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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 Gonc¢lusions
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 i programme 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 systems used in the 3D
frame, accuracy, sign conventions etc. Data on CD in final report

C636\06\313R

C636\23\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

C636\39\011R

C636\400021R

C636\06\313R Rev O August 1999

Page 0.5 of 0.8



BOMEL coR5uiTaNT Q_)/

Report Title Reference Circulation
Philosophy 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 resuits and their significance. Comparison

with LC1 static results

Monotonic and Cyclic testing of Isolated K Joints STF22 FO8704 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 €636\ 1\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 results and their

significance. Comparison with LC1 and LC3 static and cyclic

tests

Multiplanar SCFs C636\18\018R 1
Joint BG / BOMEL report describing analytical work and

experimental measurements of multipianar SCFs. Includes

comparison with 'standard’ empirical approaches

Site Testing Programme results - Report to Benchmark C636\32\066R 4
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 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 circulation.
Circulation | All participants | Participants in Participants contributing | Benchmark
1st extension finance/analytical results | Analysts
1o 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

30 FRAME TEST SET UP

EXECUTIVE SUMMARY

Phase |l of the Joint Industry Tubular Frames Project involved a series of ultimate strength tests of a 3D
jacket-type structure. These tests were the largest ever undertaken and this report describes the purpose
built test facility and structural configuration.

The test specimen and reaction rig were fabricated by AKD Engineering in Lowestoft. The designs had
been developed by BOMEL in consultation with Frames Project Participants and detailed drawings are
provided. The concept was to repeatedly test and repair damaged areas of the structure and the report
describes the sequence.

Testing relied on a team of specialist sub-contractors and the roles of AKD (site support services), AV
Technology (instrumentation), Bodycote Materials Testing (Ioading) and Eastern Associates {video) are
described.

This report concludes by showing the test facility at the start of three of the eight tests. The configuration
and systems are clearly evident and provide a reference base for the description of the tests and specific
results in companion reports.
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1.  INTRODUCTION

The principal focus within the Phase Ill Frames Project was the execution of a large scale
demonstration programme of collapse tests on a jacket type structure. The objectives were to
quantify the reserve strength within offshore structural systems and to validate industry practices
for assessing ultimate capacity. A companion report'” describes the background to the project
and the basis for selecting the specific test structure configuration. The test set up is shown in
Figure 1.1.

£

Figure 1.1 3D Frames Project test facility

The present report briefly describes how the facility was established and outlines the role of the
various parties. Specific aspects of the construction which are relevant to the interpretation of
the tests, such as the survey of material properties, are covered in more detail in associated
reports. These are referenced out from this document. Similarly the test results themselves are
presented and interpreted separately.

However these structural frame tests were the largest collapse tests ever to have been
undertaken and the setting up of the facility is in itself a significant achievement. Section 2 of
the report references the structural drawings and numbering schemes defining the test specimen
and reaction rig, as-built. Section 3 then relates these to the test site in Lowestoft and describes
the sequence of construction. Completion of the facility required the instaliation of extensive
loading and monitoring equipment and these stages are also outlined. The test programme
encompassed a series of static and cyclic tests with loads applied to different parts of the
structure. Between each test major repairs were carried out and Section 4 describes the extent
and sequence. The conclusion, in the form of a functioning 3D structural frame test facility, is
illustrated in Section 5.
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2. THE 3D DEMONSTRATION STRUCTURE

Structural drawings for the test specimen are presented in Appendix A. The structure comprises
a six-leg space frame, two-bays high. Longitudinally the structure is X-braced and transverse
planes introduce K and X bracing. At the plan levels there is a combination of X and diamond
bracing. Horizontal bracing at plan intermediate levels within the face frames is also considered.
The configuration therefore combines typical features of past and present offshore jacket
structures. The size of the specimen is comparable to a Southern North Sea structure at 1/3
scale, with 350 - 450mm diameter legs and 170 - 280mm diameter bracing. Non-dimensional
geometry ratios were selected to be representative of offshore practice. Similarly material
selection criteria required characteristics to be similar to those exhibited by offshore grade steels.

Where the frame weight was some 10 tonnes the purpose built reaction rig weighed over 110
tonnes in order to provide the necessary stifiness for a clear demonstration of the frame
nonlinear collapse behaviour. Structural drawings for the rig are presented in Appendix B.

