)
Frame C 30 Test Result Analysis Comparison:
K brace Due to test capacity
intersection . Due to : ANSYS adjusted / ANSYS
fied Capa ANSYS
WPPIEE L gravity | Y ANSYS*1.15/ 0.96
load
63 670 -54 616 400 479 1.29
64 -578 54 -524 -300 -359 1.46
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Figure 3.1 ANSYS SHELL43 model®

Figure 3.2 Inclusion of joint mode! in 3D frame®
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(a) Out-of-plane braces with gap

LLabEsUd

{b) Overlapped out-of-plane braces

Figure 3.5 Scaled deformations and equivalent stresses for
corresponding global displacements of 0.061m®
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3.2 SINTEF ISOLATED STATIC TESTS

3.21 Background

A significant aspect of the Phase Ml 3D Frames Project was to test the validity of static pushover
analysis for assessing the ability of jacket structures to survive cycles of extreme loading in a
storm. It was recognised that, although 'static' conditions are a snapshot of reality, data on the
cyclic capacity of components and particularly tubular joints are sparse. In order to provide a
systematic progression between a range of cyclic and static responses, planar and multiplanar
effects, and component tests and frame behaviour, a programme of related investigations was
devised. The interrelation is associated initiaily with the Loadcase 1 scenario as illustrated in
Figure 3.6.

Phase |
tatic 2[) frame test

Loadcase 1
Cyclic 3D frame tes|
is -

iic frame

Figure 3.6 The context of Loadcase 1 and K joint investigations

Ail the isolated tests within the programme were undertaken by SINTEF Civil and Environmental
Engineering at Trondheim in Norway. However to ensure consistency the components were
fabricated by AKD Engineering Limited in the UK using materials from the same batches as used
in the frame and were shipped to Norway for testing. Results from the isolated tests were
reported and interpreted by SINTEF®. The response of the frame under cyclic loading conditions
is detailed in a companion BOMEL report®. However in the present context of interpreting the
Loadcase 1 static force response, results from the static isolated tests are particularly relevant.
The connection is highlighted in Figure 3.6. This section therefore extracts relevant data from
Reference 6.
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3.2.2  Test Specimens and Procedures

Construction drawings for the joints are provided in Appendix A. As noted above the properties
were nominally identical to the corresponding joints in the frame. Specific values using
micrometer wall thickness readings are presented together with the capacity results in Table 3.2
at the end of this sub-section.

The test set-up is illustrated in Figure 3.7. This is a plan view and in the multiplanar case the
out-of-plane overlap braces were unrestrained coming upwards. The comparison was therefore
how the local effects due to the presence of the out-of-plane brace intersections and their
constraint to chord ovaiisation, affected the primary K joint response.

The supports were bolted to the laboratory strong floor. Both ends of the chord were fixed to
reflect the continuity within a frame. The I sections between the braces ends and actuators were
provided to introduce a degree of flexibility protecting the rams from large lateral loads and
minimising bending effects. The actuators were slaved generating equal and opposite
displacements at each brace end. This is a somewhat unusual arrangement for static testing of
isolated joints. Nevertheless it providas a defensible basis for the subsequent cyclic tests and
was intended to relate at the simplest level to compatibility constraints within a frame.

Figure 3.8 shows the strain gauges and transducers (LVDTs) applied to the joints. The
transducer arrangement was similar in planar and multiplanar cases and all instrumentation was
fixed to the floor. For the strain gauges, the ‘C' series is additional in the multiplanar case.
Gauges type A, B and C were 3mm single gauges; the 'ballooned" strips comprised five 1mm
gauges.

3.2.3 Isolated Test Results

Figure 3.9 compares the tension and compression responses for the planar and multiplanar
isolated specimens. Brace A was loaded in tension and B in compression in the planar test but
vice versa in the multiplanar case. The forces recorded at the actuator are plotted against the
axial displacements recorded by LVDTs 5 and 8. As these are floor mounted the readings may
be expected to be slightly greater than associated with local deformations across the brace
chord-intersection. Nevertheless the readings have the advantage of not being distorted by
ovalising deformations of the chord. Furthermore output from LVDT 9 for example suggests the
displacements of the chord as a whole are relatively smail.

The graphs should be examined carefully as different scales have been adopted in each case.
It can be seen that the multiplanar joint sustains a slightly higher tension load than the planar
case. However, what appears to be more significant is the substantial increase in the
compression branch capacity both up to and beyond the peak load. Table 3.2 summarises the
comparison and provides details of the relevant chord properties.
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Table 3.2 Isolated static K joint test results

Non-dimensional

Capacity, P, (kN) Chord Properties capacity (absolute)
Joint P,/FT
Tension | Compression Vield, F, D T Tension | Compression
(N/mm?) [ (mm) | (mm)
Planar 480 -375 288.5 2741 | 565 52.1 40.7
Multiplanar 500 -430 311.4 2734 | 5.70 49.4 42.5

It can be seen from the table that once the chord properties are accounted for, the non-
dimensional capacities from the two tests are in fact comparable. This means that the presence
of the out-of-plane braces does not influence the in-plane K joint capacity substantially. Any
differences observed between isolated and frame mounted joint responses in the Loadcase 1 test
must therefore be attributable to the spatial constraints imposed by the structure.

3.2.4  Results Update

Having completed the first draft of this report if was recognised that this finding relied heavily
on the accuracy of the measured yield and wall thickness properties for the specimens.
Furthermore the chord yield for the muttiplanar specimen was higher than for any other tubular
in the batch®™. BOMEL therefore commissioned two further material tests from each chord
using offcuts from the specific tubulars. The contractor and procedures were identical. The
resufts were similar and confirmed the properties to be representative and not extreme outliers.
Nevertheless taking all these material tests in both cases slightly reduced the nondimensional
capacity in the planar case (-3.2%) and increased the multipfanar value (+2.5%).

The resuiting planar:multiplanar capacity calculations for the tension branch are 50.5 : 50.6 and
for the compression side 39.4 : 43.6. These figures stifl indicate there is no substantial effect
on capacity afthough it might be inferred that a small (10%) enhancement in the compression
capacity can be attributed to the out-of-plane braces constraining ovalising deformations in the
chord.
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Figure 3.7 SINTEF isolated joint test set up®
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3.3 FRAMES PROJECT PHASE Il INFORMATION

3.3.1  Basis of 2D Investigations

As described in Section 1 the K-braced frame tests undertaken in Phase Il of the Frames Project
{see Figure 1.2) examined the ultimate capacity of gap K joints within the constraints of a planar
frame®. A range of gap sizes and joint geometries (brace to diameter ratios) was examined and
comparisons were made with isolated test data on which design practice is based. Particular
attention was paid to the way in which isolated joints are tested.

Typicaily K joints have been tested with one end of the chord free, the two braces and one chord
end providing a statically determinate reaction system. Nominally identical tests for a gap joint
in the 2D frame and tested in isolation with® and without™ both ends of the chord supported,
indicated that the typical configuration does not represent the effects of frame constraint well
and, in the B=1.0 case examined, underestimates capacity by some 20%.

3.3.2  Capacity Results

Figure 3.10 presents the Phase Il plane frame joint results in comparison with the body of
isolated test data which underpinned HSE Guidance, The presentation is non-dimensional and
the solid line indicates the effective Q, formulation accounting for gap effects adopted by HSE®.
Aiso highlighted are two results for =0.89 K joints which unusually were tested with both ends
of the chord supported”®. Clearly the effects of constraint are to significantly increase capacity
by some 20-40% particularly for the high B (large brace to chord diameter) configurations.

The joint geometries in the Loadcase 1 3D frame scenario give B=0.62 and a nominal gap to
diameter ratio, £ of 0.1.

3.3.3 Bending Moment Results

Data were also gathered during the Phase Il tests about the moments developed towards the K
joint intersections. Figure 3.11 compares the in-plane moments developed in the Frame VIl K
joint with those in the nominally identical specimen tested in isolation with both ends of the
chord constrained. As might be expected the out-of-piane moments are at least an order of
magnitude smaller and are not therefore considered. The brace diameter, angles and gauge
positions are nominally identical to those in the Loadcase 1 Frame C primary K bracing. The
chord diameters and hence p ratios are different and the absolute values are therefore not
comparable. Qualitative comparison can however be made between the datain Figure 3.11 and
Figures 2.22 and 2.23,

Focusing first on the 2D results it is clear that although the test was nominally axial, and great
Care was taken to ensure applied ioads were concentric, the asymmetry at the intersection
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causes secondary moments to develop. It is important that such effects are distinguished from
primary moments when assessing the axial force-moment interactions. The graphs in Figure
3.11 do also indicate that the moments arising in the frame are 50 to 100% greater than those
in the isolated test and may be attributed to primary bending.

The reduction in the moments in the compression brace of the 2D specimen, as in the 3D frame,
correspond to gross chord deformations as failure approaches.
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Figure 3.10 Comparison between Frames Project Phase Il planar K joint data®® ™
and HSE isolated test database™
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Figure 3.12 Comparison between SAFJAC predicted and measured global
response for 3D frame in Loadcase 1
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3.4 SAFJAC FRAME RESPONSE PREDICTIONS

3.4.1  Background

As part of BOMEL's contribution to the 3D Frames Project, blind predictions of ultimate strength
were contributed to the benchmark exercise. For the Loadcase 1 scenario, K joint response
characteristics were assumed for the multiplanar connections on Frame C.

Within SAFJAC the joint response Characteristics, at the time of the benchmark analysis, were
based on the HSE mean capacity formulations® together with five-part piece-wise linear load-
deflection relationships devised from the corresponding HSE isolated joint database available in
the first phase of the project!'™.

The specific characteristics were based on nominal section properties but measured yield stress
data. Different post-ultimate response characteristics were also assigned to each node. At Node
37, where the out-of-plane braces were separated by a gap, it was assumed they would not
contribute significantly to post-ultimate capacity and the strength would fall off abruptly once
tensile failure in the primary K joint in Frame G occurred. This characteristic was exhibited by
the planar gap K joints in Phase 11, At Node 38 however, it was considered that the overlapping
out-of-plane braces might help maintain integrity such that the strength might plateau. This was
seen with in-plane loading of overlapping joints in the 2D tests?. This background data was
available to all Benchmark Analysts as part of the information provided by BOMEL.

3.4.2 Comparison between Predicted and Measured Responses

The effect of these characteristics on the frame response predictions is shown in Figures 3.12
to 3.14, in comparison with the measured results for the Loadcase 1 test. The analysis includes
the effect of gravity and is therefore directly comparable to the test result. For example for brace
63 where the peak tensile load is 310kN this is based on: HSE peancapacey + 54 Where the latter
contribution reverses the initial compression in the member due to gravity.

It is evident from the figures that the joints in the 30 frame test sustained significantly greater
loads than predicted. This is discussed further in Section 5. The underprediction in the global
response is due to this factor. The sudden drop in measured brace loads around 75mm
displacement is associated with through thickness cracking at Node 38: the corresponding drop
in the measured 'bottom bay' brace loads {Braces 61 and 62) is in response to this. With
reference to Figure 3.13 it can be seen that the out-of-plane overlap braces did not prevent load
being shed as had been postulated in the predictions, as the primary K joint connecting Braces
63 and 64 cracked. Nevertheless the degree of load shedding was not as rapid as it would have
been had it been assumed that the restraint had not been there (see Figure 3.14 predictions
compared with Figure 3.13 measurements).
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4. INDUSTRY PRACTICE

4.1 PREAMBLE

In addition to comparative evidence from associated test programmes and analysis, an important
reference base for interpreting the 3D frame tests is current engineering practice. Overthe years
compaonent tests have been performed and the findings have been generalised and introduced
into codes of practice. With time greater understanding of factors affecting joint behaviour has
developed and databases have been rescreened and supplemented. Where necessary codes and
standards have been revised.

For tubular joints many alternative formulations are available. Those particularly relevant to
offshore practice include:

. APIRP2AY® ™. The equations were developed as lower bound formulations to what
is now considered to be a fairly limited database™®. Their original introduction was
in working stress design (WSD) practice but they are now also adopted in load and
resistance factor design (LRFD).

° HSE®™. An extended database was developed to determine mean and hence
characteristic formulations for joint capacity. Although HSE 4th Edition Guidance is
now formally withdrawn, the background document provides a useful reference base.

° BOMEL Tubular Joints Guide™. The remit to BOMEL's Tubular Joints Group was
specifically not to develop new formulations. Improved data searches and screening
criteria were to be used to develop more reliable databases against which published
formulae were to be assessed. The recommendations varied with joint type but for
gap K joints the ‘best' offshore formulations were those from HSE Guidance™.

) IS 13819-2 (Draft)®. The development of a harmonised international standard for
fixed offshore structures took as its baseline APt RP2A™™. Wherever possible this
practice was to be adopted but where necessary changes could be introduced. For
tubular joints the static strength equations have been replaced in entirety. The draft
standard includes characteristic capacity, bias and COV data enabling the underiying
mean formulae to be deduced.

On the basis of the above the Loadcase 1 K joint results are compared against AP{"® HSE“ and
ISO® capacity equations which in turn are used as a basis for correlation with the body of
isolated component test data.
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PLANAR JOINT CODE CAPACITY FORMULATIONS

The capacity equations for gap K joints are reproduced in Table 4.1 below in order that the
different influencing factors can be seen. However for further detail on the background, reference
should be made to the source documents. in all cases the capacity equations take the form:

2
mial force: P, - 2 g Q, (41
Sing

- F,T%d

Bending: M, = poms Q,Q (4.2)
where; F, = chord yield stress

T = chord wall thickness
0 = brace angle
Q, = geometry factor in Table 4.1
B = brace / chord diameter ratio (d/D)
¥ = chord slenderness (D/27)
o = 0.3/ B(1-0.833p) for B > 0.6 Q,=1.0forp 086
3 = gap ratio (g/D)
K, = relative length factor = 0.5 (1+1/sin6)
Q = chord stress factor in Table 4.1.

In all cases no distinction is made between tension and compression branch responses. In the
background to the former HSE Guidance K joint failure is described as a compressive failure
mode and the formulae were developed in conjunction with data for cornpression loaded Y joints.

To assess combined ioad effects the interaction formulae are also compared in Table 4.1 where
the suffix 'L' denotes the load effects and 'R the calculated resistance. The inclusion of partial
load or resistance factors to give design values or comparison between acting and allowable
depends on the code format in use.

In all cases the codes suggest each plane within a multiplanar joint is assessed separately, with
no quantitative recommendations to account for multiplanar interactions for joints as seen in the
Loadcase 1 K-K configuration.

AS-BUILT JOINT CAPACITY PREDICTIONS

Using the as-built properties for the Loadcase 1 joints at Nodes 37 and 38 the calculated axial
capacities, neglecting any degradation due to chord stresses, are given in Table 4.2.
Understandably the API lower bound formulation gives significantly lower capacities than the
mean 15O or HSE values. The HSE and IS0 values are comparable although for axial and in-
plane bending capacities the draft SO standard gives values some 12.5% and 7.8% greater than
the earlier HSE document.
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Table 4.1  Code formulae for K joint capacity
Reference
Component AP|(8 HSE® 1S0®
{lower bound) {mean) {mean)
Q, Axial (3.4+196)Q, {2.37+23.6p)Q,"° K, Q, 1 1.3(1.9+19p)Q,"° Q,
Q, | 1.8-4g/D (for y>20) | 1.67 -0.86 gos 1.9-0.7 (29/D)"* (for g/T>2)
Q, IPB | 0.8(3.4+19p) (6.2B - 0.27) y°* 1.243(4.5B y*5)
Q, OPB [ 0.8(3.4+7B) Q, {1.88+8.64p) Q, 1.217(3.2 y“-SBE)
Q 1 if all chord stresses 1 if alt chord stresses are tensile
are tensile, or
1-Ay A as API 1-A A
Apaceas | 0.03 as APl as API
Agvacein | 0.045 as AP| as API
Aoracecpn | 0.021 as API as AP
oty 12 d 2 2 \09
A __(a" o "fogo) as APl [01 [ED-] + G, [ﬂ] + G [E’B] ]
Fy PV MD ipb P/ opb
far Tiw fopo = Chord as API Ci=14, C,=43 - K joints under
stress components balanced axial loading
C,=25, C,=43 - K joints with brace
moments
Pp. My - factored load effects in chord
P, = yield capacity of chord
M, = plastic moment capacity of chord
Interaction p . M2 (1
check 1—003{E [—5 } + [—L] +[-—L] +.—L as HSE
{=1.0) 2 | P Prj My LI
MR ipb Ma opb
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Table 4.2 Loadcase 1 K joint capacity 'predictions' from codes
(Nodes 37 and 38: D = 273.1mm, d = 168.7mm, T = 5.61mm, g, = 27.3mm,
F, = 288.6 N/mm?, © = 64.3°)

Reference
Component AP HSE ISO

(lower bound) (mean) (mean)
Absolute:
Axial capacity (kN) 169.1 2529 284.7
IPB capacity (kNm) 16.1 26.9 29.0
OPB capacity (kNm) 8.2 12.3 12.2
Non-dimensional:
Axial capacity 18.6 27.8 31.3
IPB capacity 10.5 17.6 18.9
OPB capacity 54 8.0 8.0

The table gives absolute values for direct comparison with the test resuits as well as non-
dimensionalised values (P,/F,T? and M,/F, T d) to compare with isolated tests and analyses in
which these parameters differ slightly.

4.4 MULTIPLANAR JOINT CAPACITY FORMULATIONS

In many instances tubular joint failure is associated with ovalisation of the chord. The presence
of out-of-plane braces can restrain that ovalisation but the forces within those members can act
to increase or reverse ovalisation driven by loading in-plane. A number of experimental
investigations have been undertaken for specific isolated joint geometries”™® but there are few
generalised recommendations.

The exception is the multibrace formulation in the AWS structural welding code®” which includes
the o ovalising parameter defined in Figure 4.1.

For each brace the ovalising influence of the forces in all braces at the node is accounted for,
The cos2¢ term accounts for the out-of-plane brace forces and L, accounts for the lesser
influence the greater the separation along the chord.
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REFERENCE BRANCH \ (TENSION
MEMBERS FOR WHICH P POSITIVE)
& APPLIES

2 PSIN 9 COS 24e-Z/(067)
ALL BRANCHES
AT A JOINT

a=10+07

I:P SINB:J
az10 REFERENCE BRANCH FOR
WHICH o APPLIES

Figure 4.1 AWS multibrace ovalisation parameter o
The AWS capacity formulations themselves are cast in punching shear terms (V,) where:

= y
vV, = Q,Q 06y (4.3)
For the present purposes Q, can be considered analogous to Q, in Equation 4.1 above. Q,
incorporates the o ovalising effects and for axial loads is given by:

1.7 018Y) ,o07(-1)
G, - [7; ' —B—) 0 44

The reference case is for a single brace T/Y joint for which o = 1.7. If ot is greater than 1.7 the
forces in other braces are acting to reduce the capacity, whereas for o between 1 and 1.7 the
effects are beneficial. Specific o and Q, resuilts for the Node 38 K joint (forces in braces 63
64%, 94 and 95 are plotted in Figure 4.2 based on measured forces reached through the
test. Two cases are considered: (1) the four brace muitiplanar joint values; and (2) the results
were only the in-plane braces (63 and 64) considered.
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AWS multibrace alpha classification of Node 38
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Qg 64 MP

Figure 4.2 Multibrace o ovalisation effects at Node 38 through the Loadcase 1 test

ft can be seen from the figure that the AWS formulation indicates the loading in the {Leve! 1) out-
of-plane braces would slightly increase the in-plane (Frame C) K joint capacity by about 5%
compared to that of a corresponding planar joint.

Reference can also be made to experimental data for isolated multiplanar joints in the open
literature. Experiments undertaken by Paui® on K-K specimens are most relevant. The joints
had 60° and 90° out-of-plane angles and B ratios in the range 0.22 to 0.47. However, the
magnitude of forces in in- and out-of-plane braces was similar, precipitating strong interaction
in the gap region betwaen planes of braces. When the B ratio was high the two adjacent
compression braces acted together to ovalise the chord; for smaller B ratios the chord wall in
the out-of-plane gap tended to be pinched. In the Loadcase 1 test frame, as in most jacket
loading scenarios, there is a dominant plane of loading. For this reason little additional insight
could be gained from the previous test data to account for multiplanar interactions for joints in
the Loadcase 1 K-K configuration.
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5. ASSESSMENT OF LOADCASE 1 COMPONENT AND SYSTEM
RESPONSES

5.1 JOINT CAPACITY DATA ASSIMILATION

In order to assimilate the data presented in the foregoing sections, Table 5.1 brings forward the
capacities and properties. The non-dimensionalised data are presented again in Figure 5.1 to

give a clearer picture of the relative findings.