The combination of the frame and rig is shown in Figure 2.1. The tubular frame specimen is
painted white; the reaction rig is brown. The rig rests on load distributing support stools. The
six-leg jacket structure is effectively on its side, with the base of the legs welded to the reaction
rig. As shown in the figure, this arrangement enabled alternative loading scenarios to be applied
and reacted safely near ground level.

Grid Line D

Loadca Grid Line A

Figure 2.1 Test frame and reaction rig model
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It can be seen that the 'vertical' part of the rig actually raked 'backwards' (to the right in Figure
2.1) by some 2°. The purpose of this was to give sufficient clearance at the front of the
structure for the specimen to be deflected downwards as well as upwards in cyclic loading
scenarios.

In addition to illustrating the general test configuration, Figure 2.1 is annotated to indicate the
principal grid lines used in the structural drawings and the points of load applicaticn and lines
of action for the three loading scenarios. A consistent scheme for node and member numbering
was also used throughout all experimental and analytical aspects of the project activity as shown
in Appendix C. The only variations between tests relate to the repositioning of the loading beam
and installation of additional plan X-bracing in the later tests.

Together Appendices A, B and C give a complete definition of the 3D demonstration structure.
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CONSTRUCTION

FABRICATION

The structures were fabricated by AKD Engineering Limited at their works in Lowestoft (Figure
3.1). The base dimensions of the rig were some 22m x 14m with an overall height of 8m
occupying one third of the length of the workshop and all but a few metres of the width.

Figure 3.1 Fabrication / test site

Once assembled the main 20 tonne crane could not pass over the structure and the build
sequence therefore had to be carefully planned. Specifications for fabrication®® were developed
by BOMEL built around EEMUA offshore publications, with supplements as appropriate reflecting
the scale of construction and special requirements of the test programme.

AKD provided a quality plan for BOMEL approval prior to work on site commencing. Thorough
supervision and inspections were carried out with complete traceability of materials and weiding
records. A negative reporting scheme for inspections was agreed. Comprehensive
documentation packages were provided by AKD for the rig" and frame® on completion of the
work. These are available from BOMEL on request.
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3.1.1 Rig Fabrication

The reaction rig comprised some 110 tonnes of heavy stee! fabrication. Rolled sections were
provided by British Steel and deep (~1m) beams were fabricated by AKD from 45mm TMCP
plate supplied by Thyssen. Figure 3.2 shows the elements of the reaction rig as fabricated in
plan.

The next operation was to roll up the back frame of the rig within the two base frames. A
number of schemes were considered and work was undertaken by a specialist firm operating
three computer controlled crane units working in parallel. Once these elements had been
positioned and welded out, the back raking members and long diagonal ties to the side of the
front of the rig were installed.

Figures 3.3 and 3.4 show views of opposite ends of the completed rig.

3.1.2  Frame Fabrication

Once construction of the rig was complete, fabrication of the tubular frame specimen
commenced. A number of tubular sections were provided by Thyssen. Primary bracing tubulars
were purchased from stockholders. As discussed in Reference 8, the materials were carefully
selected and, where appropriate, heat treated to give response characteristics representative of
offshore tubulars. The size, and hence scale, of the structure provided for direct comparison
with earlier research and the non-dimensional properties refiected offshore design practice.
Further details of the material properties are provided in a companion report.

Similarly resuits of investigations to monitor the build up of locked-in forces during fabrication
are discussed separately in Reference 7. Reference 8 discusses the extent of instrumentation
on the test specimen and includes details of the load cells welded in to primary braces during
fabrication.

In Figure 3.4 some of the frame tubulars can bee seen laid out on the rig base. Prior to
fabrication they were surveyed at 1m intervals to give accurate records of diameter and
thickness for each pipe length; these marks were traced through to the final location within the
30 structure. Individual planes within the frame were fabricated in 2D on the bed shown in
Figure 3.5. These frames were weided in turn into position on the reaction rig and then the infill
bracing was welded in situ. Figure 3.6 shows the scaffolded structure as fabrication was being
completed.
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Figure 3.3 'Rear view of raking support to completed reaction rig
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Figure 3.4 'Front' view of completed reaction rig
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Figure 3.6 3D frame as fabrication of infill bracing is completed
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TEST PREPARATIONS

3.2.1  Support Conditions
Once fabrication of the frame and rig was complete, the final stage was to jack the whole
assembly onto the support stools.

The base of the reaction rig rested on support stools at thirteen node points (Nodes 45, 47-48,
51-52 and 54 - 61 shown in Appendix C). Once loads were applied to the test specimen the rig
distorted and global reactions were taken out at just three points. The role of the support stools
was therefore to dissipate these concentrated forces across a wider area of the workshap floor.

With reference to Figure 2.1, the most distant node at the back of the rig (Node 61), was *fixed"
to prevent rotation and translation of the loading rig in the plane of the base. Four vertical dowe!
bars were welded to the top of the support stooi and each was a sliding fit in a hole drilled in the
bottom flange of the loading rig base member, thereby permitting uplift. The support stool was
secured to the floor by four vertical anchor bolts, one at each corner.

The interfaces at the other twelve supports were identical. A sliding bearing was tack welded
to the underside of the rig base and this rested down on a rubber pad on the surface of the stool.
The stool itself was supported off the floor on an epoxy mortar bedding.

Figure 3.7 shows the support at Node 59 taken prior to placing of the epoxy mortar bedding.
The bolts, temporarily located at the corners to level the stool prior to placement of the epoxy
mortar bedding can be seen, along with the temporary timber formwork for the bedding. The
bearings and rubber pads were designed and supplied by Glacier Metals Limited. They provided
for lateral translation and rotation in the plane of the base and permitted upiift.

3.2.2 Instrumentation

The frame was instrumented by AV Technology Limited (AVT) whilst the scaffolding remained
in place®. However, to provide a clear view of the structural behaviour the scaffolding was
removed prior to testing. Although comprehensive details of the instrumentation are provided
in Reference 8, it should be noted that the 880 channel scheme encompassing strain and
displacement monitoring was a massive undertaking requiring several weeks for installation. A
bespoke logging system was developed and extensive off-site trials were undertaken by AVT
working in conjunction with BOMEL to give accuracy and reliability throughout the programme.

Figure 3.8 shows the fogging cabinet and PG station in front of the test structure. As described
in Reference 8, this enabled the structural response to be monitored on iine and compared with
predictions. This facility was extremely important to give a basis for decision making as each
test progressed.
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Figure 3.7 Rig support (typical)

Figure 3.8 Instrumentation logging equipment
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3.2.3 Loading System

The actuator loading system was retrieved by BOMEL from an offshore research programme
undertaken in the 1980s. The actuator had an exceptionally high capacity / long stroke
specification and was refurbished by Bodycote Materials Testing Limited. Allinternal seals were
replaced and the hydraulic system and control unit were subject to extensive trials at Bodycote
Laboratories. The system comprised the actuator assembly, which applied load in displacement
control, connected to a 15 KW hydraulic power pack controlled by a serva control system using
feedback from a displacement transducer incorporated into the actuator assembly. Use of
displacement control was imperative to prevent catastrophic collapse when peaks in the system
capacity were experienced.  Furthermore it enabled data on the unloading response
characteristics of components and systems to be gathered in a controlled manner.

The actuator was double acting with a maximum load capacity of 3000 kN in the forward loading
direction and approximately 2000 kN in the reverse loading direction. The stroke of the actuator
was 1000mm. The system was assembled with an initial 300mm ram extension thereby
allowing a 700mm displacement capacity in the forward loading direction and 300mm in the
reverse loading direction. The servo control system was capable of providing a resolution on
load and displacement of 0.01% of full scale. The displacement transducer was accurate to at
least +2.5% and the load cell to at least +1%.

For test Loadcases 1 and 2 (see Figure 2.1) load was applied within a tubular loading beam to
a plate at the centreline of the structure. In the lateral Loadcase 3, the anticipated loads were
greater and so were applied to the end of a stiffened I-section beam straddling two frame legs.
These scenarios are illustrated in photographs in Section 5. Specific details are given in the
loading beam drawing in Appendix A.