Table 5.1 Quantified comparison of joint data

- Capacity F T Capacity /
Invest S !
nvestigation ource () (Nfmm?) (mm) P
1. Loadease 1 N38 | Tables 2.2 & +616 288.6 5.61 67.8
2.3 -524 288.6 5.61 57.7
N37 >+630 288.6 5.61 69.4
{capacity corrected for -516 288.6 5.61 56.8
gravity)
2. Norsk Hydro FE Table 3.1
Multiplanar +400 250 59 46.0
-300 250 59 345
Planar 260 250 59 29.9
3. SINTEF isolated test Table 3.2
Planar | (Section 3.2.4) +480 288.5 5.65 52.1 (50.5)
-375 288.5 h.65 40.7 (39.4)
Multiplanar +500 3114 5.70 49.4 (50.6)
-430 KRR | 5.70 42.1 (43.6)
4. Former HSE Table 4.2 253 288.6 5.61 27.8
Guidance (mean)
9. IS0 draft {(mean) Table 4.2 285 288.6 5.61 31.3
6. API (lower bound) Table 4.2 169 288.6 5.61 18.6
7. SAFJAC Section 3.4 256 292 5.6 28.0
(as per former HSE)
8. Phase li Section 3.3 253x1.2 2886 5.61 33.7
‘enhancements' to 288.6 5.61 394
253x1.4
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Comparison of joint data
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Investigation

Figure 5.1 Comparison between joint capacities

The extreme range is between the tension load sustained at Node 37 in the 3D frame without
failure and the API lower bound capacity assessment. The experimental result delivers a factor
of 3.7 on the calculated strength.

In comparison with the isolated database, represented for example by the 1S0 mean capacity
equation, the lower load in Node 38 at failure is still some 84% greater. Furthermore the tension
brace is transmitting even greater loads. The comparison between the multiload path frame
response and component behaviour is explained further in Section 5.2 below.

It is useful also to discuss the findings in the context of the interrelation between the various
investigations highlighted in Figure 3.6.

) Irespective of the isolated joint database considered® * ** 29 the resulting capacity
equations attribute significantly lower capacity to the Frame C gap K joint tests than
demonstrated in any of the analytical or numerical investigations. The I1SO and former
HSE capacity levels indicated on the graph represent the mean of the respective
isolated joint test databases. In design, factored loads would be used in conjunction
with partial resistance factors and characteristic capacity equations some 30% lower
than the values shown.

o In the 2D frame and companion isolated tests it was shown that support at both ends
of the chord better reflected conditions in a frame than typical’ isolated tests with one
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chord end free. The restraint to chord defarmations enabled loads from 20-40%
greater to be sustained.

° The effects of chorg constraint were refiected in the Hydro FE analysis although the
analysis strategy did not make any allowance for welds encroaching the nominal gap
region between K braces. Were these to be accounted for, calibration analyses
suggested some 15% greater strength might be anticipated.

L The influence of the actual gap between weld toes compared with the nominal values
(12mm Compared with 27mm in the Node 38 case) was explored in the code
comparisons and indicated an 8% enhancement in both the ISO and former HSE
formulations.

. Once the out-of-plane braces were included and the Hydro analysis was undertaken
for the joint in a frame, an increase in strength of the order of 15-54% was observeq.
The greatest enhancement was for the tension branch and it was recognised that
cracking, which was not accounted for in the analysis, might precipitate earlier failure.

® The planar joint tests at SINTEF provide a basis for comparison with the simple joint
FE analysis.

However whereas the Hydro analysis showed limited deformation for the tension
Intersection Compared with the comprassion side, the SINTEF tests imposed equal but
Oppaosite deformations. The minimum test capacity was some 36% greater than the
initial Hydro analysis indicated - realistic '0ap’ effects and the brace constraints may
be expected to account for this.

[ The multiplanar isolated test undertaken at SINTEF enabled the effect of the presence
of overlapped out-of-plane braces stiffening the chord to be assessed. However, the
effects were shown not to be significant.

. Referring back to the isolated / muitiplanar joint in frame analyses conducted by
Hydro, it can be inferred from the SINTEF findings that the greater capacity in the
frame should be attributed to the multiplanar constraints and/or out of plane brace
l6ads but not the local congestion in the geometry.

. The only code providing general quantitative guidance en multiplanar effects, AWS,
considers only the contributions from brace loads. However this Suggests that for the
Loadcase 1 nodes the out-of-plane brace loads would only be slightly beneficial. it
therefore appears that it is the spatial constraints to the node in the frame that
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principally affect capacity.

° The relative enhancement between the Node 37 and 38 capacities in the Loadcase 1
frame tests and the SINTEF planar test are in the range 32 to 42% [(67.8+69.4)/2 x
52.1to (57.7+ 96.8)/2 x 40.1] and may be compared with the enhancement in the
Hydro analysis between isolated and frame mounted conditions of 15-54% as noted
above. There are 3 number of distinguishing factors, nevertheless the magnitude of
the effects is comparable,

On the basis of the foregoing it appears that the significant enhancements in capacity observed

in the Frames Project tests over and above indications from isolated joint databases {code
formulations) are attributable to the constraints within the frame confines.

3.2 JOINT DEFORMATION COMPARISONS

compressive responses can be compared in the same quadrant. The origin for forces in the
frame is offset to account for the effects of gravity which are initially reversed by applied loads.

As noted in Section 2 there were some initial irreguiarities within the logger system up to Scan

12 but these have been corrected for in the figure. It should be noted that the chord properties
differ slightly between specimens.
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Frame C . Primary K Braces - Joint Deformations

Member Force Magnitude (kN)

Joint Deformation (mm}

—#—Btm Bay Tension Member 81 —H—Btm Bay Comp'n Membar 62
—*-Top Bay Tension Member 63 #—Tap Bay Compn Member 64
- SINTEF Monotonic Tension Brace ~#- SINTEF Monotonic Comp'n Brace

Figure 5.2 Loca joint deformations in the 3D frame and in SINTEF planar test

Principal observations from the graph are:
] the remarkaple consistency between the response characteristics at Nodes 37 and 38

° the stiffer response assumed by the tension loadpath for joints in the frame compared
with compression.

Figure 5.3 also includes the SAFJAC assumed Characteristics (assumed to be the same for
tension and compression loadpaths) tied into the baseline HSE isolated test database in terms
of stiffness and capacity. The figure alsg includes scaled predictions to reflect the enhanced
strength observed in the 3D test based on an average of the maximum tension ang compression
branch loads sustained.
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Frame C - Primary K Braces - Joint Deformations

Member Force {kN)

Joint Deformation (mm}

=—Btm Bay Tension Member 61 ==—Bim Bay Comp'n Memtar &2
——Top Bay Tension Member 53 —Tap Bay Comp'n Member 64
=—==S8AFJAC per H3E Capacity and factared to tast

Figure 5.3 Comparison between SAFJAC and measured joint response characteristics

5.3 SYSTEM RESPONSE COMPARISONS

The foregoing discussion has centred on the local joint characteristics at the primary nodes
infiuencing the Loadcase 1 response. It has been shown that the behaviour is strongly
influenced by the 3D frame constraints byt equally these affect the distribution of forces through
the structure and the global system capacity.

The figure is annotated tg show the system Reserve Strength Ratig (RSR) comparing the ultimate
capacity with the design load. In terms of the overall response the peak load was actually

load) is attributable to redistribution,
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Figure 5.4 System reserve strength ratio

to joint failure was 844kN. Had the local response remained elastic, the magnitude of brace
forces would have been + 620 kN (0.735x844). Interestingly the average magnitude of the
forces at Node 38 (see Tabie 2.3) was 624 kN ((670 + 578)/ 2),
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Comparison between Node 33 and global forges
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Figure 5.5 Compensating load transfer through primary Frame C braces and
subsequent system reserve strength contributions
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6.  CONCLUSIONS

The Frames Project Phase I Loadcase 1 test ang associated investigations have revealed
significant additional capacity in muitiplanar K joints than previously recognised.

codes of practice have been demonstrated. The effects have been shown to be due to the in-
and out-of-plane constraints on joints within a structural frame.

The inference for existing jacket structures is that muitiplanar K joints similar to the configuration
tested may have significant reserves of strength beyond original design load levels. Furthermaore
even when cracking OCcurs, propagation is limited by the local congestion at the node ang the
residual capacity is greater than for planar joints. In addition the test has demonstrated the
capacity for loag redistribution within the structure and has quantified corresponding system
contributions to the overail reserve strength levels.

observed.
It has been noted at all stages that the assessments of the test data have erred on the

conservative side and therefore the substantial strengths observed for multiplanar K joints ¢an
be embraced in future assessment with confidence.
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APPENDIX A

AS-BUILT DRAWINGS RELEVANT TO LOADCASE 1 TEST

General Arrangement of Test Specimen - C636115\002D Rev G

General Arrangement of Test Specimen - Dimensions - C636\15\003D Rev @

Detail Drawing of Node Points 23C, 24D, 25D, 26X, 27E, 28E and 20X -
C636\15\009D Revision G

Isolated K Joints for Cyclic Tests - C636\15\015D Revision B
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APPENDIX B

INSTRUMENTATION LAYOUT DRAWINGS

Load Celi Details - C636\15\011D Revision D

Strain Gauging Details - Sheet 1 of 2 - C636\15\012D Revision B
Strain Gauging Details - Sheet 2 of 2 - C636\15\013D Revision B
Joint Deformation Monitoring - C636\1 S\016D Revision 0
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APPENDIX C

FRAME RESPONSE PLOTS

Spreadsheets from C636\37\011w xls:
- GLOBAL Scan Nos

- GLOBAL Annotated

- Sheets 1to 5

- FrC Lev1 Tens

- FrC Levi Comp

- FrC Lev2 Tens

- FrC Ley? Comp

- K joint 61-62

- K joint 63-64

- K joint 86-87

- K joint 94-g5

- GLOBAL Exp&Pred

- FrC TB For Exp&Pred
- FrC BB For Exp&Pred

Spreadsheet from C636\37\012w .xls
- Loading and loegger chart

Spreadsheet from £636\24\008w-B xis
- Corrected P-A

- Code comparisons

- SAFJAC

- Corrected global + API

- Force comparison

Spreadsheet from £636\37\022w x5
- Aipha Qg comparison

C636\37\014R Rev O August 1999 Page C.1 of C.1
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FRAME C - Top BaY
MEMBER FORCES

Member Axial Force {kN)

Loadcase 1 . Tdglobal Displacement {mm)

—+—63 Measured -m— 64 Measured ~4— 57 Measured —+— 68 Measured

FRAME C - BOTTOM BAY
MEMBER FORCES

Member Axiaj Force (kN)
g .
[=] [=]

-400.0

Loadcase 1 - Test Globat Displacement (mm)
-+ 61 Measured —8-62 Measured -4 65 Measured —— 66 Measured

CE36\3701 1w.xls Sheet! 30/08/05
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JOINT INDUSTRY TUBULAR FRAMES PROJECT - PHASE Il

LOADCASE 2 TEST REPORT
INTERACTION BETWEEN X-BRACED PLANES

EXECUTIVE SUMMARY

Within the piane of loading the frame was X-braced but without an Intermediate *horizontay’ between bays.
However typical of recent weight saving design practice, X-braced plan framing was provided otit into the

The tests confirmeq that, constrained within the continuity of a frame, compression X joint capacity is
some 37% greater than the mean of isolated test databases underlying current design pragtice.

The structure was shown to effectively redistribute I0ads via the pian X-bracing once initial component
failures occurred. For the test geometry it was estimated that the global load sustained was s50me 50%
higher than it wouid have been without the plan X framing. The System contribution to the global capacity
was considerable and the ultimate load reached more than twice the leve at which the first component
(joint) failed. Had the design load been assessed to APlinciuding a storm conditions safety factor angd with
the considerable conservatism in the joint Capacity formulations, a feserve strength ratio between the
uitimate capacity and design load of 6.9 would be given. This figure is highly dependent on the (under)
utilisation in surrounding parts of the structure and therefore should be considered with caution.

C636\3MN011R Rev O August 1999 Page 0.9 of 0.10
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member buckiing, it is deduced that the system capacity would have been 25% less than recorded in the
Loadcase 2 test.

An important aspect of the Loadcase 2 test was the determination of regl 'imperfections’ within structures
and their potential effect on structural response. Factors included:

. locked-in fabrication forces having beneficial and detrimental effects on component capacity and
Sequence of failure

° the translation of component capacities from isolated tests to responses within the confines of
a frame

] the changing constraints on Components as adjacent failures ocoyr.

This illustrated the need for ultimate strength analyses of ‘perfect’ structures to be assessed carefully and
for the potential sensitivity to imperfections to be considered.

Despite these factors the blind SAFJAC analyses contributed to the benchmark exercise are shown to have
given a good estimate of the component and system responses.

CE36439\011R Rev O August 1999 Page 0.10 of 0.10
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1. INTRODUCTION

1.1 BACKGROUND

future designs.

The purpose of the Frames Project Phase JJ] was therefore to demonstrate the validity of these
findings for 3D jacket type structures and in so doing to examine aspects absent from the earlier
plane frame tests. The specific objectives were:

. To establish the effects of nonlinear joint/member behaviour on three-dimensional
frame behaviour and collapse mechanisms.

L To quantify the reserve and residyal strength of three-dimensional frames and to
investigate redundancy and load shedding characteristics.

* To investigate the static performance of members and joints within three-dimensional
frames and to develop procedures for the exploitation of available component data.

. To carry out Comparative isolated joint tests.

. To measure locked-in stresses introduced during construction of three-dimensional
frames.

® To calibrate and apply a nonlinear numerical procedure, SAFJAC, to the collapse

analysis of the test frame and to provide data for the calibration of other software with
similar stated capabilities.

. To benchmark the capabilities of existing 3D nonlinear analysis software.

These objectives have been fulfilied with the conduct of a series of static and cyclic tests of a
three dimensional jacket type structure under different loading scenarios denoted Loadcase 1,

C636\39\011R Rev O August 1999 Page 1.1 of 1.8
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Loadcase 2 ang Loadcase 3 (LC1, L2 and LC3). Figure 1.1 shows the test set up and
scenarios.

Grid Line B

Grid Line A

* loadcase 1 °

Figure 1.1 3D frame loading configuration

Reference 1 describes in detail how the test structure was designed in the context of the Phase
N programme and the range of features embraced. This report focuses on the specific conduct
of, and findings from, the Loadcase 2 static test.  Appendix A provides structural drawings for
the frame pertinent to the LC2 response.

1.2 LOADCASE 2 OBJECTIVES

An increasingly common feature of modern Jacket design is the use of X-bracing but without
horizontal members in the face frames. Instead, X or diamond plan bracing is provided between
bays or at the mid-bay level, Examples are illustrated in Figure 1.2.

lower bracing to the foundation. In piane frame tests undertaken within Phase 1 of the Frames
Project®, it was shown that without a mid-height horizontal a sequence of X brace failures
rapidly propagated down through the structure, The 2D X-braced frame test set up is shown in
Figure 1.3.

C836\39\011R Rev O August 1999 Page 1.2 of 1.8
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Figure 1.2  Alternative X-braced jacket configurations without face frame horizontais

Figure 1.4 Compares the global load deflection responses for nominally identical test frames with
and without the mid-height horizontal, After the initial buckling in the 'top' bay closest to the
Camera and fail off in ioad in Frame I, the load carrying capacity was beginning to increase at
the point the test was stopped. However the forces in the bottom X-braced bay of Frame | were
only some 70% of those at the corresponding point in the Frame I test (around 150mm global
displacement). The low residual capacity is evident from the figure following the lower bay
buckling in Frame 1,

CE36\39\011R Rev O August 1999 Page 1.3 cf 1.8




Figure 1.3 Frameg Project Phase | X-braceqd frame tests

09 FRAME |

APPLED 1oaD (i
(Thousangs}

FRAME m

100 200 ki)
LATERAL DISPLACEMENT =TOP OF FRAME {mm)

Figure 1.4 Comparison of 2D X-braced frame responses with (Frame 1)
and without (Frame HI) a mid-height horizonta|®

C636\39\011R Rev O August 1999 Poge 1.4 of 1.8




However in assessing the Phase | 2D frame test resuits, it was fecognised that in reality jacket
structures are three dirmensional and that out-of-plane braces offerthe potential to transfer loads.

Therefore, in the 3D demonstration phase of the Project one of the Loadcase 2 objectives was:

. to investigate the efficacy of inter-bay plan X bracing in distributing loads from the face
frame as components f4j| into other parts of the structure,

A second objective was:

L to demonstrate the signiticance of compression X joint failure on the ultimate strength
of a 3D structurai frame.

chord ovalised and flattened (see Figure 1.3) restoring a stiff loadpath through the X-braceq bay.
Furthermore as Compression response across the joint Softened, so the alternative tension
loadpath along the chord took a higher proportion of the applied load. As a result, the structure

As shown in Figure 1.3, the X-braced frame in which joint failure occurred included a mid-height
horizontal. However it was recognised based on the Frame | / Frame I redundancy
comparison®, that hag the member been omitted the system response could have been quite
different.

Figure 1.5 shows comparisons from SAFJAC nenlinear collapse analyses of 2D frame structures
comparable to the configurations in the Frames Project Phas [ testg®

C636\3A01IR Rev O August 1999 Page 1.5 0f 1.8
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<
O
-l
2 () stronG Jomr,
S TOP BAY BRACE BUCKLING.
=
5 X JOINT FAILURE.
TOP BAY BRACE BUCKLING.
LATERAL
DISPLACEMENT
ik
X JOINT FAILURE.
NO HORIZONTAL.
-~ BOTTOM BAY BRACE BUCKLING.
FRAME DISPLACEMENT
Figure 1.5 Frame fesponses for different combinations of joint strength and redundancy®
The three scenarios are as follows:
| 2D X-braced frame with strong joint can and mid-height horizontal, Compression
brace buckling failure in top bay limits system capacity.
- I 2D X-braced frame without strong joint can but with mid-height horizontal,

Compression X joint in top bay softens, alternative tension loadpath and horizontal
distribute applied load into bottomn bay, portal action in legs develops. X joint
compresses flat restoring stiff loadpath and compression brace buckling failure in top
bay then limits system capacity.

i 20 X-braced frame without strong joint can or mid-height horizontal Compression X
jointintop bay softens, alternative tension loadpath transmits applied load into bottom
bay compression brace precipitating buckling and defining system capacity.

1.5).

C636\39\011R Rev O August 1999 Page 1.6 of 1.8
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setup is shown in Figure 1.6 with the actuator mounted on the X-braced Frame E, pushing the
structure upwards (see also Figure 1 1}. The two X-braced bays without the mid-level brace can
be seen to the left hang side of Figure 1.6 in the primary plane of loading, with the out-of-plane
X bracing coming out across into the 3D structure.

reference.

CH36\3MN011R Rev O August 1999 Page 1.7 of 1.8




1.3

REPORT LAYOUT

experimental studies contributing to the understanding of the frame behaviour. In Section 4
reference is made to recent codes and standards and, by inference, isolated tubular joint
databases. Al these aspects are then assimilated in Section 5 leading to conclusions in Section
6.

As noted in the Foreword, this report is one of a serjes describing the Frames Project Phase il
results. It assembles data relevant to the interpretation of the Loadcase 2 static test results.
More detailed information, for example on the instrumentation of materials, can be found in the
Companion reparts. The draft report is printed in black and white with key piots reproduced in
colour in the appendices. Final and electronic issues will be in full colour.
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LOADCASE 2 TEST

CONFIGURATION

211  Reference Schemes

Figure 1.6 shows the 3D test structure at the start of the Loadcase 2 (LC2) test. The loading
beam and actuator are pasitioned on Frame E applying positive load upwards in displacement
control. The datum position (zero applied load) corresponds to the condition in which the tubular

For internal member axial forces the convention: positive = tension, negative = compression
is adopted. A left hand rule defines moment orientations; however, these are also described
within the local context

21.2  Component Properties

Appendix A contains as-built structural drawings for the 3D frame. Reference 8 provides
information on the disposition of material throughout the structure, together with diameter (D)
and wall thickness (T) measurements from surveys for every member segment within each
member and at key nodes. Resuits are developed from static tensile coupon tests giving yield
properties (F,) corresponding to the rate of structural testing. Reference % explains the bujld up
of locked-in fabrication forces within the frame. Measured values are presented and combined
with calcuiated member forces due to self weight to give the net force in every component at the
Start of each test (zero applied load).

For this report, properties for key components in the Loadgase 2 test scenario have been
extracted and are presented below. Tabie 2.1 details the geometric properties and parameters

I comparisen with nominai ang assumed values at the design stage. Table 2.2 shows the
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Table 2.2 Loadcase 2 - Initial forces at zerg applied load

Forces (kN)
Member Locked-in Forces due to gravity and Net force at
fabrication forge 15kN load cell offset Start of LC2 test

77 -33 -60 -93

79* -33 -59 -92

78 -54 63

80 -54 63

81 64 -52 12

83 64 -51 13

82 83 41 124

84 83 43 127
Source: Reference 9 Tables 5.12 and 5.3
Notes:
1. Figures rounded to 0 d.p.
2. Measured force values based on force releaseqd when members cut out at end of test recorded by

load cell instrumentation, *based on initial build DEMEC readings
3 Forces due to gravity and load cell offset calculated from SAFJAC linear analysis
2.1.3  Response Data

includes:

Integral pre-calibrated load cells welded into the structure during fabrication These
are exceptionally accurate and are relied upon wherever possible. Four gauges (two
Opposite pairs) provide redundancy in the axial force calcuiation.

Site installed surface mounted linear strain gauges to provide supplementary data on
forces and moments (using nominal or local measurements of section properties).
Four gauges (two opposite pairs) provide redundancy in the axial force calculation
although care is needed in interpreting axial forces when sections distort and hoop
strains become significant.
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. Displacement transducers record deformations at key nodes and displacements of the
frame and reaction rig.

The final datafile pravided by AVT for the Loadcase 2 test was:
LC2a_test xls

The updated Spreadsheet incorporating BOMEL modifications as detailed g the spreadsheet
revision stieet is:

C636\39\008w.xis

Copies of the datafiles are provided with Reference 10, This report presents the load effects
determined from the raw data using these Spreadsheet systems.

214 Test Procedure

Prior to the test commencing a number of cycles of load were applied up to 100kN in stages,
in order that the functionality of alf Systems could by checked and the take-up of load in the
structure could be compared with predictions. QOn satisfactory completion of the trial, the
actuator ram was withdrawn to leave the Structure hanging at the datum position (zero applied
load) relative to which all forces and moments Were measured.

Throughout the test the following steps and procedures were followeg-
° A datum scan of the instrumentation was taken (Scan 1) as the Scan number was

displayed on the master board (see Figure 1.6). The scan number associated with
each set of measurements uniquely defined the point in the test.
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] The scan number on the master board was incremented by one.

L The instrumentation System was scanned ang backed up. Dial gauges were read
manuaily.

° Throughout, all parties maintained independent logs with respect to Scan number and

Clack time of key events (eg. physical observations, checks on Spurious gauge
readings, ramp rate changes, movements in Camera position, etc).

° Resuits within the data acquisition Spreadsheet were reviewed by BOMEL. Graphs
were generated automatically, plotting incremental measured values against BOMEL

The sequence was Tepeated until the ultimate Capacity of the structure hag been attained and the
pattern and levei of post-peak loading capacity had been determined. The extent of post-peak
deformation was limited to ensure extensive piasticity was not generated in distant parts of the
structural frame.

° The applied load was then reduced in three or four decrements with scans of the
instrumentation and record keeping at each stage as before.

2.2 RESPONSE
221  Preamble

schemes are shown in Figures 2.1 and 2.2. The datum position corresponds to the structyre
cantilevered from the reaction rig under its seif weight with no actuator load.

Load was applied in displacement control on Line E, positive joad pushing the frame upwards.
Frame E was X-bracag. The 90° B=1.0X joint between Leveis 1 and 2 (Node 42 - closest to
the actuator) had no thick-walled joint can. In the more distant bay the X joint between Level 2
and the reaction rig at Level 3 (Node 41 ), @ high yield, thick-walled joint can was present.

Node 42 was the most Righly wilised Component in an eiastic design level evaluation. Figure 2.3
shows a close up view of the node pre-test. The gap between the saddle weld toes js some
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Figure 2.3 Node 42 pre-test

222 Global Response

Figures 2.4 and 2.5 show the loading and unioading trace for the full test. Figure 2.4 s
annotated with the scan humbers to which reference will be made. Figure 2 5 highlights key
events in the test described in further detail below.

GLOBAL RESPONSE
ACTUATOR

1400 %———iﬁ———t_g—————m—¥———1———————ﬁ
42 43
1200] 0 s 44
@ 3 W
»

[ 35 .
M e >
10C0

2z 2 M _iz-m"’"*
26 is_,_‘-»—‘-"'“"—'
25 e
il

ACTUATOR LOAD (kN)

150 200 250 300
Global Displacement (mm)

Loadcase 2 . Test

Figure 2.4 Loadcase 2 - Scan numbers through test
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GLOBAL RESPONSE
ACTUATOR

1400.0

Load pick-up fn
Members 91/3.

Braces contact across
Ratlened X Node 42 and

Joing response siiffens \

A
Member 81/83 yikt P

12000

§

X brace 52 buckles

g

X brace 78 buckling

2

2nd peak in X Node 42
compression response

Compression X Node 42
failure

ACTUATOR LOAD (kN)

4000

LA

ag 1000 150.0 00.0 2500 300.0

Global Displacement {mm)

Loadcase 2 . Test

Figure 2.5 Loadcase 2 - Key events through test

As described previously these traces correspond to the state of the structure after ioad has been
applied, the actuator has been locked-off and the internal forces have equilibrated. The actuator

the test descriptions which follow. The main text includes a compilation plot (Figure 2.7) from

which the pattern and relative magnitude of forces in primary bracing of interest in the Loadcase
2 test can be seen.
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GLOBAL RESPONSE FROM LOADING SYSTEM

Erace BZ buckles 1255 kN
(1240 kN COIracied)

Erace 73 buckies 1153 KN
1200 {1138 kN corractea)

g

8

Compression X Nods
42 fails 604 kN
(78O kN corrected}

g

Actuator Load - uncorracted (kN)
B
3

200 -

0

0 150 200 250 360

Global Displacement {mm}
Loadcase 2

= Data imparted from Bodycola filg ic2.pm “—=—Logger data

Figure 2.6 Applied actuator loads in comparison with
equilibrated forces recorded at each scan

Note: The data in this plot include a 15kN positive toad offset due to the self weight of the hinge unit and load celi In all other
plots and data reported in this document the appropriate correction has been made.
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2.2.3 Detailed Response

During the initial stages of loading the global response was linear and there was negligible
reiaxation as the actuator was locked-off for each scan (Figure 2.7). However by about Scan
9 some local arching of the Node 42 chorg had become visibie, Figure 2.8 shows how
deformation of the chord wall is actually constrained by the welds in the saddle region and the
degree of ovalisation was slightly greater to either side. A corresponding view onto the face of
the joint is barely distinguishable from Figure 2.3. It is also at about this stage that a degree of
relaxation began to occur once actuator loading was complete and before a scan of the
instrumentation was taken (see Figure 2.7),

Nevertheless, the system response remained reasonably finear untii, with Scans 14 and 15, a
peak in the load transmitted via the compression X joint was reacheq. Figure 2.9 traces the
applied load and compression force across Node 42 throughout the test. The initial peak and
correlation with the softening of the glabal response can be seen clearly.

The peak compression force recorded across the joint at Scan 15 in response to the applied
loads was -373kN. The coacting force along the chord was some 469kN demonstrating how
the tension loadpath had become significantly stiffer, and therefore attracted a high proportion
of the applied load, than the Compression route at the point failure occurred. When considering
the absolute capacity of the components in the Loadcase 2 tests, it is important to rememper
that the applied load effects are recorded with reference to a zero datum. Self-weight and
locked-in fabrication effects are additional. For example for braces 81/83 and 82/84, the forces
already present in the members at the start of the fest were some +12kN angd 125kN
respectively (see Table 2.2). The net force across the compression X joint at Scan 15 was
therefore -248kN (-373 + 125) with a coacting chord foad of 481KN (469+ 12) which is almost
Iwice as great. The measured capacities will be compared with response predictions befow.

The load sustained by the joint fell away significantly as the chord continued to deform in the
saddle region. Figure 2.10 shows the joint just beyond the peak at Scan 16 and Figure 2.11
gives a wider view of the deformation at Scan 18. Nevertheless the tension chord continued to
transmit increasing proportions of the applied load until at Scan 21 the members began to yield
and a plateau in the local capacity was reached. The average member force in response to the
actuator loading was 706kN (716kN net).

Figure 2.7 shows some evidence of the loads being transmitted by the Level 2 X-bracing across
the 3D structure into Frame D Although the force levels are not particularly high, there is
evidence that the contribution is sufficient to provide some protection to the lower bay bracing.
As the force in the top bay chord members 81 and 83 increased to yield at over 700kN, so that
force in the out-of-plane compression Brace 93 exceeded -200kN with some -500kN being
transmitted directly into the Frame E bottom bay compression Members 78 and 80. In the
absence of the out-of-plane bracing the force would have been more nearly equal (but opposite)
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even before the top bay chord had yielded - just as postulated in Figure 1.5,

It was not until Scan 37, at a global load some 90% greater than when yielding in the top bay
occurred, that Brace 78 finally buckled in the lower bay of Frame E. Out across in the Level 2
X bracing the load carried by Member 93 then increased rapidly confirming the contribution of
the out-of-piane bracing to maintaining 3D system capacity. The recorded buckling load in Brace
78 was -639kN which requires only a +9kN correction to account for compensating factors due
to gravity preioad and locked-in fabrication forces (net capacity -630kN).

Figure 2.12 (a) and (b) show the in and out-of-plane deformations of Brace 78 at Scan 37 just
after buckling. The deflections are relatively small and buckling under the displacement control
of the test was quite gradual. Nevertheless it can be seen from the load deflection traces in
Figure 2.7, that the Component capacity declines significantly thereafter.

However returning to the response of the Node 42 X joint and the combined piot in Figure 2.9,
it can be seen that beyond the initial peak at Scan 15 the load fell away. [tthen increased again,
firstly as the weld toes appeared to contact through the chorg (Figure 2.13) and then again as
the chord completely flattened (Figure 2.14) providing a new stiff loadpath through the structure.

The response was not entirely symmetric as it has been in previous 20 frame tests® and the
slight twisting of the chord led to cracks propagating around one weld toe on either face of the
joint (Figure 2.15). Nevertheless the direct loadpath between the Compression braces through
the flattened chord stiit enabled the global load to increase. The uitimate capacity was reached
when Brace 82 in the top bay, buckled as shown in Figure 2.16 under an applied brace force of
-639kN (-514kN net). Buckling of the brace Seems to have been influenced significantly by the
‘Totation’ at the X Node 42 This served to increasa the effective buckling length and introduced
a pre-disposition or effective imperfection promoting buckling. The initial loss of component
capacity was therefore fuite gradual and a global Ioad of some 1 198kN was sustained for Scans
42 and 43. Thereafter the load bearing capacity of the brace decayed very rapidly (see Figure
2.7) as the joint provided litije restraint to increasing rotations.

One final point with reference to Figure 2.7 is that the lower bay tension brace appeared to
Sustain an average load of 775kN but the presence of high gravitational and locked-in fabrication
pre-compression forces (see Table 2.2) prevented yielding occurring. Indeed there was no
evidence of yield in the response data or visible in the paint system on the structyral memabers,

Figure 2.17 shows the deformation in the 3D structure and particularly Frame E at the point of
maximum deflection at the end of the test. The gioba) movement can be seen both with
reference to the actuator and the portal action in the Frame B/ E leg at the top of the picture.
Buckling of the compression braces (both running bottorn left to centre right of their respective
bays as viewed in the figure) can be seen, as can the deformation of the Node 42 X joint chord.
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Figure 2.8 Node 42 - Scan 9 - initial signs of chord ovalisation
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1400.0 _‘————-ﬁ__“*———ﬁl_i_.;

Load pick-up in
Members 91/93

Braces contact actoss

12000 flattened X Node 42 and
Jomnt respanse stittens ./__“

1000.0 Member 81/83 yield

/ X brace £2 buckles

X brace 78 buckiing

800.0
z
3
Q
4
9 2nd peak in X Noge 42
68000 - COMpression respanse
i
Compression X Node 42 i i
I e Y S L
400 0 failure
. —a -
. SNGIEIES
2000
g m——;—*——__—o—_.& -t
0.0 s00 1000 150.0 2000 250.0 300.0
Global Displacement {mm)
—*-Global applied 1oaq ~#- Node 42 comprassion X joint responsa

Loadcase 2 - Test

Figure 2.9 Frame E top bay compression X joint response
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Figure 2.11 Node 42 - Scan 18 - X joint deformation
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Figure 2.12(a) Brage 78 - Scan 39 - out-of-plane buckling view along

Frames A/E leg from Level 2 to Level 3

Figure 2.12(b) Brace 78 - Scan 37

- In-plane buckling - view from Frame A to Frame B
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Figure 2.13 Node 42 - Scan 24 - initial contact of weld toes through chord
corresponding to an increase in load transfer capacity

Figure 2.14 Node 42 - Scan 33 - flattening of the chord and significant increase in stiffness

C636\3N011IR Rev O August 1999 Page 2.16 of 2.25

B Y




Figure 2.15 Node 42 - Scan 39 - twisting at the joint
precipitated growth of through thickness cracks

Figure 2.16 Brace 82 - Scan 45 - view up buckied member to flattened
chord of Node 42 X joint
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Figure 2.17 Loadcase 2 - Scan 45 - end of test

2.2.4  Comparison with Phase | 2D Results

A principal consideration in contiguring the Loadcase 2 test scenario was the need to provide
continuity from earlier research on isolated components and 2D frames, in order that 3D system
effects could be clearly distinguished. In general this objective was achieved as illustrated in
Figure 2.18 which shows the global and critical companent responses for the 3D Loadcase 2
test and Phase I Frame Il 2D test scenario®. The test setups are shown in Figures 1.6 and 1 3.
The absolute values displayed on the graphs cannot be compared directly because of differences
in material and due to gravity, but Section 3.1 provides a detailed non-dimensignal comparisan.
However, although the overali characteristics appear similar there are distinct differences in the
mechanisms of load redistribution beyond first component failure and these are discussed further
in Section 5.

225 Local X Joint Response

The primary X joint in Frame E was heavily instrumented tg provide complete information on the
local response characteristics. Layout drawings in Appendix B show the position of sets of four
site installed strain gauges on the braces to either side of the joint. Those closest to the joint
are denoted 'Near', the second set far. In addition, a displacement transducer straddled the
chord attached along the centreline axis of the compression braces, 82 and 84. Load celis
provide accurate data on the coacting axial forces in the brace and chord members.
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2.2.5.1 Load deformation response

The top central graph in Figure 2.18 presents the load deformation response for the compression
X joint. As described in Section 2.2.3, the load carrying capacity fell away initially as the
ligament in the chord wall arched, increasing again as the weld sections came into contact
through the chord but then declining as the footprints rolled against each other. Once the chord
sections were fully flattened the strength then increased and load transfer only ceased when the
buckling capacity of the incoming braces was reached.

The corresponding response in the earlier 2D frame tests is shown in the lower diagram of Figure
2.18. The local undulations in the response were not seen in that test, and flattening of the
chord was a gradual but continuous process. Nevertheless, for practical purposes in terms of
providing input to system strength analysis, the response characteristics may be considered
comparable.

Certainly in comparison with the chord diameter (D) there is reasonable corroboration that the
initial peak in capacity is attained when the deformation is some 2-3% D, and that with
deformations around 50% D there is g substantial pick up in stiffness as the outer regions of the
brace footprints contact through the chord. In terms of capacity however, the comparison
between the graphs in Figure 2.18 is purely qualitative - the chord wall properties and levels of
gravitational forces acting differ significantly between the two tests.

2.25.2 Combined bending and axial action

The site installed strain gauges enable the pattern of local load transfer through the primary X
joint to be examined. Figure 2.19 plots the axial forces determined in the braces throughout the
tests based on the measured load cell values and the averaged readings from the four sets of
site installed strain gauges. The load cells were pre-calibrated with known loads prior to being
built into the structure, whereas the site installed strain gauges are used in conjunction with
nominal section properties to determine the force. The conclusions from Figure 2.19 are that
all the gauges appear to work satisfactorily throughout the test, that the actual section properties
are comparable with the nominal values, and that irrespective of section distortions, the
averaging of four orthogonal gauges is valid in determining axial effects.

Figure 2.20 then plots the individual strains recorded at each gauge within the four sets installed
200mm (near - N) and 400mm (far - F) from the chord face on Braces 82 and 84. These figures
show immediately that the pattern of load transfer became quite uneven through the joint as it
distorted.

For detailed examination of the figures the designation "', '3, '5' and ‘7' requires clarification.
Throughout the instrumentation system'® in-plane gauges were placed in positions 1 and 5, and
aut-of-plane gauges were denoted 3 and 7. For the X bracing in Frame E the orientation is:
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in-plane on the side of members towards Frame B

out-of-plane on the outside face of the structure

in-plane on the side of members towards Frame A

out-of-plane on the inside face of the structure, ie. towards Frame D.

* o o o
~N oW =

If loads were being transferred purely axially, the recorded strains at ali four positions would be
equal. If oad transfer were even but with a degree of bending, the average of in-plane and out-
of-plane gauge pairs would be equal.

As initial failure of the joint is approached, the graphs in Figure 2.20 indicate that the strain
(force) distribution is reasonably even but with a slight tendency for greater transfer along the
in-plane axis (square symbols) rather than across the saddie region. Indeed as the joint deforms
beyond the initial peak, the effect becomes more marked. In particular for Brace 84 it can be
seen that strains at gauges on the outside face of the member (Gauge position 3 - diamond
symbols) reduce significantly indicating a growing out-of-plane bending action.

A similar effect can be seen on the Inside face of Brace 82. With references to Figure 2.18 (top
right photo) and Figure 2.1 9, it can be confirmed that the reduction in load transfer capability is
associated with the crack formation and greater flexibility at these locations around the
intersection. The locations of the cracks, uneven load transfer, and twisting of the node, induce
bending within the brace members. The eventual buckiing of Brace 82 followed the sense of
bending induced by the rotation at the node and the low buckling capacity is attributable to the
reduced constraint. Where Brace 82 buckled under a net load of 537kN a nominally identical
brace in the other bay of Frame E buckled at 830kN.

Forces Node 42 p ion X joint
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Figure 2.19  Correlation between axial forces in Braces 82 and 84
determined from strain gauges and load cells
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Node 42 - Local strains on X joint chord
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Figure 2.20 In- (1, 5) and out-of-plane (3, 7) strains from gauges at near (N)
and far (F) positions on braces at X joint Node 42
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2.25.3 Buckling response

Detailed instrumentation was also provided on compression Braces 78 and 80 in Frame E to
monitor the growth of in- and out-of-plane moments where buckling was anticipated. As shown
in the drawings in Appendix B, the load cells were supplemented with four site installed strain
gauges at orthogonal positions at the centre of each member,

The axial moment relationships recorded in the Loadcase 2 test are plotted in Figure 2.21. In line
with the sign convention described in Section 2.2.5.2, positive in-plane curvature corresponds
to arching of the member towards Frame B and out-of-plane arching to the outside of the
structure is positive.

It can be seen that from the outset of the test bending effects were greater in Brace 78 than 80
and indeed at Scan 37 Brace 78 buckled inwards and towards Frame A (see Figure 2.12). As
buckling is approached the traces in Figure 2.21 show how the bending moment reduces
slightly.

More detailed examination of buckling capacities and response characteristics is reported in the
companion report on the Loadcase 3 test (see Fareword) in which multiple member failures were
generated.

2.3 QUANTIFIED SUMMARY OF RESULTS

For ease of reference in the subsequent evaluation of the resuits, the key event and associated
forces described in Section 2.2 for the Loadcase 2 test, are summarised in Table 2.3.
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Figure 2.21  Axial-moment relationships in Frame E compression braces
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3. COMPONENT TESTING AND ANALYSIS

3.1 OTHER FRAMES PROJECT INFORMATION

3.1.1  Basis of 2D Investigations

Phases | and il of the Frames Project® ¢ provided important results bridging the gap between
isolated test databases of tomponents and their real performance in the context of a three
dimensional structure as demonstrated in the Phase [Il tests. Figure 3.1 provides a schematic
representation of the interrelation.

Phase |
i ot Loadcase 2
Isclated joint static test Cyclic 3D frame test

Figure 3.1 The context of Loadcase 2 and X joint investigations

The so-called 'Frame [I' test shown in Figure 1.3 was particularly significant as, for the first time,
a frame was tested to coliapse in which a joint was the most highly utilised component in the
context of current design practice®™ ¥ The absence of a joint can within an X joint is typical
of many older style jacket structures. At the time the experimental results were unexpected in
that, although the limiting capacity of the joint was reached, the ductility and potential for
redistribution were such that the structure as a whole continued to sustain increasing levels of
applied Ioad.

3.1.2  Structural System Reserve Strength

The uitimate system strength achieved was some 3.9 times the design load level although the
utility of this capacity in a cyclic storm scenario was questioned given the gross deformations
(see joint photograph in Figure 2.18). A number of factors contributed to this strength:
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1. the known 'safety factors' in determining the design capacity

2. the known bias in the characteristic capacity equations

3. the mobilisation of alternative loadpaths in a configuration and with levels of utilisation
to absorb these loads

4, The higher than anticipated capacity of the critical X joint.

The first two points are a necessary and appropriate part of engineering practice. The third point
is important in the context of the present tests as discussed in Section 1.2, In the 2D frame
there was a mid-height horizontal between the two X-braced bays. In one bay there was a
relatively weak X joint. In the other bay the braces were heavier walled. These factors gave
adequate capacity for redistribution. In the Loadcase 2 3D test, both bays of bracing in Frame
E have nominaily identical properties. There is no horizontal in-plane but X bracing out into the
3D structure offer the potential for redistribution. Comparisons are made in Section 5.

3.1.3 X Joint Capacity Results
The final point, 4, will be investigated further here with reference to the accumulated evidence
from the Frames Project research to date. Particular elements inciude:

. Frame 1l test in which a B=1.0 compression X joint was the critical component®

° Frame IV test, nominally identical to Frame if but with a pre-fatigued crack at the X joint
weld toe®

. Results froma nominally identical joint tested in isolation with brace and chord loads®?
Frame V test in which initial failure of a B=1.0 compression X joint was generated¥

. FE analysis undertaken by van der Valk" 1o investigate the influence of chord loads
on compression X joint capacity

. Supplementary FE analysis by BOMEL in Phase IIA of the Frames project®,

Quantitative resuits from the four experimental programmes are summarised in Tabie 3.1. The
results are presented in non-dimensional terms to allow for the different wall thicknesses and
material types used. In each case comments are made concerning the validity of the results and
applicability to jacket structures.

It will be shown in Section 4.2 that the mean X joint capacity underlying the then current HSE
Guidance™ in non-dimensional terms, was 33.1. Not only does this reflect current engineering
practice but it is also a direct output from isolated test results embodied in the database. In
comparison with Table 3.1 it wouid therefore appear that the isolated test was typical of results
in the wider body of data in the open literature. However the test observation was that fajlure
was unsymmetric as the joint moved out of plane facilitated by the pinned constraints at the
brace and chord Supports. In contrast the joint in the frame stayed completely within the plane
and compression of the chord wall was symmetric.
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Table 3.1 Non-dimensional X joint capacity from earlier Frames Project studies@ 4

Investigation First peak capacity | Notes
P,/ FT?

Frame il 46.1 No measure of locked-in fabrication forces. Symmetric
failure, pickup in load once braces contacted

Frame IV 42.0 Joint cracked. No measure of locked-in fabrication
forces. Symmetric failure. Pickup in load once braces
contacted

Isolated Test 34.0 Chord tension ~ brace compression - in other tests

chord tension > brace compression. Joint failed oyt-
of-plane because of limited constraint at chord
supports

Frame v 414 Locked-in fabrication forces measured and allowed for.
Test intentionaliy stopped before gross deformation
occurred.

As noted in Table 3.1 the potential significance of Iocked-in fabrication forces on structural
performance had not been fully recognised at the time of the early frame tests and so the Frame
It and IV data are iikely to require some (downward) adjustment to account for these. Therefore
taking the Frame V result as the most reliable indication of the capacity of a B=1.0 compression
X joint in a frame, suggests that the strength may be some 25% higher than the mean of the
isolated test database.

Forthe purposes of re-assessing an existing structure such additional capacity may be extremely
important and may help form the basis for continued operations without the need for
strengthening.

3.1.4  Analytical Investigations of Chord Stress Effects

Analytical investigations therefore proceeded to try and explore the saources of additional
strength. Key factors distinguishing the condition of the jointin a frame from typical isolated test
conditions, were the framing continuity and high leveis of coacting tension in the chord.

A project sponsor'" performed finite element (FE) analyses to investigate the influence of chord
load on the joint capacity. The results were Compared with APl and other design
recommendations in which it is considered that compressive stresses in the chord reduce the
available joint capacity whereas chord tensile stresses have no effect. The FE resuits are plotted
in Figure 3.2 together with subsequent BOMEL analyses'®
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The analyses were conclusive in suggesting that the compression capacity of a B=1.0 X joint
would actually reduce in the presence of chord tensile loads. This finding has apparently
influenced the introduction of a chord stress capacity reduction factorin the ISO draft standard"®
but runs contrary to the experimental evidence from the frame.

However baseline analyses in the BOMEL investigations™®, gave a non-dimensionai capacity for
the joint without chord load of 36.0 which is comparable to the results of tests in the database
undertaken in similar conditions. Furthermore when the joint was analysed within the frame the
response characteristic was comparable to the test results. Figure 3.3 shows how an initial peak
in the capacity is reached followed by a degree of load shedding and subsequent stiffening. The
load deflection response and degree of deformation can be compared with the test data in the
central diagrams within Figure 2.18.

1.2
_ SHELL
d Test / F.e. analysis results APl RP2A
g —
w7 n - M s e s el s e s e o
‘5 CCZA// _ . \..Casa 2
o /"
3 Y ®2A
e L /
'i:: 0.8 - // 28
> ecczs , Pu Py B o
@ /7
g / ) | \
“ /
v
g 0.6 // P— S a— P —p P |
n
o /!
2
© Pu Pu
0.4 ' I

-1 -0.5 o 0.5 1

Chord utilisation factor u {=axial stress/yleld strength)

Figure 3.2 Comparison between API provisions®™ and analytical results® ' concerning
the effects of chord load on B=1.0 compression X joint capacity

3.1.5  Summary of 2D Investigations

In summary the strong evidence from the Frames project tests was that B=1.0 compression X
jointin a frame may be some 25% stronger than isolated databases indicate. However although
the constraints of the surrounding frame are beneficial in enforcing a degree of symmetry
supporting explanations for the enhanced capacity could not be found through analysis. In fact,
to the contrary the analyses indicated that the presence of chord load would be reducing the joint
capacity suggesting that in the absence of chord loads the capacities would have been even
higher.
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Figure 3.3 Analytical prediction of load deflection response
for B=1.0 compression X joint in frame®®

3.1.6  Complementary Data from 3D Tests

As shown in the structural drawings in Appendix A, in addition to Node 47 three other X joints
in the 3D structure were fabricated without joint cans. Node 18 in the Frame B X bracing (see
Figure 2.2) experienced significant compressive forces in the Loadcase 3 scenario (see Figure
1.1) such that a peak in the capacity was reached. The load deflection data recorded by load
cells and a displacement transducer straddling the joint are plotted in Figure 3.4. The rapid load
shedding just beyond the peak is precipitated by buckling in a transverse plane which reduced
the load transferred into Frame B,

The full details of the Loadcase 3 test response are provided in a companion report (see
Foreword) but the X joint resuits are extracted here to provide further evidence for the in-frame
capacity. Specific parameters for the Node 18 joint in the Loadcase 3 test are as follows:

Chord diameter, D = 168.8mm

Chord thickness, T = 4.52mm

Chord yield, F, = 289.4 N/mm?

Peak measured capacity, P, =-321.3 kN

Locked-in fabrication force = 53 kN (see Table 5.12, Reference 9)
Gravity = +1 kN (see Table 3.1, Reference 9)
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Figure 3.4 Loadcase 3 - Node 18 - compression X joint response

The initial pretensions in the member serve to reduce the net compression at the point of failure
10 -267 kN which give a non-dimensional capacity (P, / F,T%) of 45.2 some 37% greater than the
HSE database mean.

This result together with the earfier findings are carried forward to the discussion in Section 5.1.

SAFJAC FRAME RESPONSE PREDICTIONS

3.21  Background

As part of BOMEL's contribution to the 3D Frames Project, blind predictions of ultimate strength
were submitted to the benchmark exercise. For the Loadcase 2 scenario X joint response
characteristics were assumed for the connection between Levels 1 and 2 on Frame E.

Within SAFJAC the joint response characteristics, at the time of the benchmark analysis, were
based on the HSE mean capacity formulations” together with five-part piece-wise linear load-
deflection relationships devised from the corresponding HSE isolated joint database available in
the first phase of the project®.

The specific characteristics were based on nominal section properties but measured yield stress
data. No enhancement to the HSE mean was allowed for by the analyst even though there was
evidence from the background data available to all Benchmark Analysts that the capacity in the
2D frames had been some 25% higher than anticipated.
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3.2.2  Comparison between Predicted and Measured Responses

The effect of these characteristics on the frame response predictions is shown in Figures 3.5 to
3.8, in comparison with the measured results for the Loadcase 2 test. These prediction data
were provided to the instrumentation contractor prior to testing and were used as a basis for on-
line comparisons throughout the Loadcase 2 test.

The analysis output has been adjusted to give a datum at the point the structure is hanging under
gravity but with zero applied load. For example, for Braces 82 and 84 through the compression
X joint (Figure 3.7), the capacity was based on the HSE mean of -1 83knN but given an initial pre-
tension of 33kN due to gravity at the start of the test the apparent failure load is some -216kN.
The effects of any locked-in fabrication forces were not allowed for, but in the case of braces
82 and 84 were significant, contributing 83kN to the discrepancy between predicted and
measured vaiues.

In general the correlation between predicted and measured response characteristics is good even
though the actual capacity of the primary X joint was higher than anticipated. However with
reference to Table 2.1, it can be seen that the locked-in fabrication stresses influenced the
sequence of failures. Furthermore the presence of locked-in tension in Brace 82 served to deiay
the buckling failure despite the reduced rotational constraint at Node 42 which was acting to
precipitate an earlier failure. Indeed the close correlation between the predicted and measured
responses is, to a degree, a fortuitous consequence of the practical influences affecting the real
structure performance compensating for each other.

In many circumstances, despite all the imperfections being detected in the tests, their influence
will cancel out. However the sense of locked-in fabrication forces is generally not controlled and
depends on the sequence of fabrication. It is therefore important that future analyses allow for
imperfections in a rational manner.
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4. INDUSTRY PRACTICE
4.1 PREAMBLE

Inaddition to comparative evidence from associated test programmes and analysis, animportant
reference base for interpreting the 3D frame tests is current engineering practice. Over the years
component tests have been performed and the findings have been generalised and introduced
into codes of practice. With time greater understanding of factors affecting joint behaviour has
developed and databases have been rescreened and supplemented. Where necessary codes and
standards have been revised.

For tubular joints many alternative formulations are available. Those particularly relevant to

offshore practice include:

. APIRP2AM ™), The equations were developed as fower bound formulations to what
is now considered to be a fairly limited database"'®. Their original introduction was
in working stress design (WSD) practice but they are now also adopted in load and
resistance factor design (LRFD).

) HSE®).  An extended database was developed to determine mean and hence
characteristic formulations for joint capacity. Although HSE 4th Edition Guidance is
now formally withdrawn, the background document provides a useful reference base.

) BOMEL Tubular Joints Guide". The remit to BOMEL's Tubular Joints Group was
specifically not to develop new formulations. Improved data searches and screening
criteria were to be used to develop more reliable databases against which published
formulae were to be assessed. The recommendations varied with joint type but for
DT/X joints in compression the 'best' offshore formulations were those from HSE
Guidance!'”.

) ISQ 13819-2 (Draft)™. The development of a harmonised international standard for
fixed offshore structures took as its baseline API RP2A"™®. Wherever possible this
practice was to be adopted but where necessary changes could be introduced. For
tubular joints the static strength equations have been replaced in entirety. The draft
standard includes characteristic capacity, bias and GOV data enabling the underlying
mean formulae to be deduced.

On the basis of the above, the Loadcase 2 X joint results are compared against APK'® HSE!?

and IS0""® capacity equations which in turn are used as a basis for correlation with the body of

isolated component test data.
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4.2 PLANAR JOINT CODE CAPACITY FORMULATIONS

The capacity equations for X joints in compression are reproduced in Table 4.1 below in order
that the different influencing factors can be seen. However for further detail on the background,
reference should be made to the source documents. In ali cases the capacity equations take the

form:
, FT?
Avial force: P, = X @ Q (4.1)
sing
M tt M FVT d g Q
oment: =
u sin@ u (42)
where: F, = chord yield stress
T = chord wall thickness
0 = brace angle
@, = geometry factor in Table 4.1
B = brace / chord diameter ratip {d/D)
¥ = chord slenderness {D/2T)
a, = 0.3/ B(1-0.833p) for B > 0.6; Q,=10forB <06
3 = gap ratio (g/D)
K, = relative length factor = 0.5 (1 +1/sin8)
Q = chord stress factor in Table 4.1,

To assess combined load effects the interaction formulae are also compared in Table 4.1 where
the suffix ‘L' denotes the load effects and 'R’ the calculated resistance. The inclusion of partial
load or resistance factors to give design values or comparison between acting and allowable
depends on the code format in use.
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Table 4.1 Code formulae for compression X joint capacity

Reference
Component AP|9 HSE(™ 1SQ019!
(lower bound) {mean) (mean)
Q, Axial [ (3.4+13B)Q, (2.98+15.45B)Q, 1.158(2.8+(12+0.1y)B)Q,
Q, IPB | 3.4+19B (6.2B - 0.27) y'3 1.235(4.5B y*9)
Q, OPB | (3.4+7p)Q, (1.88+8.64p) Q,°° 1.139(3,2y 0%
5 1if all chord stresses | as API 1ifB<0.9 and all chord stresses are
are tensile tensile
1-hyA? as API 1-A A
MAacean | 0.03 as AP! as API
Mace o { 0.045 as APl as API
Avvace opp | 0.021 as AP as AP|
12 442 112 30 P \2 2 2 Y05
A | Socton o) as AP “ [_E] ) Cz[%) " CZ[MQJ
Fv PV MP iph PJ oph
far fione Topp = chord as API C,=25, G,=43 - all DT/X joints
stress components Pp. M, - factored load effects in chord
P, = vield capacity of chord
M, = plastic moment capacity of chord
Interaction p b M2
check 1—c03[£ [—E” " [—L] +[ —L] it as HSE
{<1.0) 2 | P Pr) | My inb My opb
R/ iob My ob
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AS-BUILT JOINT CAPACITY PREDICTIONS

Using the as-built properties for the Loadcase 2 joint at Node 42 the calculated axial capacities,
neglecting any degradation due to chord stresses, are given in Table 4.2. Understandably the
AP! lower bound formuation gives significantly lower capacities than the mean IS0 or HSE
values. The HSE and 1SO values are comparable, with the axial capacity from the draft 1SO
standard being just 5% greater than the earlier HSE document.

However, it is important to note that no account has been taken of the chord stress reduction
factor Q. In APl and HSE practices Q, is set to unity if all chord stresses are tensile. In the new
150 standard (see Table 4.1) the factor is retained in the case of DT/X joints with B>0.9. Given
the level of stress at Node 42 in the Loadcase 2 test, this would imply the axial capacity was
only 58% of the strength without chord load. As discussed in Section 5 the measured capacity
far exceeds code predictions and certainly does not suggest that B=1.0 compression X joint
capacity is undermined by a high level of tension in the chord. The more conservative approach
is to neglect Q, in the data reduction. Further comments are made in Section 5.

Table 4.2 Loadcase 2 X joint capacity predictions from codes
(Nodes 42: D = 168.6mm, d = 168.6mm, T = 4.42mm, F, = 279.5 N/mm?,

6 = 90°)
Reference

Format AP HSE 150

(lower bound) {mean) (mean)
Axial capacity (kN) -125.8 -181.0 -190.0
Non-di ional
on-cimensiona 23.0 33.1 348
Axial capacity

Figure 4.1 presents the strength predictions underlying the HSE and 1SO documents together with
AP design values in comparison with the measured joint response data. It can be seen that the
as-recorded data are corrected to account for both the initial pre-tension across the joint due to
gravity effects and the locked-in fabrication force. Clearly the measured capacity was
significantly greater than the databases underlying current engineering practice would suggest.
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Figure 4.1 Comparison between measured and corrected joint capacities

with predictions from databases / code of practice
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5. ASSESSMENT OF LOADCASE 2 COMPONENT AND SYSTEM
RESPONSES

5.1 JOINT CAPACITY DATA ASSIMILATION

In order to assimilate the data presented in the foregoing sections for the response of the f=1.0
compression X joint, Table 5.1 brings forward the capacities and properties.

Table 5.1 Quantified comparison of joint data

. Capacity F T Capacity /
I i S '
nvestigation ource () (Vmm?) (mm) FyTa
Loadcase 2 N42 | Tables 2.2 & 2.3 -248 279.5 4.42 45.4
Loadcase 3 N18 Section 3.1 -267 289.4 4.52 45,2
Frames Project Table 3.1,
Ph | Frame il * | Reference 6 -390 325 5.1 46.1
Ph I Frame IV (cracked)* -396 393 49 42.0
Ph | Isolated X -224 325 51 340
Ph li Frame v -218 260 4.5 41.4
Former HSE Table 4.2 -181 279.5 4.42 33.1
Guidance {mean)
IS0 draft (mean) Table 4.2 -190 2795 4.42 34.8
API (lower bound) Table 4.2 -126 279.5 442 231
Note: * Potential for locked-in fabrication forces to influence the results. Effects measured and
accounted for in all other cases

The immediate observation is that the 3D demonstration structure has confirmed that the
capacity of B=1.0 compression X joints is significantly greater than the mean of databases
underlying modern design practices would suggest. In comparison with form HSE Guidance™
the measured strengths are some 37% greater, being reasonably comparabie to the 25% strength
enhancement in the 2D test of Frame V.

A number of factors arising from the previous sections should be noted as they all ensure that
the assessment of strength enhancement is conservative:
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] In ail three cases noted above the effects of initial locked-in fabrication tensions have
been accounted for and the apparent capacities reduced accordingly.

. Only the initial peak in the fesponse has been considered. Where the joint
subsequently distorted and carried extra load as the braces contacted through the
chord, the higher strength has been neglected.

L No allowance for the presence of bending moments reducing the available axjal
capacity has been taken.

° The ISO code evaluation has neglected the detrimental effects of chord tension
contained in the Draft provisions. Similariy although FE analyses have indicated the
high chord tensions would redyce capacity this has been discounted.

On that basis the Phase IIl results confirm that the capacity of these joints is at least 25% greater
than the mean of isolated test databases on which current design practice is based.

Furthermore the results cali into question the validity of the chord stress reduction factor despite
the analytical indications. The comparison with the Phase | isolated test, suggests that the frame
constraints keeping the joint within the plane are a powerful influence on capacity within a
structure. FE shell analyses have been shown ta correlate well with the isolated results but
symmetry is enforced in the analyses and it is therefore possible that this is masking a strength
underprediction in the basic modelling, for example, due to the substantial weld effects around
the intersections.

5.2 JOINT DEFORMATION COMPARISONS

Figure 5.1 compares the local load deflection characteristics recorded at Nodes 42 and 18 in the
3D frame with the original Phase | Frame || joint response. Given the different properties the
capacities (with gravitational and locked-in stress effects accounted for), are plotted in non-
dimensienalised terms. A suitable deformation non-dimensionalisation would be with respect
to diameter which is the same in ail cases.
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Compression X joint - Load deformation responses
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Figure 5.1 Local compression X joint response characteristics

There is strong confirmation that the response characteristics are typicai of these B=1.0Xjoints
which are a common feature of many existing offshore structures.

InFigure 5.2 comparison is made with the response characteristics embodied within the Frames
Project ultimate strength analysis software SAFJAC. The piecewise linear response is defined
in terms of the initial capacity of the joint, the incoming brace capacity, and deformations scaled
in relation to the chord diameter.

The lower trace was that adopted in the benchmark analysis in which capacity was based on the
former HSE® database. Although the general characteristic is reasonably well captured the initial
capacity was underestimated. However accepting the 37% strength enhancement found in the
frame tests and substituting this in the SAFJAC formulation generates a characteristic which
matches the experimental results extremely well.

An alternative might be considered in which the load shedding beyond the initial peak is
captured. However, as the tests have shown, this depends on whether the chord ligament
between the saddle weld toes arches gently (as in Frame H) or bends with a more sudden
instability (see Loadcase 2 response). Clearly the relative size of the ligament and the profile of
the welds themselves will influence the response. The intersection of tubulars of nominally
identical diameter is particularly difficuit and the degree of cut back etc., may vary somewhat
particularly in older structures. On that basis the representation of the joint characteristics with
a plateau is reasonable in the context of an ultimate strength analysis of the structural system.
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Compression X joint - Load deformation responses
SAFJAC comparison
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Figure 5.2 Comparison between SAFJAC and measured joint response characteristics

9.3 SYSTEM RESPONSE COMPARISONS

The foregoing discussion has centred on the local joint characteristics at the primary X node
influencing the Loadcase 2 response. It has been confirmed that the behaviour is infiuenced by
the frame constraints which then affect the distribution of forces through the structure and the
global system capacity.

From an elastic design analysis standpoint, code checking shows the Frame E X joint to be
critical. Assuming an API axial utilisation of unity for these nodes in a storm analysis, leads to
the design load levels shown against the global frame response in Figure 5.3. The graph
includes an approximate gravity offset to give a basis for direct comparison of applied load
effects. Applying an actuator load of 57kN induces a force across the primary X joint
approximately offsetting self-weight gravitational effects. Of course the same force does not
negate the effects in other members exactly, nevertheless it serves as a sensible approximation.
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Figure 5.3 System reserve strength ratio

9.3.1  Reserve Strength Ratio

The figure is annotated to show the system Reserve Strength Ratio (RSR) comparing the uitimate
capacity with the design load. In terms of the overall response the peak load was actually
governed by buckling within Frame E with load redistribution following joint failure giving a
massive RSR of 6.9,

Of course the reserve strength is dependent on the level of unused capacity in the surrounding
structure. The 3D frame has been tested under a point load, in the Loadcase 2 test on Line E,
and the surrounding structure is therefore able to accommodate significant levels of force
redistribution. The absolute RSR values should be used with caution and an alternative
interpretation provides better insight to the component and system contributions to system
strength.

The RSR embaodies within it intended conservatism in terms of safety factors and lower bound
/ characteristic interpretations of component data. To give a measure of the system contribution
to ultimate capacity, an instructive comparison is with the global load at first member failure.
This not only excludes intended conservatism but also what might be called an 'ignorance factor'
due to the discrepancy between the actual component capacity and mean estimates from
isolated test databases:
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Ultimate global capacity: 1198kN

Global load at initial X joint failure: 577kN

Approximate gravitational offset: 57kN

'System' contribution to ultimate capacity beyond first component failure
= (1198-577) / (577-57) = 1.2

If there were no system contribution the factor would be zero. The structure therefore sustain
2.2 times the globai load at the point the joint failed. The system contribution was clearly
substantial.

The limiting capacity was governed by buckling within an X brace to the primary compression
joint in the Frame E bay adjacent to the loading beam. Once the capacity of that bay was
reached the mechanism for applied load to pass into the structure was undermined. The ductility
of the X joint failure mode and the remaining tension chord capacity meant that the bay was not
compromised in the early stages of the fest. However it is interesting to postulate the scenario
in which the primary joint had a strong joint can and therefore first component failure would be
triggered by buckling in the bay. Extrapolating the initial linear responses measured, it can be
inferred that member failure would have occurred at a global oad of some 950kN. The actual
load sustained at the end of the Loadcase 2 test was 25% greater. In this fictitious scenario
other loadpaths in the structure would have been relatively lowly utilised at the paint buckling
occurred, whereas the ductility and redistribution following joint failure in the test enabled other
loadpaths to be mobilised.

9.3.2  Features of Real Structures

The system response of the 3D structure in the Loadcase 2 test was well predicted in blind
ultimate strength analyses. This observation is almost despite the imperfections inherent in real
structures which can influence the response. Exampies include:

° the underlying response characteristic of the B=1.0 compression X joint as it
deformed, which may be attributed to the weld geometry in the saddle region
. the presence of significant tensile and compressive lacked-in forces remaining from

fabrication affecting the sequence and applied load level of failures

the uncertainty in actual capacities of components in the constraints of a frame

the early buckling of the brace framing into the primary X joint precipitated by the
reducing rotational constraint as the joint failed increasing the effective length.

The Loadcase 2 test has provided particular insight to these factors none of which is
automatically accounted for in any nonlinear analysis software. Aithough the factors in the
present case appear to have compensated for each other and the global response characteristic
has been robust in the face of these imperfections, it is clear that in the more generai case the
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analyst needs to think very carefully about the physics of the situation being modelled. The
validity of analyses for 'perfect' structures needs to be tested with due regard to 'real' factors
which may influence performance.

9.3.3  The Efficacy of Plan X Bracing
A principal driver behind the Loadcase 2 scenario was interest in relatively modern X-braced
jacket design without horizontal bracing in the primary face frames but with X bracing in plan.

The scenario in Figure 1.5, based on previous 2D findings, suggested that once X joint failure
occurred and additional load passed through the tension chord the corresponding brace in the
next bay would buckle limiting the system capacity. The sequence and load level clearly
depends on relative properties but for the current example considering the Frame E bracing,
buckling and yield may be expected within about 10% of each other.

With reference to the Loadcase 2 test results, it can therefore be inferred that, were the Level 2
X bracing ineffective compression buckling in the bottom bay would occur at around the lpad
level at which the top bay bracing yielded. This event would define system capacity. With
reference to Figure 2.5 it can be seen that yielding in Braces 81/83 occurred at a global load of
some 750kN. The giobal load continued to Increase and it was not until around 1100kN applied
load that buckiing occurred. The difference, some 360kN, can be attributed to the redistribution
of loads from Frame E via the Level 2 X bracing out into the 3D structure. This effect alone
contributed some 50% additional capacity beyond the point of yielding in the one bay.

By that stage in the test the compression X joint had assumed renewed strength and stiffness
which in turn contributed to additional System capacity. The transfer of load via the ‘plan’ Level
2 X bracing was therefore effective and, by delaying the sequence of failures between bays,
enabled additional sources of strength to be mobilised.
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6. CONCLUSIONS

The Frames Project Phase ! Loadcase 2 test has provided important insight to the ultimate
response of 3D structural systems.

it has been demonstrated that plan X bracing can be effective in redistributing ioads from face
framing out into the 3D structure. The configuration is a popular weight/cost saving feature in
modern jacket design. The bracing is able to protect adjacent bays from a sequence of failures
propagating through a structure. The extent is dependent on relative section properties but in
the Loadcase 2 test the global load sustained was more than 50% greater than it would have
been without the plan bracing.

The test has confirmed, with two consistent results, that B=1.0 X joints failing in compression
are some 37% stronger than isolated test databases underlying current design practices suggest.
Furthermore there is no evidence of a reduction in capacity due to the presence of chord tension
although this have been indicated by previous analyses and is being introduced as a capacity
reduction factor in the draft ISO standard. It should be noted that at all stages the assessment
of the test data has erred on the conservative side and locked-in stress effects which reduce the
measured capacities have been accounted for, Taken in conjunction with earlier Frames Project
findings, there is compelling evidence that a 25% increase in B=1.0 compression X joint
Capacity may be exploited in the assessment of older platforms where such connections are
prevalent.

The test has provided an important opportunity to benchmark nonlinear system strength analysis
practice. The blind SAFJAC predictions presented in this report gave excellent correlation both
at system and component levels. This was despite a number of practical features of real 3D
structures being manifested in the test which were not accounted for in the analyses. These
included:

joint capacities being different from mean estimates from isolated test database

. presence of tensile and compressive locked-in fabrication forces affecting sequence
and apparent capacity of component failures
. changing fixity at brace ends due to joint failure and release of rotational constraint,

In the Loadcase 2 test the factors appeared to compensate for each other but for more general
cases it is clearly important that analysis output is scrutinised carefully and the sensitivity to
physical imperfections such as these assessed.
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Overali the Loadcase 2 test has provided good news regarding the strength of structural
components and systems and the validity of ultimate strength analysis. Nevertheless it has
underlined the fact that real structures are imperfect’ and the interpretation of idealised models
needs to proceed with caution appropriate to the level of analysis and use to which the results
are to be put.
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APPENDIX A

AS-BUILT DRAWINGS RELEVANT TO LOADCASE 2 TEST

General Arrangement of Test Specimen - C636\15\002D Rev G

General Arrangement of Test Specimen - Dimensions - C636\1 5\003D Rev G

Detail Drawing of Node Points 6A, 7A, 8A and 9A - C636\15\005D Rev F

Detail Drawing of Node Points 23C, 24D, 25D, 26X, 27E, 28F and 29X - (63615\009D
Revision G
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APPENDIX B

INSTRUMENTATION LAYOUT DRAWINGS

Load Cell Details - C636\15\011D Revision D

Strain Gauging Details - Sheet 1 of 2 - C636\15\012D Revision B
Strain Gauging Details - Sheet 2 of 2 - C636\15\013D Revision B
Joint Deformation Monitoring - C636\1 5\016D Revision 0
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BOMEL:

APPENDIX C

FRAME RESPONSE PLOTS

Spreadsheets from C636\39\008w.xIs:
- GLOBAL Scan Nos

- GLOBAL Annotated

- GLOBAL Annotated + joint

- Sheets 3t0 6

- Fr E T8 Comp code comparison
- N42 Local forces

- Node 42 strains 82

- Node 42 strains 84

- Fr E BBU Mom

- Fr E BBL Mom

- Local joint characteristics

Spreadsheet from C636\39\009w xis
- Loading and logger chart

Spreadsheet from C636\47\011w.xls
- Global

- Fr E TB For

- Fr E BB For

-FrD TB For

- Fr D BB For

- Fr E Leg For

- Level 2-X For

C636\39\D11R Rev O August 1999
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FOREWORD

This report is one of a series describing different aspects of Phase Il of the Joint Industry Tubular Frames
Project. Each report is self contained providing detailed information in the subject area and summarising
relevant data from other documents. The following table lists and briefly describes the focus of each report

for cross-referencing purposes.

Report Title

Reference

Circulation

Summary and Conclusions
Overview report describing the project and principal findings

C636\04\478R

1

Background, Scope and Development
Scene sefting report summarising previous work, identified needs
and Phase Ill programme definition and development

(636\04\435R

3D Test Set Up
Brief description of the 3D test set up and structural configuration

Material Testing Report
Description of material testing procedures, test results and
disposition of specific materials within test structure

Assessment of Locked-In Fabrication Stress

Explanation for the build up of iocked-in fabrication stresses,
description of their measurement and summary of the locked-in
force values in key components at the start of each test

Test Frame Instrumentation
Detailed description of all instrumentation systems used in the 3D
frame, accuracy, sign conventions etc. Data on CD in final report

C636\06\313R

C636\23\004R

£636\21\050R

£636\25\071R

Loadcase 1 Test Report - Muhtiplanar K Joint Action
Detailed description of the Loadcase 1 static test response and
interpretation of the resuits and their significance

Loadcase 2 Test Report - Interaction Between X-Braced Planes
Detailed description of the Loadcase 2 static test response and
interpretation of the results and their significance

Loadcase 3 Test Report - Muitiple Member Failures and 3D
System Action

Detailed description of the Loadcase 3 static test response and
interpretation of the results and their significance

£636\37\014R

C636\39\011R

C636\40\021R

C636\37\066R Rev A August 1999
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Report Title

Reference

Circulation

Philosophy of Cyclic Testing

Discussion of the background to cyclic response issues in the
context of ultimate system strength and basis for specific loading
scenarios

Loadcase 1 Cyclic Test Report

Detailed description of the Loadcase 1 cyclic test response and
interpretation of the results and their significance. Comparison
with LC1 static results

Monotonic and Cyclic testing of {solated K Joints
Description and presentation of results from isolated component
tests undertaken by SINTEF in Norway

Loadcases 2 and 3 Cyclic Test Report

Detailed description of the Loadcases 2 and 3 cyclic test
responses and interpretation of the results and their significance.
Comparison with LC2 and LC3 static resuits

Loadcases 1 and 3 'Alternative’ Cyclic Tests

Detailed description of the Loadcases 1 and 3 alternative cyclic
test responses and interpretation of the results and their
significance. Comparison with LC1 and LC3 static and cyclic
tests

0636\24\021R

C636\38\010R

STF22 F98704
(0636\24)

C636\41\011R

C636\45\008R

i

1/2

Multiplanar SCFs

Joint BG / BOMEL report describing analytical work and
experimental measurements of multiptanar SCFs. Includes
comparison with 'standard' empirical approaches

C636\18\018R

Site Testing Programme results - Report to Benchmark
Analysts

Comprehensive report describing results for benchmark cases
LC1, LC2 and LC3, including all pertinent data and providing
response plots 'matching’ the contributions from individual
analysts

Benchmark Conclusions

Report comparing blind and post test analyses with measured
responses and assimilating learnings and recommendations for
future practice identified by Benchmark Analysts

(636\32\066R

C636\32\084R
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JOINT INDUSTRY TUBULAR FRAMES PROJECT - PHASE Il

SITE TESTING PROGRAMME RESULTS
REPORT TO BENCHMARK ANALYSTS

EXECUTIVE SUMMARY

This report to Benchmark Analysts describes the Frames Phase 11l site tests and presents results from
Loadcases 1, 2 and 3 carried out between April and September 1998 at AKD Engineering, Lowestoft.

in all, thirteen organisations took part in the benchmarking exercise and submitted predictions for the
behaviour of the test frame structure under the three scenarios, using a variety of analytical software tools.
The extent of investigation varied and, in accordance with the Agreement, this report is customised to
provide like for like feedback to each analyst.

The testing programme was carried out successfully under the overall project management of BOMEL.
A number of sponsors and benchmark analysts attended the tests. All systems worked well throughout
the tests and a high degree of confidence is placed in the accuracy of the measured responses.

The purpose of the report is to enable each Benchmark Analyst to gain insight to the structural behaviour
and to update pre-test predictions in light of the as-built properties and measured responses. In
consultation with BOMEL and industry Sponsors, the Project will then deliver best practice
recommendations for future ultimate strength analyses.

C636\3\066R Rev A August 1999 Page 0.9 of 0.9
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1. INTRODUCTION

This report to Benchmark Analysts presents the site test results from the Phase Ill demonstration
phase of the Joint Industry Funded Frames Project being managed Dy BOMEL Limited. The
premise for the benchmark activity, together with 2 description of the test programme and the
scope of work to be undertaken, was presented in the Benchmark Analysis Project Work Plan™™,
which was issued to Benchmark Analysts as Exhibit A of the Benchmark Analysts Participation
Agreement (C636\12\004C).

1.1 BACKGROUND TO TESTING PROGRAMME

The testing programme was established in response to industry’s interest in applying nonlinear
pushover analytical techniques to the assessment and design of offshore jacket structures. Their
use may be either to demonstrate that existing installations can be operated safely beyond their
intended service life without expensive modifications, or to provide efficient designs for
challenging environments by exploiting the reserves of strength within a three dimensional
structural system. The nonlinear interactions due to material and geometric factors are complex
to model and considerable validation is therefore required to ensure that the software is applied
correctly and appropriately to predict the ultimate response of 3D jacket structures.

These tests provided an important opportunity to demonstrate the validity of the techniques and
their application for a series of representative 3D collapse scenarios and to that end the project
encompassed an open benchmarking activity. The successful outcome of the project will be an
increased leve! of confidence in the use of pushover analysis techniques in the assessment and
design of offshore structures.

Three tests were selected to form the basis of the henchmark. These tests invoived different
loading scenarios and were expected to demonstrate different modes of structural response.

The tests were extremely successful and in the event the schedule was extended to encompass
a number of additional tests examining influences of a cyclic loading environment on ultimate
system performance. Global response summaries were issued to analysts after each benchmark
test as detailed in Section 1.3.2 below. However, confirmatory data relevantto the interpretation
of the benchmark tests could only be extracted once the frame was finally cut up and the fest
facility dismantled (for example, concerning the level of locked-in fabrication forces and
instrumentation conversion factors). lIssue of this detailed report to Benchmark Analysts
therefore follows the conclusion of the test programme.

C636\32N066R Rev A August 1999 Page 1.1 of 1.4
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1.2 OBJECTIVES OF THE BENCHMARK

The objectives for including the benchmark exercise within the Frames Project Phase 1l activity

were:

] To enable industry practice in ultimate strength analysis to benefit as soon as possible
from the findings of the 3D collapse tests.

. To demonstrate industry capability and provide assurance in the application of

nonlinear analysis techniques in the ultimate strength assessment of jacket structures.

The objectives are being achieved through the dissemination of information to Benchmark
Analysts in return for their contribution and evaluation of the response predictions.

1.3 BENCHMARK REQUIREMENTS AND STATUS

1.3.1  Blind Predictions

The benchmark activity was established with the premise that Benchmark Analysts should
actively participate in the work undertaking their own evaluation of the comparisons between test
results and analysis, and determining lessons for future practice. With active participation of the
analysts, factual accuracy is to be assured and misinterpretation avoided. 1t was stated in the
Agreement that there would not be any discrediting of organisations or software as a result of
this benchmark™. The objectives are firmly o distil positive recommendations for good practice.
The full scope of work from Reference 1 is reproduced in Appendix A,

Thirteen Benchmark Analysts submitted blind predictions prior to the deadline (23 July 1998).
Two late submissions were received on 26 January and 6 February. A sixteenth contribution was
raceived on 23 September 1998 (after the tests were complete). The comparisons presented
to date use only the qualifying submissions. However benefit will be taken from all the analyses
in identifying lessons to be learned in terms of future good practice.

It should be noted that pre-test predictions were made on an equal basis by all parties with no
knowledge of the cutcome of the tests, thus reflecting the circumstances under which ultimate
strength analyses of offshore structures are conducted.

A report compiling the initially predictions was issued to industry sponsors and all Benchmark

Analysts in February 1998@. Two analysts submitted ‘corrected’ predictions having examined
the comparisons. Three analysts supplied additional information.
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initial materials information provided in the Project Work Plan was supplemented with additional
static yield tests once the disposition of the supplied tubulars within the test frame was known.
The material testing report was updated® and information was supplied to Benchmark Analysts
in March 1998. Three Analysts submitted additional predictions utilising the as-built material
data. One commented that significant effects were not expected and the results would not be
repeated.

13.2 Test Programme and Report Structure

The Loadcase 1 test took place on 25 and 26 April 1998. Based on the nature of the response
it was not anticipated the findings would influence other test predictions. The Loadcase 2 test
took place on 20 June 1998. BOMEL prepared a summary report describing the measured
responses®®. The Loadcase 3 test followed on 28 and 29 August and results were presented
in a summary report to Benchmark Analysts®. These reports are reproduced here as Appendix
B. On the strength of these reports two Analysts volunteered updated evaluations for Loadcase
3.

This report provides Benchmark Analysts with more comprehensive insight to the as-built
condition of the test frame at the start of each test. The test set up and test procedures are
summarised in Section 2. Information is provided on the material properties (static yield stress),
geometry (diameter, thickness, out-of-straightness), and initial forces (locked-in fabrication
effects) (see Section 3 of this report). Information about component capacities and the
distribution of forces throughout the structure is provided in Section 4. This is supplemented by
appendices giving response plots corresponding to the level of detail reported by each Analyst
in the respective predictions. A complete description of the physical response of the structure
is also provided in conjunction with a global load-displacement plot.

1.3.3 Remaining Benchmark Activities

The remaining requirements under the terms of the Agreement is for Benchmark Analysts to
review the contents of this report and update and refun the ultimate strength analyses. These
‘est estimate' analyses shall then be reported indicating the basis of any changes from the
original prediction and their manner of implementation.

The analysts shall attempt to explain any remaining discrepancies, which may be attributable to
aspects of the tests and or analysis. To help structure the responses, a pro-forma is presented
in Appendix H. Completion of the pro-forma is requested by 97 August 1999 but analysis
reports will be accepted up to 17 September. Points of clarification may be raised with BOMEL
at any stage. A collation report will then be finalised by BOMEL and issued to all Benchmark
Analysts and Participants for review and comment.
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A final presentation meeting will be held with Project Participants on 4/5 Qctober. Benchmark
Analysts are invited to attend on Tuesday 5 October when the benchmark analysis and
particularly the future recommendations for good practice in ultimate strength analysis will be
discussed.
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2. 3D FRAME TEST PROGRAMME

2.1  TEST FRAME AND REACTION RIG

Full details of the test frame and reaction rig were included within the Project Work Plant”. A
summary follows.

A mode! of the test frame and reaction rig used in the 3D frame test programme is shown in
Figure 2.1, with the three loadcases indicated by arrows. The reaction rig consisted of both
fabricated and rolled sections. Connections within the reaction rig were heavily stiffened and
could be considered rigid. The reaction rig was designed to remain within code throughout the
tests.

Grid Line E

Grid Line B

.,,—.naf"“' )

Grid Line A

Loadcase 1

Figure 2.1 Test frame and reaction rig model
The ‘upright' sections were inclined to the back of the rig through 2.02°, away from the tubular
frame. The bearings on the rig supports generally provided for lateral movement and sliding.

The exception is at the rear corner of the rig on frame Grid Line E where fuli in plane fixity was
provided. No supports provided restraint agafnst uplift.
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The legs of the test frame were fully welded to the ‘upright' sections of the reaction rig. Plan X
bracing was only provided at Level 1 within the frame for Loadcase 3. Changes to the joint
details were introduced in Frames G and E in the course of repairs following Loadcases 1 and
2 respectively. However the raking members of the rig to either side of the frame were left in-situ
forthe Loadcase 3 test and were not removed. Benchmark Analysts were advised of this change
to the Project Work Plan® prior to the test and were given the opportunity to assess the potential
implications.

Load was applied by a single high capacity, long stroke, double-acting actuator operating under
displacement control. Load was applied to a stiff jacking beam from which short stub diagonals
distributed loading into the remainder of the structure in framing action. Two jacking beams
were provided, one of which was used for Loadcases 1 and 2 {repositioned between tests), the
other was used for Loadcase 3. Figure 2.2 shows the configuration of the frame prior to gach
test.

2.2  LOADCASES

A brief description of each of the three benchmark loadcases under investigation is provided
below (refer to Figures 2.1 and 2.2). The datum point for all tests is when the test frame is
effectively cantilevered from the reaction rig with zero applied load from the actuator.

Loadcase 1
Load was applied upwards, inside the jacking beam and at the centreling of Frame C, in
displacement control.

Loadcase 2
Load was applied upwards, inside the jacking beam and at the centreline of Frame E, in
displacement control.

Loadcase 3

Load was applied in displacement control to the jacking beam on Frame A pushing the structure
from' Gridline C ‘towards' Gridiine E. Additional X bracing was provided at Level 1 between
Gridiines D and E (above the jacking beam) as intended prior to the Loadcase 3 test. However,
the long raking members of the reaction rig frame were not removed.

Figures 2.3 to 2.8 reproduce the member and node numbering scheme adopted for the three

benchmark tests. The scheme remains unchanged fram the Project Work Piant" and was used
consistently by all parties involved with the test programme.
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Figure 2.2(c) Loadcase 3 test configurations (LC3)
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2.3 EXECUTION OF TEST PROGRAMME

2.3.1  Fabrication

A number of steps were taken when constructing the test structure to provide detailed
information on the basis of which the measured responses could be interpreted. In particular
every length of tubular supplied was given a unique reference number (eg. P27) and markers
were placed at one metre intervals. The information coliected is described below. Quantitative
results are given in Section 3.

Material Properties

Static tensile coupon tests were performed by Materials Engineering Limited in Aberdeen for
representative samples from each type of tubular (material specification/ batch) and for specific
tubulars used at critical locations in the structure where plasticity occurred. The rate of testing
was representative of conditions in the frame tests. An initial set of sample tests was performed
and supplemented once the material disposition in the initial build was known®. A further set
of tests was performed once the frame testing programme was complete™.

Previous stub column tests of material to the same specification as the primary bracing
confirmed a Young's Modulus value of 207 x 10° N/mme.

Section Properties

Prior to cutting, diametrically opposed measurements of diameter and thickness (using calipers
and UT) were recorded at one metre interval members on each tubular by the fabricator AKD
Engineering Limited®. As the frame members were cut and prepared the tubular identifier and
interval marks were noted. Where a member extends across several markers average values are
used.

At tubular joints without joint cans additional sets of thickness measurements were recorded (in
millimetres to two decimal places) for the chord. Four orthogonal measurements were taken at
seven sections 100mm apart straddling the centreline of the node.

Qut of Straighliness

Checks were performed by AKD to ensure that the structure geometry was within specified
tolerances (pased on accepted offshore industry practice) in terms of local ovalisation, member
out-of-straightness and set-out dimensions.

In addition, for members which might be anticipated to buckle during the tests, specific
measurements of in- and out-of-plane curvature were recorded.
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Initial State of Stress

In a statically indeterminate fabrication there is a build up of initial forces in components as the
welds coo! and shrinkage is restrained by the surrounding structure. These locked-in fabrication
forces are present in the frame together with self-weight gravitational forces at the start of each
test {zero applied actuator load). A mechanical system of strain measurement (DEMEC) was
used to record the changes as members were fabricated into the structure™®. Subsequent
changes were monitored with the system of electrical instrumentation described in Section 2.3.2.
A number of cross-checks were performed to confirm the validity of the system for this purpose.
In addition the electrical instrumentation was used to record the force released in critical
members as they were cut following each test. This provided an additional means to back
calculate the initial state of stress within the frame at the start of each test.

2.3.2 Instrumentation

A comprehensive set of instrumentation was instalied on the test frame by AV Technology
Limited to measure axial forces, bending moments, stress concentration factors and
displacements!"”, The system comprised:

46 pre-calibrated loadcells (184 gauges)

- 400 site installed linear strain gauges

- 300 site installed rosette strain gauges

30 displacement transducers

22 km of cabling

8 multi-day tests

~ 1600 complete scans of all 880 data channels
166 Mb of Excel spreadsheet data capture files.

The system was to a high specification providing full temperature compensation for strain
gauges and with repeated sampling to eliminate fluctuations through an alternating current cycle.
Data acquisition was complete across all 880 channels within seconds providing consistent and,
to all practical purposes, instantaneous information on the condition through the structure even
in the plastic regime. The raw voltage values were written directly to a Microsoft Excel
spreadsheet which provided an immediate conversion to engineering units and calculation and
graphing of forces, deflections etc. It is very important to note that the system was only
initialised once (ie. when it was first switched on). For subsequential tests the same datum was
used and incremental changes throughout the whole programme could be monitored. Of course,
for any gauges that had to be replaced or had wires reconnected a new datum was established.

Specific features of the instrumentation relevant to the benchmark are highlighted below. As-
built layout drawings are reproduced in Appendix C.
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Load Cells

{ 0ad cells were installed in alf primary braging to give accurate information on member forces
(see drawing C636\15\011D in Appendix C). The load cells were higher yield and slightly thicker
walled than the members to ensure elastic interpretation of readings was valid even as failures
occurred. They were positioned at potentiai points of contraflexure to minimise their influgnce
on member buckling characteristics.

Each load cell was instrumented with four linear strain gauges at 90° intervals. Two opposite
gauges would be sufficient to determine axial force; four provided regundancy. The load cells
were pre-calibrated by applying known loads in the laboratory and monitoring changes in strain.
A conversion factor from measured strains to axial force for each load cell could then be
determined without reliance on wall thickness measurements. The gauges were protected during
fabrication and none was affected by the welding process.

The load cells therefore gave an accurate measure of axial force.

Site Installed Strain Gauges

Sets of four linear strain gauges were installed on the fabricated structure on site. Drawings
C636\15\012D and 013D provide layout details. The gauges were provided with fuli temperature
compensation but calculation of axial forces and moments must be based either on nominal
section properties or averaged measured values for the local section (see Section 2.3.1). The
gauges were positioned to provide supplementary information on the distribution of member
forces and on bending effects close to critical joints or in members prone to buckling.

Joint Deformations

Displacement transducers were positioned along the axis of un-reinforced joints to monitor any
nonlinear deformations. Drawing C636\15\016D in Appendix C shows their location throughout
the structure.

Global Displacements

Sets of three orthogonal transducers were attached between nodal points on Frame A and the
ground. These were resolved to track the spatial movement of the structure inthe x, y and z
planes of the coordinate system. As noted in Section 2.1 the reaction rig rested on supports.
Displacement transducers monitored the 3D movements at the supports at the front of the
structure (as seen in Figure 2.2). Dial gauges were positioned to monitor whether uplift occurred
at other rig support points around the perimeter (see Drawing C636\25\075D in Appendix C).

Applied Loads
The actuator system was provided and controlled by Bodycote Limited. It contained a pre-
calibrated loadcell and transducer to monitor the force transmitted and extension of the actuator
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ram. For Loadcases 1 and 2 this provides a direct measure of the displacement of the point of
load application. For Loadcase 3 the reaction stub (see Figure 2.2(a)) experiences a few
millimetres deformation. This was monitored during the test and subtracted from the actuator
displacements to give a true measure of the displacement of the frame at the point of load
application. The signals were fed to the logging system to give simultaneous capture of global
load-displacement values with data for member force caiculations etc. In addition the actuator
control system logged the data at one second intervals providing a complete trace of the loading
history.

General

The above systems provide the data on the frame responses reported in Section 4 and
supplementary Appendices. In addition spalling of the paint system gave reliable information on
the locations of large strains and plasticity. Close monitoring of critical joints through the relayed
video system (provided by Eastern Associates) enabled key events 1o be defined.

2.3.3  Conduct of Tests
In order for the measured data to be interpreted correctly, it is important that the sequence of
activities through each test is understood.

During the initial build the geometric properties and locked-in fabrication forces were measured
as described in Section 2.3.1. Instrumentation was installed and thoroughly checked out as
described in Section 2.3.2. The actuator was positioned on Frame C as shown in Figure 2.2(a).
All temporary supports to the frame were removed and the actuator was withdrawn to set the
frame in the datum position, ie. hanging under self-weight, with no applied load from the
actuator.

Trial

Prior to each test a few cycles of load were applied within the elastic range of structural
response. The purpose was to check all personnel were familiar with the procedures to be
followed, that all systems were bedded in and functioning properly, and that the initial response
of the frame was as anticipated.

Test
Throughout each test the following steps and procedures were followed:

. All test personnel were given a safety briefing and information was circulated on the
predicted test responses and corresponding sequence of controls.

. The frame was set at the datum position (zero applied load) relative to which all forces
and movements are measured. Watches were synchronised.
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. A datum scan of the instrumentation was taken (Scan 1) as the Scan number was
displayed on the master board (see Figure 2.2).

. An increment of load was applied under displacement control at the direction of
BOMEL. Once complete, the actuator was locked-off in position. The on-screen trace
of actuator load with time was monitored; a flat trace indicated a state of static
equilibrium had been achieved. This was almost instantaneous when the structure
was elastic but took a couple of minutes to reach once there was extensive plasticity.

. The scan number on the master board was incremented by one.

] The instrumentation system was scanned and backed up. Dial gauges were read
manuaily.

. Throughout, all parties (BOMEL, AVT, Bodycote and Eastern Associates) maintained

independent logs with respect to Scan number and clock time of key events (eg.
physical observations, checks on spurious gauge readings, ramp rate changes,
movements in camera position).

. Results within the data acquisition spreadsheet were reviewed by BOMEL. Graphs
were generated automatically, plotting incremental measured values against BOMEL
predictions. Built-in checks on maximum and minimum strains and functionality were
monitored. Based on a review of the data the appropriate value for the next load /
displacement increment was determined.

The cycle was repeated until the ultimate capacity of the structure for the given loading
configuration had been attained and the pattern and level of post-peak loading capacity had been
determined. The extent of post-peak deformation was limited to ensure extensive plasticity was
not generated in distant parts of the structural frame.

. The applied load was then reduced in three or four decrements with scans of the
instrumentation and record keeping at each stage as before. In all cases there was a
displacement offset due to the plastic deformations within the structure when the
applied load was reduced to zero.

Cut OQut

After each test areas of the structure were cut out. For Loadcases 2 and 3 this was undertaken
with the control and monitoring of the actuator and instrumentation systems, as follows:
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® Actuator loads were applied to minimise the force in a damaged component to
minimise springback as it was cut. The global position was locked.
Instrumentation was scanned.
The component was cut.

° Instrumentation was scanned.

The cycle was repeated until all necessary members were cut. The applied load was then
reduced to zero and a final scan of the instrumentation taken.

Repairs

The extent of repairs / component replacement was determined after each test with reference to
the physical condition of the structure and the measured data. All zones of damage and
plasticity were removed and reinstated. The same measures for material traceability,
dimensional records and determination of initial forces were adopted during repairs as for the
initial buiid. Based on detailed examination of the records for each test it is considered that the
strategy was entirely successful and no zones of residual damage influenced subsequent tests.

Benchmark Feedback

Measured data from the test in its raw state were transferred at intervals to the compilation
spreadsheet of benchmark predictions. Benchmark Analysts present were able to monitor the
global behaviour and make comparison with their individual response predictions.

Post Test Data Reduction

The raw data gathered on site were examined and consolidated by AVT who provided a
preliminary and final issue of the Excel spreadsheet files to BOMEL. The final files include a
(small) number of corrections and modifications to eliminate the use of faulty gauges and
account for re-assigned data channels. Further (minor) modifications have been made by
BOMEL in post-processing to account for a 15 kN global load offset (weight of hinge unit and
load cell) in Loadcases 1 and 2 and movement of the actuator stub support in Loadcase 3.

Wherever possible cross-checks were made to validate all aspects of the test data during post-
processing. Details are not presented here but are contained in background reports to the
project sponsors. However it can be stated that the consistency and stability in the data mean
that a high degree of confidence can be placed in the measured results.
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3. 3D TEST FRAME CONSTRUCTION

This Section presents as-built data for the test frame relevant to the measured responses in the
Loadcase 1, 2 and 3 tests. These data update and/or expand on the information provided in the
benchmark project work plan. Figure 3.1 presents a summary of all eight tests.

Importantly, it shows the sequencing of the henchmark cases within the overall programme. The
extent of prior repairs can be seen. In addition, although a detailed description of each test is
presented in Section 4, Figure 3.1 presents an initial summary of the components which ‘failed’
in each test.

The member and node referencing scheme was presented in Figures 2.3 to 2.8.

Pertinent data for the LC1, LC2 and LC3 benchmark tests are presented below.

3.1 MATERIAL AND SECTION PROPERTIES

The Benchmark Work Plan®” provided structural drawings showing the disposition of material
types in the 3D test frame together with anticipated yield properties. The use of material types
within the structure was as intended.

Table 3.1 presents an updated summary of the static yield stress values by material type in
comparison with the original assumptions.

It can be seen from Figure 3.1 that several components were removed and replaced after the
initial build and before the Loadcase 2 and 3 tests. Table 3.2 summarises key areas within the
structure where the nominal properties of the replacement components differ from the initial
build. All these are exactly as intended and set down in the Benchmark Work Plan.
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Table 3.1 Material properties based on static coupon tests (averaged)

Minimum Specified Yield (N/mm?) Total No.
of Static

Product

Original | Preliminary | Updated | Coupon

Assumptions Tests after All Tests
Tests
RIG SECTIONS
TMCP plate - fabricated sections* 420 420 - 0
Rolled Sections™ 365 330 - 0
SPECIMEN TUBULARS
168.3DIAx 45WT BS 3602 ERW 250 273 278 52
273.0DIAx 56WT  API 5L GRADEB 240 292 - 5
273.0DIAXx 9.3WT  API5LX52 * 358 354 - 0
273.0DIAx 10.0WT APISLX52 * 358 n - 0
355.6 DIAx 12.7 WT  API 5L X52 358 325 327 6
4572 DIAX 12,7 WT  API 5L X52 358 355 - 1
168.3 DIAX 18.3WT  API 5L X52 * 358 324 - 0
168.3DIAX 95 WT  APISLX52* 358 335 - 0
168.3DIAXx 56 WT  BS 3602 ERW 250 273 274 6
3556 DIAX 254 WT  APISL X52 * 358 422 - 0
Notes:
*  Static yield properties ('preliminary tests') based on average or single values as available from
'standard’ tests on certificates with a 12% reduction (ref dynamic/static yield ratios™).

Table 3.2 Principal frame changes between tests

Localion
Test Frame G Frame E Level 1-2 Level 1 Frames D-E
K Joints X Joint X bracing
Initial build/ No joint cans No joint can None
Loadcase 1 5.6mm WT 4.5mm WT
Loadcase 2 Joint can No joint can None
10mm WT 4.5mm WT
Loadcase 3 Joint can Joint can Present
10mm WT 8.5mm WT

C636\32\046R Rev A August 1999
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Details of the actual diameter, thickness and static yield stress values for each member are
tabulated in Appendix D. Some explanation of the table contents is warranted:

L Information is provided for every member in the structure. The member numbering
scheme is as shown in Figures 2.3 t0 2.8. Details are also provided for joint cans and
for the local properties at key nodes without joint cans.

. The information covers the fabricator's tubular reference number, the associated yield
stress valug, the diameter and thickness, together with calculated values of the cross-
sectional area, axial yield load, section bending modulus and yield moment.

. In some cases, as in a jacket structure, a member comprises several parts. The
properties for each segment are listed with the longest first. Comparison of maximum
and minimum yield loads for multiple segments is provided in the final columns.

. Whether measured local, measured batch or nominal properties are presented depends

on the significance of the component in the overall response, €.9.:

- if a component ‘failed’ or was anticipated to ‘fail’, local properties were
measured;

- if a component was over specified to remain elastic (e.g. 168.3 x 9.5mm
WT joint cans) no measurements were taken and nominal properties were
accepted (italicised);
in other cases geometric properties were measured, yield values may be
available from other component tests otherwise average values for batches
to that specification are presented.

° Where measured geometries for members are provided these come from the 1m
interval readings. The thickness measurements at nodes without joint cans are based
on seven sets of four orthogonal measurements at 100mm intervals symmetrically
disposed about the centreline.

® Each table presents the full listing for every member at the start of each test.
However, those components which have been replaced are distinguished with an
asterisk.

3.2  MEMBER SURVEYS

The tubular frame and reaction rig were fabricated in accordance with a specification based on
accepted offshore standards”®. The positioning of nodai points on the reaction rig was to within
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a sphere of error of 6mm and for the test specimen 3mm. However, relative work point
positions at a node were to be achieved within Tmm (g.q. alignment of X bracing or gap
dimensions for K joints).

The overall tolerance on member straightness was set a L/1000. After fabrication and repairs
key components were surveyed to record the level of ‘imperfections’. Inall cases the fabrication
was within the specified tolerances. Measured values for key components in the benchmark
tests are summarised in Figure 3.2.

Relevant [Component Survey results
Test

Loadcase 1 IFrame € 60 multiglanar gap K rode 38 Level 1 |Nominal gap tubular sufacas 26mm, Gap batween weld tpes: 12mm
Frame £ 60 multiplarar gap K node 37 Level 2 |Nominal 9ap tubufar sufaces. 26mm, Gap batwean weld toes: 9mm

Frame D K brace 72 Maximum in-plane curvature towards lag member & 2mm. No discernable out-of-plane curvature

Loadcase 2 |Frame E X node 42 Levels 110 2 (Gap between weld toes outside face: 36mm
Gap betwean weld toes inside face (towards Frame D). 46mm

Frame E X braces Max. in-piane deflections  Max. out-of-plane deflections (mm)

+v@ hows outwards

Loadcase 3 |Frame B X node 16 Lavels 110 2 Gap between wald toes outside face: 37mm
Gap between weld toas inside face (towards Frame A): 44mm

Frame B X node 18 Levels 110 2 Gap between weld toes outside face: 33mm
Gap betweaen weld toes inside face (towards Frama A). 30mm

Leval 1 X node No gap measurements
Frama A X braces Maximum in-plane deflections {mm) Maximum out-of-plane deflections (mm)

E

+ve bows up towards Frame B

Figure 3.2 Key component surveys

Qut-of-straightness values are based on maximum offsets from a taut wire run node to node for
each component. Joint geometry details are based on caliper readings prior to welding and
casts of joint intersections post-welding.

It can be seen that the out-of-straightness values are generally small. As may be anticipated,
the degree of out-of-plane restraint for a bracing pane! is somewhat less than in-plane, and the
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out-of-straightness values are somewhat higher. It can be noted that detailed comparison of the
test results with initial curvatures is not consistent. This suggests that initial imperfections have
not had a significant influence on the ultimate structural responses.

3.3 LOCKED-IN FABRICATION FORCES

As a structure is fabricated and the welds cool, the shrinkage is restrained by the surrounding
structure. Depending on the sequence of fabrication, individual members may be left with a
residual tensile or compressive force ‘locked-in’. In general analyses these forces will not be
known but previous BOMEL studies associated with the Frames Project and full scale jacket
measurements have shown that the effects on ultimate structural performance may be
significant"®. Therefore, to ensure the 3D experimental results were interpreted appropriately,
measurements were taken to determine the locked-in forces within structural members at the
start of each test™.

Results for key components in each of the benchmark test cases are presented in Table 3.3.
It is important to note that the mechanical DEMEC system used is somewhat coarse in
comparison with load cell/strain gauge readings. Nevertheless, DEMEC values have been back-
checked against strain gauge readings and validated with equilibrium checks. A maximum error
range of = 10kN has been determined for primary brace sections with readings generally very
much more accurate. When considering the influence of these locked-in forces on component
capacities this error range is tolerable, particularly in comparison with the high levels of locked-in
forces recorded. Note: the notional axial yield capacity of a 168.3mm ¢ by 4.5mm WT tubular
(average yield 278 N/mm?) is 644kN.

In determining the locked-in fabrication forces, allowance has been made for self weight
gravitational forces. The figures in Tables 3.3 are purely due to fabrication shrinkage effects.
Components of force due to gravity are additional, as are forces due to applied actuator loads.
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Table 3.3 Summary of locked-in fabrication forces for key members at the start of each test
(kN - positive-tension)

Loadcase Member (see Figures 2.3 to 2.8) Force (kN)
1 Frame G 61 -5
62 54
63 -25
64 40
2 Frame E 77/79 -33
78/80 -54
81/83 64
82/84 83
3 Frame B 19/21 83
20/22 78
27/29 65
28/30 53
Frame A 45/47 P
46/48 13
49/51 166
50/52 180
53/55 3
54/56 68
57/59 110
58/60 48
Level 1 98/100 177
99/101 156
Frame C 61 67

C636\32\066R Rev A August 1999
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4. DESCRIPTION AND RESULTS OF SITE TESTS

This section presents a general description of the frame behaviour in each of the three
benchmark tests. Reference is made to the global load deflection responses, physical
observations and component capacities. Graphical data are presented in Appendices E to G,
with the level of detail corresponding to the extent of information submitted by each Benchmark
Analyst.

4.1 LOADCASE 1

The test set up for Loadcase 1 is shown in Figure 2.2(a). The member and node numbering
schemes are shown in Figures 2.3 and 2.4. The datum position corresponds to the structure
cantilevered from the reaction rig under its self weight with no actuator load.

Load was applied in displacement control on Line C, positive load pushing the frame upwards.
Frame C was K-braced. The 64° B=0.6 K joints at Level 1 (Node 38) and Level 2 {Node 37)
have a nominal gap ratio (§=g/D) of 0.1. Typical of jacket structures, the K nodes form part of
a muitiplanar connection. In both cases the out-of-plane K joints have 45° brace angles. At
Node 37 the configuration is non-overlapping but at Node 38, closest to the loading beam, the
brace intersections overlap.

Figure 4.1 shows the global response of the frame in the Loadcase 1 test in comparison with the
original Benchmark Analysts' predictions.

Global Load vs Global Displacement - Load Case 1 Predictions (Revised)
(Including Test Measurements correctad or |oadcell ofiset)

100
1050
1000
950 7 L — e AN aly 815 A1 Packaga A
gg /»' /{ |l [=——Analysis B.1 Package B Rev01
gl e Anyaly s1s C 1 Parkage C Rev 01
800 Wy Mw; m‘ ysi . ag e
750 A/ s e o . Analysis D.1 Package D
2 s i’; Analysis E.1 Package E Rev01
z i M ez e Analysis F.1 Packsge F Rev 01
g o 7 7 e o
= B0 g £ S, I ——ppalysis G.1 Package C
E 550 L[Ill o f;”’ i I, il Analysis G.2 Package C
E 500 ﬂf / A — = Analysis G.3 Package C
g @ 3 ut] Analysis G.4 Package C
& I o
400 Analysis H.1 Package C Rev 01
350 g " —pnalysis J.1 Package H Rev 01
3m 4 5% r/ meemermAnalysis L1 Package E
ﬁ e Anyaly sis L 2 Package H & |
150 vd euasalnasured
00
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5l
O =
0 % 50 75 100 125 180 178 2

Global Displacament {mm)

Figure 4.1 Loadcase 1 test result and benchmark predictions
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Figures 4.2 and 4.3 show the loading and unloading trace for the full test. Figure 4.2 is
annotated with the scan numbers to which reference wili be made. Figure 4.3 highlights key
events in the test.

12000

GLOBAL RESPONSE
ACTUATOR

1000 ¢

800 ¢

ACFUATOR LOAD (kN)

200.0

0.0

00

Loadcase 1 - Test

12000

200 40Q 6810 8.0 100.0 1200 140.0
Global Displacernent (mm)

Figure 4.2 toadcase 1 - Scan numbers through test

GLOBAL RESPONSE
ACTUATOR

10000

8000 +

ACTUATOR LOAD (kN)
8
3
a

400.0 4

K brace 72 buckling

K Node 38 tenmon branch
watld tog cracking

\
/

K Nede 38
compression pranch

K Node 37
compression branch

Loadcase 1 - Test
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Figure 4.3 Loadcase 1 - key events through test
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During the initial stages of loading the global response was linear and there was negligible
relaxation as the actuator was locked-off for each scan. It was not until Scan 16 (see Figure 4.2)
that any signs of distress were visible. Initially distortion of the chord around the compression
intersections of K Nodes 37 and 38 could be seen, then close-up video shots of Node 38
revealed evidence of surface cracking at the tension weld toe in the gap region.

During the early stages of the test the tension and compression K braces 61/62 and 63/64 in
the Frame C plane sustained equa! and opposite forces for each increment of applied load.
However, as the K nodes began to distort the compression loadpaths softened and the relative
magnitude of the forces in the tension braces, 61 and 63, increased. A slight softening in the
global response was also evident until, as the load was increased beyond Scan 20, the crack at
Node 38 went through thickness and the global load fell to the equilibrium position recorded at
Scan 21. Logging at one second intervais from the actuator system indicates a load of 875kN
was being applied at the point failure occurred.

Instrumentation output for the equilibrium condition at Scan 20 indicates maximum tension and
compression forces in the braces at Node 38 of 670kN (Brace 63) and -578kN (Brace 64).
Corresponding values at Node 37, which remained uncracked, were 619kN and -554kN. When
considering the absolute capacities of the components it is important to remember that the
applied load effects are recorded with reference to a zero datum. Self weight effects are
additional. For example, self weight forces in Braces 63 and 64 at Node 38 oppose the applied
foads and are calculated to be -53 and +54kN. Neglecting locked-in fabrication force effects
in the illustration the nef forces acting at Scan 20 just prior to failure are therefore +617kN
(670-53) and -524kN (-578+54).

Once the structure had re-equilibrated at Scan 21 additional actuator loads were sustained by
the structure with a greater transfer of applied load through the diamond bracing at Level 1
across into the 3D structure and Frame D. Load transfer through K Node 37 at Level 2 in Frame
C also continued.

Having applied a global load of 1040kN the actuator system was locked off for Scan 33.
However, as the structure equiiibrated Brace 72 slowly buckled in-plane and the pressure in the
hydraulic system fell to 834kN for the same global displacement. The Loadcase 1 test was
terminated at this point.

In the original scheme it had only been intended to investigate failures in Frame C and establish
the pattern of subsequent load redistribution. In the event the test was continued significantly
beyond that point giving information on the subsequent failure modes and specific data on K
braced member buckling which had not been covered in the earlier Frames Project investigations.
It was necessary to stop at this point to limit the degree of damage and extent (cost) of repairs
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in view of the subsequent tests to be performed.

Figures 4.4 to 4.8 show the condition of the structure at the end of the test. Figures 4.4 and 4.5
show the condition of Node 38: deformation around the compression intersection, cracking in
the gap region and overall deformation of the chord. Despite the damage, the load transferred
by the primary K joint had fallen less the 25% below the failure load. At Scan 32 the measured
brace forces were still 531 and -418kN. Node 37 (Figure 4.6) remained intact despite surface
cracking and chord distortions, sustaining tension/compression brace loads of 706kN / -592kN
under the applied actuator load at the end of the tests. (630/-516kN when corrected for initial
gravitational effects of £76kN).

Brace 72 can be seen in its buckled state in Figure 4.7. The axial force recorded at Scan 32
prior to the load increment causing failure was -618kN (-584kN corrected for gravity).

Figure 4.8 shows the structure subsequent to unloading at Scan 38.

Throughout the test uplift of the rig from the support stools was monitored. The reactions were
taken out beneath the actuator and at supports to the rear of the rig. However, at the remainder
of the supports the rig lifted up by as much as 7mm.

Figure 4.4 Node 38 post failure Figure 4.5 Node 38 deformation
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Figure 4.6 Node 37 - local chord deformation and surface cracking

Figure 4.7 Brace 72 - buckled
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Figure 4.8 3D fest from after L.oadcase 1 test (NB Brace 72 buckled in Frame D)

4.2 LOADCASE 2

The test set up for Loadcase 2 is shown in Figure 2.2(b). The member and node numbering
schemes are shown in Figures 2.5 and 2.6. The repairs carried out on the 3D structure prior to
the test are shown in Figure 3.1. All the bracing participating in the Loadcase 2 failure sequence
remain from the initial build. The loading beam and actuator system previously on Line C were
removed and installed prior to the Loadcase 2 test on Line E.

Load was applied in displacement control, positive load pushing the frame upwards. Frame E
was X-braced. The 90° B=1.0 X joint (Node 42) between Levels 1 and 2 did not have a joint
can and was load in compression. In the bay distant from the actuator there was a thick walled
high yield joint can (Node 41). There was no mid height horizontal within the plane of Frame E
but the out-of-plane bracing at Level 2 is typical of recent configurations in jacket structures.

Figure 4.9 shows the global response of the frame in the Loadcase 2 test in comparison with the
original Benchmark Analysts' predictions.
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Global Load vs Global Displacement - Load Case 2 Predictions (Revised)
Inchuding Test M for lasdcal) cifset)

( |

1400

| In

1200 e

i
ik
4 s Anglyais A 1 Puckage A

8
7 P
1009 - = e Arimlysis B.1 Package B (Rev01)
a —'7!"' e Anialysix C. 1 Package C (Rey 01)
s ./ » -~ / \\\'—-.._ nalysiz ackage C (Rey
<
S
v ot [—
e

1100

\

Analysis D1 Package D

/ [revenanss B rralysis E.1 Packags E (Rev 01)
L [ e fnalysis F. 1 Packags F [Rev 01)
g e t?%?ﬁ T |~—Analysis G.1 Packags G
= / | ™ I 'l s AN alysia G2 Packags
E Prvy . - il o I \ Analysis G.3 Package C
- e Analysis H1 Package G (Rev 01)
_é_ ] /f’/ \‘ =Anaiysis J.| Packags H (Rev 01
S goo ’w,/"f : \ Analysie L 1 Packags E
i -~ Analysis L 2 Package H & |
500 fall / oy ed S
[/ :
400
00
200
100
o !
o 25 50 75 00 125 150

175 200 225 %0 275 00 25 350 s 400
Global Displacament (mmy)

Figure 4.9 Loadcase 2 test results and benchmark predictions

Figures 4.10 and 4.11 show the loading and unloading trace for the full test. Figure 4.10 is
annotated with the scan numbers to which reference will be made. Figure 4.11 highlights key
events in the test.

GLOBAL RESPONSE

ACTUATOR
14000

1200 0 4

ACTUATOR LOAD {kh}

a8

[¢X] 50.0 100.0 1500 2000 2500 3000
Global Displacement (mmj)

Loadcase 2 - Test

Figure 4.10 Loadcase 2 - scan numbers through test
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Figure 411 Loadcase 2 - key events through test

During the initial stages of loading the global response was linear as was the load take-up
through the X bracing in Frame E. Tension and compression brace forces were all but equal and
opposite.

From Scan 9 some distortion of the chord ligament between the X brace weld toes at Node 42
became evident, but it was not until Scan 13 that any softening in the local or global responses
could be discerned. As the actuator load was increased beyond Scan 13 there was negligible
increase in the forces transmitted through the Node 42 compression loadpath and beyond Scan
15 the capacity reduced. The peak force across the joint in response to the applied load (of
977kN) was -372kN. Accounting for the initial tension in the braces due to self weight
gravitational effects (~33kN), the absolute force would be -339KN. However, the effects of
locked-in fabrication forces also need to be considered as shown in Table 4.1 at the end of this
subsection.

As the global load was increased and the structure continued to be pushed upwards, the X joint
continued to deform {primarily on the inside face of the joint) with arching of the chord in the
saddle region as shown in Figure 4.12 (Scan 18). Within the X-braced bay a greater proportion
of the applied load was carried by the chord in tension until it began to yield with a recorded
capacity of 706kN at Scan 21 (Braces 81 and 83). The net force allowing only for gravity would
be ~660kN.
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Figure 412 Deformation of X Node 42 - Scan 18

Despite the component failures in the X-braced bay the structure still sustained increasing global
load (see Figures 4.10 and 4.11). There were a number of contributory factors.

From Scan 23 the strength of the compression X joint increased as the weld toes come into
contact through the weld generating a new stiffer loadpath through the intersection. A second
peak in the local joint response occurred at Scan 28 but by Scan 33 the load had again reached
a higher value. Figure 4.13 shows the condition of the joint at that stage.

The overall increase in load carrying capacity was also being sustained by load transfer through
the 3D structure (particularly the Level 2 X bracing) with increasing member forces in X-braced
panels of Frames A and B and the distant bay in Frame £. At Scan 37 Brace 78 gradually
buckled as seen in Figure 4.14, looking from Level 2 along Leg 38 to the connection with the
reaction rig.
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Figure 4.13 Deformation of X Node 42 - Scan 33

Figure 4.14  Buckling of Brace 78 - seen at Scan 39
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The maximum compression load reached in Member 78 in response to the applied loads was
some -B42kN. Considering gravitational contributions (~54kN) the net force would be only -
988kN. However, as shown in Table 3.3, the braces in this bay (Braces 77-80) did have a
significant initial pre-compression from locked-in fabrication forces. Where Brace 78 apparently
buckled at a iow load the tension braces recorded a peak force of some 770kN significantly
beyond the nominal yield value.

Load shedding from the buckled brace (Brace 78) was only gradual but there was a significant
increase in the load transferred by Brace 93 within the Level 2 X bracing into the rest of the
structure,

Overall the global load continued to increase exhibiting a reasonably consistent system stiffness
despite the extensive plasticity and multiple nonlinear events at the detailed component level.
However, the system capacity was defined around Scans 42 to 43 as X Brace 82 buckled. The
peak load recorded at the actuator during the load application was 1240kN settling to 1198kN
in the equilibrated scan.

The measured force acting in the brace (and across X Node 42 which had exhibited an initial
peak of -372kN - see above) was -665kN. Figure 4.15 shows Brace 82 in the buckled condition:
the gross deformation of the flattened chord at Node 42 can also be seen.

Figure 4.15 Brace 82 buckled and Node 42 distorted at Scan 45
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From that point the 3D frame was unable to sustain further load and the actuator load fell with
increasing ram displacement. At Scan 45 it was decided to terminate the test; the test objectives
had been achieved and further deformation could have prejudiced subsequent tests,

Figure 4.16 shows a side view on to Frame E at the end of the test. The two buckled members
run bottom left to top right and are in the lower parts of the frame as viewed. In both cases the
deformations were largely out-of-plane bowing to the inside of the 3D structure.

Figure 4.16 Maximum Frame E deformation - Scan 45

The degree of uplift of the rig from the support stools was limited with no deflection gxceeding
3mm. However, the degree of uplift increased with increasing load and the reactions were
largely taken out under the actuator and at the distant supports to the rig.

in the foregoing discussion distinction has been drawn between measured load effects and the

net forces when initial self weight and fabrication force components are accounted for. For
clarity the data are collated in Table 4.1 as they apply to key components in the Loadcase 2 test.
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Table 4.1 Loadcase 2 net forces in key components (kN)

Component
capacity Gravity Locked-in force Net force
Members {measured) {Calculated) (Table 3.1) at failure
(C636139\008W)
a b c a+h+c
Frame E 77/79 * 774 -53 -33 * 688
78/80 -642 54 -54 -642
81/83 706 -40 64 730
82/84 *-372 33 83 T -256
82/84 -665 33 83 -549
Notes:
* Joint failure
* Component did not reach peak capacity

4.3 LOADCASE 3

The test set up for Loadcase 3 is shown in Figure 2.2(c). The member and node numbering
schemes are shown in Figures 2.7 and 2.8. The repairs carried out to the 3D structure prior to
the test are shown in Figure 3.1. The tubular loading beam formerly on Line E was removed and
a new stiffer beam was installed on Line A as shown in Figure 2.2(c). The actuator applied load
to the end of the beam on Line D and was reacted by a stiff stub beam on the reaction rig
between Grid Lines C and D as shown.

Load was applied in displacement control, positive load pushing the structure from Grid Line G
10 E (right to left as viewed). Members in the loaded face, Frame A, were X-braced. At each of
the 90° X nodes there was a thick walled high yield joint can. Similarly all the nodes in the
transverse frames (C, D and E) had all been reinstated with ‘strong’ joints. This is typical of
most modern structures. In Frame B however, X nodes 16 and 18 did not have joint cans.
Under positive frame loads Node 16 was loaded in tension and Node 18 in compression. In
addition the newly installed X bracing at Level 1 was governed by the tension capacity of Node
44,

The Loadcase 3 test was performed with the long ties of the reaction rig, to either side of the
tubular frame specimen, in place.
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Figure 4.17 shows the global response of the Frame in the Loadcase 3 test in comparison with
the original Benchmark Analysts' predictions. In ail the results presentations the global
deflections have been corrected for the deformation of the reaction stub to which the actuator
was connected. This reduces the displacements recorded at the actuator by 1 mm per 500kN
applied load to give the true frame displacement.

Global Load vs Global Displacement - Load Case 3 Predictions {Revised)

{including Test Measarements corrected for actuator support displacement)
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Figure 417 Loadcase 3 test results and benchmark predictions

Figures 4.18 and 4.19 show the loading and unloading trace for the full test. Figure 4.18 is
annotated with the scan numbers to which reference will be made. Figure 4.19 highlights key
events in the test.

As indicated in Figure 4.19, there was no nonlinearity in the 3D tubular frame until Scan 19 when
yielding was observed in Braces 49 and 51 in Frame A. However, the global response is not
completely linear due to changing conditions at the reaction rig supports (see Drawing
$636\25\075D in Appendix C). From Scan 9 onwards Node 48 at the front of the rig along Line
E began to lift off, followed by Node 52 and subsequent nodes towards the back of the rig {(Node
96 ~Scan 25; Node 58 ~Scan 42 etc). The degree of uplift was considerable approaching
100mm at the front of the structure on Line E.
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As the global load increased first component failures occurred in the bracing in Frame A. Tensile
yield in the brace members preceded buckling in compression braces. This was due in part to
the high load passing into Braces 49 and 91, for example, from the loading beam. However, an
additional factor was the level of locked in fabrication forces which in Frame A were tensile and
served to precipitate earlier yield whilst deiaying buckling in response to applied loads. Table
4.2 summarises the details and contributions.

Table 4.2 Loadcase 3 Net forces in key components (kN)

Component
Members capacity Gravity Locked-in force Net force
{measured) (calculated) (Table 3.1) at failure
(C636\40\016W)
a b ¢ a+b+c
Frame B 19/21 + 462 5 83 ** 550
20/22 * 633 -10 78 *-565
27/29 * 586 -5 65 * 646
28/30 + -321 1 53 *-267
Frame A 45/47 730 -9 2 743
46/48 -711 3 13 -695
49/51 588 -2 166 752
50/51 -859 3 180 -676
53/55 689 3 31 723
54/56 -767 -7 68 -706
57/59 647 0 110 757
58/60 -720 4 48 -668
Level 1 98/100 + 418 15 177 610
99/101 * -640 -10 156 *-494
Frame 61 -671 -73 -744
Notes:
* Joint failure
* Component did not reach peak capacity

Figure 4.20 shows the typical pattern of yleld, here seen for Brace 51 at Scan 38.

CE36\32\066R  Rev A August 1999
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Figure 4.20 Yield in Frame A tensile members

The global response softened continually as each tensile load path yielded. Then, at Scan 37,
Brace 50 buckled having sustained an applied load effect of -859kN (albeit with a locked-in
fabrication force of some 180kN - see Table 4.2). The initial deformation was almost entirely
out-of-plane bowing to the inside of the structure towards Frame B. In contrast, Brace 60 then
buckied in-plane at Scan 38 bowing outwards towards the leg on Line E as seen in Figure 4.24.
The local load carrying capacity fell off abruptly but the structure re-equilibrated and the giobal
response reattained the plateau level. Brace 46 also buckled in-plane (at Scan 41) bowing
outwards to the Frame C leg. Figure 4.21 shows the physical ‘hinge’ formed.
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Figure 4.21 Hinge formation in buckled compression brace

Finally, Brace 54 buckled at Scan 44, deforming upwards towards Frame B.

Throughout this sequence of compression brace failures as the load carry capacity of Frame A
was reached, the global load sustained was remarkably constant, at around 2440kN. It can be
seen from the local traces that the failures in Frame A were being offset by an increasing take-up
of applied load through the transverse frames (C, D and E) and the Level 1 X bracing.

However, with increasing global deformation the rate at which the buckled Frame A braces were
shedding load was initially too great for additional applied loads to be sustained. By about Scan
52 the global capacity started to increase and significant force levels were being recorded in the
remote Frame B X bracing. Clear evidence of softening in the tensile load paths through Nodes
44 and 16 (without joint cans) became evident at Scans 55 and 58 fespectively. Figure 4.22
shows the typical flattening of the joint and cracking within the paint, although in both cases the
joints remained intact.

As the Level 1 X bracing loadpath softened, so the K bracing on Line C transferred greater
proportions of the applied load.
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Figure 4.22 Tensile X joint failure at Node 44

At Scan 61 a peak in the load transmitted by the compression X joint (Node 18) in Frame B was
recorded. Very shortly afterwards, as the actuator was powered beyond Scan 62, the K brace
61 in Frame G buckled. The maximum applied load recorded within the actuator system was
2659kN but fell sharply as the structure equilibrated. Figure 4.23 presents a view looking up the
Frame C leg with the long buckled brace 61 in the foreground. The member bowed slightly out-
of-plane to the outside of the 3D frame but principally in-plane towards the Frame C leg. Also
visible in Figure 4.23 is Brace 50 buckling out-of-plane contrasting with the in-plane buckling of
Brace 46 in the foreground.

With continued actuator load there was considerably greater load transfer across the structure
via Frame D than previously, However, the rate of take-up of load was very gradual and it was
clear that massive deformations would be required to precipitate additional component failure.
Having established the pattern of force redistribution and anticipating additional tests of the
structure, Loadcase 3 was terminated. Figure 4.24 shows the deformation within the Frame A
X-braced bays at the end of the test.
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Figure 4.23 Brace buckling in Loadcase 3 test

Figure 4.24 Member failures in Loadcase 3 post test
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4.4 PRESENTATION OF RESULTS

The foregoing sections have described the physical response of the 3D test frame and key
tomponents through each of the benchmark analysis tests. Within the Work Programme(" the

conditions, local joint deformation and member forces respectively. Where data are not
presented it is believed they were not supplied in the benchmark submission.

4.5  BENCHMARK ACTIONS

The action remaining for Benchmark Analyst to perform are detailed in Section 1.3.3. A pro-
forma to help structure angd provide for complementary feedback is presented in Appendix H.

Clarification of any of the information provided can be obtained from BOMEL at any stage.
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APPENDIX A BENCHMARK SCOPE OF WORK

The scope of work to be undertaken by Benchmark Anaiysts is detailed below. Those items emboldened
are essential to fulfifling the base scope. Maliciseditems are optional. Roman text provides supplementary
information.

1. Model and analyse the test specimen and reaction rig as described in [Section 3 and
Appendix A] to predict the ultimate response of the Specimen under the three static Load
Cases prescribed.

Prepare and submit report to BOMEL on or before [23 January 1998] covering:
. Software package used and version
. Element modelling options selected
- type and characterisation.
Material medelling assumptions
Boundary conditions
Any variations in modelling from Load Case to Load Case
Any account of physical imperfections outwith the specification in [Appendix A]
For each Load Case:
- plot applied load versus displacement of the point of load application
annotated with sequence of component ‘failures’/ nonlinear ‘events’,
- plot key component loads against displacement for components sustaining
significant loads before and after the system capacity is reached.,
- produce diagram of tesi specimen indicating sequence and location of
yielding and / or component failures.
- plot vertical support reactions between test rig and support stools against
applied irame load
- Provide data in spreadsheet format {compatible with Lotus 123 Version 4)
for applied load, displacement and corresponding component forces/
moments and reactions, using the reference scheme in [Appendix A).
(Test resuits provided tg Benchmark Analysts will reciprocate the extent of feporting
in their individyal submissions)
. Indication of benchmark constraints/ qualifications.
- experience of personnel (with software and typical applications to date).
- manhours dedicated to the work,
- note of any funding.
- analysis time (including computer speed/ specification).

Actual material yield values will be made availabie in the course of the analyses. Aetwa/ yield
values may be accounted for in place of the minimum specified valves provided at the oulset
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in an additional set of analyses.

An additional set of analyses may be performed and reported for the tubuilar frame specimen
only, without the reaction rig and assuming the structure to be fixed al its base. Verification

All clarification requests raised with BOMEL will be documented and all responses will be
conveyed by fax within three working days to ail Benchmark Analysts and the Participants’
Review Panel.

An opportunity for Benchmark Analysts to view the fabrication will be provided in late November
and will be combined with an interim meeting for any further gueries to be raised. Benchmark
Analysts as well a5 members of the Participants’ Review Panel will be invited to aftend the
meeling. The proceedings will be fully recorded and presentation material, questions and
answers will be circulated to Benchmark Analysts unable, or who do not wish, to attend.

BOMEL will coliate the response predictions identifying each contribution solely by alphabetical
letter (A, B, C etc) and circulate the compendium to all Benchmark Analysts and project
Participants prior to the tests. No referenceto software will be included in this initial distribution.

BOMEL and its test sub-contractors will undertake the Load Case 1 static test. Within ten days,
BOMEL will provide to Benchmark Analysts, a description of the structural response together
with graphical results of loads and deflections corresponding to the input data provided by the
Benchmark Analyst.

Benchmark Analysts will have the opportanity to witness one of the collapse lests during the
course of the test programme. Due notice of the precise test dates will be given.

The Benchmark Analyst may review the Load Case 1 results and updale fis response
predictions for the Load Case 2 and 3 tests, if appropriate. Such updated resujts should be
reported prior 1o the next test jn accordance with the required breakdown under Activity 1,
inclvding a description of the extent of changes from the original submission and thejr basis,

BOMEL and its sub-contractors will undertake the Load Case 2 tests and provide results to
Benchmark Analysts as under Activity 3. The schedule may not permit repeat analyses prior to
Loadcase 3.

BOMEL and its sub-contractors will undertake the Load Case 3 test. BOMEL will then prepare
an as-built update to the data package provided in [Appendix A) together with a description /
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critique of the tests, noting particular physical features which may be a source of discrepancy
with respect to analysis predictions.

7. Benchmark Analysts shall receive and review the resuits package and test critique. The
original analyses shall pe repeated and the best estimate analysis reported for the three
loadeases in accordance with the brief in Activity 1. The report shall describe the basis of
any changes and their manner of implementation. An attempt shall be made to explain any
remaining discrepancies (which may be attributable to aspects of the tests and / or
analysis).

8. BOMEL will compile the results retaining the aiphabetical anonymity. The combined results and
overall lessons learned will form a summary from which publications may be developed in
accordance with the terms set down in the Benchmark Analysts’ Participation Agreement.
During the course of preparation, Benchmark Analysts shalt tooperate with BOMEL to ensure
accuracy and consistency. BOMEL will circulate the draft coliation repart to the Participants’
Review Panel and the Benchmark Analysts who shall review and comment. BOMEL will update
the draft report reflecting comments received and distribute this to all Benchmark Analysts and
project Participants. A meeting will be held with the project sponsors. Atfendance at the
meeling /s not mandaloty as part of the fulf scape but will be encouraged,
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APPENDIX B

INTERIM SUMMARIES OF TEST RESULTS

(Reproduced from References 9 and 6)
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FRAME TEST RESULTS

LOADCASE 1

Configuration
The B =0.6 K joints at Levels 1 and 2 on the loaded end transverse frame C are gapped.

Out-of-plane, the K configuration is overlapped at Level 1 and gapped at Level 2.

Response (see Figure 3)
Following initial deformation around the compression intersection of the Frame ¢ K joint at Level 1,
tensile cracking in the gap region limited joint capacity.

With increasing global load, redistribution occurred across the Level 1 diamond bracing into Frame D
and loads continued to increase through the Level 2 K joint on Frame C. This joint sustained
increasing loads without failure and ultimate system strength was governed by compression brace
buckiing in Frame D.

The capacity of the first multiplanar joint was some 30% greater than the isolated planar K joint tested
by SINTEF (nominaliy identical to those in Frame C). The strength was more than twice the mean
capacity of isolated test data on which current design formuiae are based. This compares with an
enhancement of 15-35% attributed to boundary restraints seen in the 2D frames in Phase |I.

Global Load vs Global Displacement - Load Case 1 Predictions (Revised)
{including Test Measurements corrected for loadcel! offset)
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Figure 3 Loadcase 1 test result and benchmark predictions (C636\32\005W-B)
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LOADCASE 2

Configuration

Sustain increasing load.

Eventually the braces fully contacted through the upper X joint chord developing a stiff load path. The
through loads then increased sufficiently for one of the top bay compression branches to buckle. This
event defined a peak in the global ioad.

Global Load vs Globa) Displacement - Load Case 2 Predictions (Revised)

(including Test Measurements corrected for loadce)) offset)
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Figure 4 Loadease 2 test result and benchmark predictions (C636\32\007W—B)
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FRAMES PROJECT PHASE Il
INTERIM SUMMARY OF LOADCASE 3 TEST RESULTS

INTRODUCTION

More detailed results are being prepared for circulation to benchmark analysts.

LOADCASE 3

Configuration

Line C were reinstated with strong joint cans following the Loadcase 1 tests,
The Loadcase 3 test was performed with the long ties of the reaction rig in place.

Response (see Figure 1)

Gradually the X joints at Nodes 44 {Level 1} and 18 (Frame B) began to deform and their responses
softened in tension. At a globai displacement of 200mm the limiting capacity of the compression X joint
at Node 18 (Frame B) was reached.

Finaliy buckling of Member 61 in the transverse frame on line C precipitated a sharp full off in load
determining the ultimate system strength at ~220mm global deflection.
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APPENDIX ¢

INSTRUMENTATION LAYOUT DRAWINGS

Load cell detaiis - C636\15\011D Revision D
Strain gauging details (Sheet 1 of 2) - C636\15\012D Revision B
Strain gauging details (Sheet 2 of 2) - 063611540130 Revision B
Jdoint deformation monitoring - C636\1 \016D Revision O
Rig node displacement monitoring - C636\25\075D
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APPENDIX E
LOADCASE 17 RESULTS

Plots / data Drovided by and Supplied to Benchmari Analyst:

Level 1 X Node 44 tension

Member Forces

Plot Sheet name AlBlclo ElFloln Ik tTm N
Global response

Pre-test benchmark collation ALL LC1Chart ftes) Xy x| x{x X1 X x| x X1 X x| x X
Global fesponse with scan nos Global Scan Nos X Xx!Ix]|x XIxIx|x XIXIx|x X
Globat response with faitures Global Annotated X XIx|x XX x| x XX x|x X
Diselacaments

Rig node uplift c.F.global response Combined Chart 1 X1 XX XX X Xl x

Spatial disp. of 3D frame nodes . X X X X | X

Local joint characteristics:

Frame A K Node 37 tension FrC Lev2 Tens Xl X X X X
Frame A K Noda 37 compression FrC Lev2 Comp | X | x X X X
Frame A K Node 38 tension FrC Lev1 Teng X[ x X X X
Frame A K Node 38 compression Frc Lev1 Comp | x| x X X X
Frame E X Node 42 compression FrETBComp |t

Frame B X Node 16 compression FrB TB Comp

Frame B X Node 18 tension Fri8 TB Tens

Lev1-LC3X Tens

Frame A X braces L1-L2 FrC-FrD FrA TDC For

Frame A X braces L1-L2 FID-FrE FrA TED For

Frame A X braces L2-L3 FrC-FrD FrA BDC For

Frame A X braces L2-L 3 FrD-FrE FrA BED For

Frame B X braces L1-1.2 FrC-FrD FrB TDC For

Frame B X braces L1-L2 FrD-FrE FrB TED For X

Frame B X braces L2-L3 FrC-FID FrB BDC For

Frame B X braces L2-L3 FrD.FrE FrB BED For

FrameCKbraces L1-1.2 FrC TB For XX x| x X1 X[ x{x X | x X1 X| x
FrameCKbracesL2~L3 FrC BB For XX x| x X x| x| x X X1 X | x
Frame D K braces L1-L2 FrD TB For X x| x X1 x| x X
Frame D K braces L2-L3 FrD BB For X X X
Frame E X braces (1-L2 FrE TB For ]
Frame E X braces L2-1.3 FrE BB For

Level 2 X braces FrD-FrE Lev 2-X For

Level 2 diamong braces FrC-Frb Lev 2-Dia For

Level 1 X braces FrD-Friz Lev 1-LC3X For

Level 1 diamong braces FrC-FrD Lev 1-Dia For

Frame C Jegs FrC Leg For

Frame D lags FrD Leg For

Frame E legs FrEleg For

All frame legs at connection torig  FrFeet XX x

Bending moments

Frame A compression braces FrA.... Mom (8)

Reference Files: Information provideg to project sponsors

Rig displacements CB36\25\0631 *tON21, N22, N25, N26, N2g ang N30 Disp
Loadcase 1 global and force Plots  C838\37101 ™w

Loadcase 1 benchmark comparison

C636\32\064R Rev A August 1999
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APPENDIX F
LOADCASE 2 RESULTS

Plots / data provided by and supplied to Benchmark Analyst:

Frame A K Node 37 compression

FrC tev2 Comp

Frame A K Node 38 tension

FrC Levt Tens

Frame A K Node 38 compression

FrC Lev1 Comp

Plot Sheet name
AlBICIDIE|F|cg[HT UKL M| N

Global response

Pre-test benchmark collation ALL LC2 Chart (test) XX XIX x| x| x|x/|x XTI X X]|x

Global response with scan nos Global Scan Nos XXX X ixX[x!xx]x X1 XXX

Global response with failures Global Annotated XIX X XIx]IxIx]x]|x XXX x

Displacements

Rig node uplift c.f global Tesponse  Combined Chart 2 X{|{X] X X | X X X1 X

Spatial disp. of 3D frame nodes bl X X X | X

Local joint characteristics:

Frame A K Nade 37 tension FrC Lev2 Tens

Frame E X Node 42 compression FrE TB Comp
Frame B X Node 16 compression FrB TB Comp
Frame B X Node 18 tension FrB TB Tens

Level 1 X Node 44 tension

Levi-LC3X Tens |

Member Forces

Frame A X braces L1-L2 FrC-FrD FrA TDC For

Frame A X braces L1-L2 FrD-Frg FrA TED For

Frame A X braces L2-L3 FrC-FrD FrA BDC For

Frame A X braces L2-L3 FrD-FrE FrA BED For

Frame B X braces L1-L2 FrC-FrD FiB TDC For

Frame B X braces L1-L2 FrD-FrE FrB TED For

Frame B X braces L2-L3 FrC-FrD FrB BDC For

Frame B X braces L2-L3 FrD-FrE FrB BED For

Frame C K braces L1-12 FrC TB For

Frame C K braces [L2-L.3 FrC BB For

Frame D K braces L1-L2 FrD T8 For X

Frame D K braces L2-13 FrD BB For

Frame E X braces L1-L2 FIE TB For X X | X XXX xX]|x X X
Frame E X braces L2-13 FrE BB For X | X XX x| x| x X X
Level 2 X braces FrD-FrE Lev 2-X For X X X
Level 2 diamond braces FrC-FrD Lev 2-Dia For

Leve! 1 X braces FrD-FrE Lev 1-LC3X For

Level 1 diamond braces Fro-FrD Lev 1-Dia For

Frame C legs FrClegFor

Frame D legs FrDLeg For

Frame E legs FrE LegFor

All frame legs at connection to rig Fr Feet X X! X

Bending moments

Frame A compression braces FrA.... Mom (8)

Reference Files: Information provided to project sponsors

Rig displacements CB36\25\063W ** O N21, N22, N25, N26, N29 and N30 Disp
Loadcase 2 member force plots CB36\391008W

Loadcase 2 benchmark comparison C636\32\007W-B

C636\32\066R  Rev A August 1999
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BOMEL £13setns @

APPENDIX G
LOADCASE 3 RESULTS

Plots / data provided by and supplied to Benchmark Analyst:
*ABCDEFGHJKLMN

Plot Sheet name

Global response

Pre-test benchmark collation AlLLCachan(amml) X | X § X | X | X I x| xIx{x[x]x|x X! X
Global response with scan nos Global ScanNos| X | X | x| x| x| x| xTx X | X{X|{ X x| x
Global response with failures Global Annotated] X | X | X [ x| x| x| x| x XIX|I XX x| x
Displacements

Rig node uplift c.f.global response  Combined Chart 3
Spatial disp. of 3D frame nodes -

Local joint charactedstics:

Frame A K Node 37 tension FrC Lev2 Tens
Frame A K Nede 37 compression FrC Lev2 Comp
Frame A K Node 38 tension FrC Lev1 Tens

Frame A K Node 38 compression FrC Lev1 Comp
Frame E X Node 42 compression FrE TB Comp
Frame B X Node 16 compression FrB TB Comp
Frame B X Node 18 tension Fre TB Tens
Level 1 X Node 44 tension Lev1-LC3X Tens

Member Forces

Frame A X braces L1-L2 FrC-FrD FrA TDC For XX | x| x XX X[ x]x X | X| X
Frame A X braces L1-L2 FrD-FrE FrA TED For XX X| X XX | X x| x X | X | X
Frame A X braces L2-L3 FrC-FrD FrA BDC For X[ X[ X[ X X[ XX X| X X1 X X
Frame A X braces L.2-L.3 FrD-FrE FrA BED For XX | XX XX X|{Xx]x X X] X
Frame B X braces L1-L2 FrC-FrD FrB TDC For X X X
Frame B X braces L1-L2 FrD-FrE FiB TED For X X X
Frame B X braces L2-L3 FrC-FrD FrB BDC For

Frame B X braces L2-L3 FrD-FrE FrB BED For

Frame C K braces L1-L2 FrC TB For X X X X
Frame C K braces L2-L3 FrC BB For X X X | X | X X
Frame D K braces L1-12 FrD TB For

Frame D K braces L2-1.3 FrD BB For X X
Frame E X braces L1-L2 FrE T8 For X X X | X
Frame E X braces L2-L3 FrE BB For

Level 2 X braces FrD-FrE Lev 2-X For X | X

Level 2 diamond braces FrC-FrD Lev 2-Dia For X | X

Level 1 X braces FrD-FrE Lev 1-LCIX For | X | X X X X | X
Level 1 diamond braces FrC-FrD Lev 1-Dia For X | X

Frame C legs FrClegFor

Frame D legs FrD Leg For X X
Frame E legs FrE Leg For X X

All frame [egs at connectiontorig  Fr Feet X X | X | X

Pgnding moments

Frame A compression braces Fra.. . Mom(8) [ X | x
Reference Files: * Information pravided to project sponsors
Rig displacements CB36125\063W **  N21, N22, N25, N26, N29 and N30 Disp

Loadcase 3 member force plots Ce3640016W
Loadcase 3 benchmark comparison C636\32\009W-C
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BENCHMARK ANALYSTS' RESPONSE PRO-FORMA
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FRAMES PROJECT PHASE Il
BENCHMARK ANALYSTS FEEDBACK

Introduction

This proforma is intended to help structure and give complementary feedback from Benchmark Analysts. The
intention is to ensure that your own interpretation is properly reflected in the project output. Furthermore, the
questions acknowledge the distinction between comparisons with the test and future conduct of offshore jacket
analyses,

Please complete Questions 1 to 3 (and 9) and return the form (by email if possible) by 27 August. if you wish,
your response to Question 4 may be delayed until 17 September, the date for submission of updated analysis
reports.

Please direct your response and any guestions to:
Helen Bolt  Tel :+44 (0)1628 777707  Email: bomel@compuserve.com

References

1. Benchmark Analysts Blind Predictions — report and analysis

2 BOMEL Report C636112\006S Rev B September 1997 '‘Benchmark Analysis - Project work plan’
3. BOMEL Report C636\321002R Rev O February 1998 ‘Blind predictions of ultimate strength’

4 BOMEL Report C636\321066R Rev O July 1999 'Test Report to Benchmark Analysts’

Based on review of Reference 4

1. How do you explain the difference between your blind prediction and the physical response of the frame
(components) in each test? (eg: Note difference in the component failure sequence and/or capacities and
potential reasons; review global stiffness, etc).
Loadcase 1:

Enter text here and expand space as appropriate

Loadcase 2:
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2. Based on your response in 1:

a)  are there lessons you will carry forward to future ultimate strength analyses conducted in-house
(eg. related to use of the specific software or modelfing procedures)?

b)  are there lessons which have general applicability and should form part of guidelines for good
industry practice?

3. Based on the initial collation of blind predictions (Reference 3) and subsequent updates {shown in
Reference 4)
a) can you identify pitfalls experienced by others against which good practice guidelines should wam?

b} what advice can you offer client organisations when specifying and/or reviewing ultimate strength
analysis?

4. Based on your best estimate analysis conducted post test, are there remaining discrepancies and to what
do you attribute these? (NB these may be due to aspects of the modelling or physical aspects of the test.)

Formcompleted by: o (name)
FOr e {company)
Date: e
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