To ensure loads would be applied axially without damaging lateral loads being experienced by
the ram, bespoke articulation units were provided at both ends of the actuator. Figure 3.9 shows
the loading beam into which the top articulation unit, a load cell and the actuator have been
positioned. The assembly is being lifted into position on the frame. The lower articulation unit
can be seen in the centre of the figure botted to the reaction rig.

Figure 3.10 shows the loading control equipment positioned in front of the 3D test structure. The
computer trace provided a second by second record of the force and displacement applied to
the frame by the hydraulic system. The degree of force relaxation once the actuator was locked-
in position gave an indication of the degree of plasticity within the structure. Furthermore the
constant sampling enabled the maximum load sustained by the structure between scans to be
determined. Output from the Bodycote actuator control system was channelled into the AVT
logging system to combine the results in a single datafile.
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Figure 3.10 Actuator control system
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3.2.4 Visual Systems

The finai stage in the test preparations was to paint the structure. This served two purposes,
firstly to ciearly define the frame against the fabric of the building for the video records, and
secondly to enable zones of high strain to be identified with flaking of the paint. In addition grid
lines were drawn on key components to provide a reference against which distortions become
clearly visible. The filming systems were also an important part of the test set. Remote
monitors, as shown in Figure 3.11, enabled global and local details of the response to be
reviewed safely throughout each test.

Figure 3.11 Monitors for video recording of tests

3.3  SAFETY

Once AKD had completed fabrication of the structures, AVT commenced the instrumentation.

Bodycote personnel then came to site to assist with the installation of the actuator system.

Finally Eastern Associates brought in camera equipment and lighting to video the tests. All sub-

contractor activities were overseen by BOMEL and support was provided by AKD persornel. On

test days the fabricator's workshop essentially became a laboratory. Testing was performed

under the direction of BOMEL with ali contractors required to work as a team. Figure 3.12
- shows the combined team on conclusion of the Loadcase 3 test.
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Figure 3.12 Integrated testing team (AKD, AVT, Bodycote, BOMEL and Eastern Associates)

A paramount concern throughout the preparations and testing was safety, particularly
recognising the forces involved and the need for close interaction and coordination between the
parties. In addition the site was visited by project Sponsors and Benchmark Analysts to witness
the tests.

Prior 1o work commencing a hazard identification exercise was organised by BOMEL involving
several representatives from each party. An initial Safety Procedures Manual was circulated and
updated following the meeting to reflect discussions*®. Copies were issued to every individual
attending site. The exercise was valuable, not just in terms of the manual, but also for the insight
each contractor gained of the potential hazards associated with the equipment and systems
being operated by others within the team.

The HAZID was hosted by Shell at its training centre in Lowestoft and an offshore safety

representative, an electrical engineer and the Chairman of the Participants' steering committee
from Amoco attended.
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4. TESTING AND REPAIR SCENARIOS

4.1 PROGRAMME OVERVIEW

The 3D experimental programme involved a series of tests on the 3D frame structure. Figure 2.1
llustrates the three alternative loading scenarios. The baseline tests involved monotonic loading
of the structure in stages under displacement control until failure occurred. In subsequent tests
the cyclic effects of load reversal that may be experienced in a storm were investigated, with the
actuator acting in forward and reverse modes.

in total eight frame collapse tests were undertaken using the unigue facility. In each case
different components failed and had to be cut-out and replaced prior to the next test. The
instrumentation and surface painting of the structure ensured that all highly stressed areas could
be identified and removed in order that residual plasticity did not influence the subsequent
structural performance. Figure 4.1 shows the sequence of the tests, the dates and times, and
the associated data files, and provides an illustrated record of the components that failed and
were replaced. The strategy worked extremely well in that eight independent tests were
undertaken successfully. The structural drawings in Appendix A document the changes in
structural details between tests, for example as chord cans were introduced at joints which has
previously been configured to represent past construction practices.

4.2  REPAIR / INTER-TEST SEQUENCES

The approach did however require strong cooperation between the contracted parties and the
typical scenario was as follows:

° On conclusion of a test BOMEL examined the instrumentation and inspected the
structure for signs of damage and decided on the extent of repairs necessary.

° Instrumentation and loading contractors (AVT and Bodycote) remained on site in order
that the equipment could be used and monitored to minimise the loads within
individual members within the deformed structure as they were cut.

® A sequence of controlled deformations of the structure were applied and readings of
the instrumentation were taken until the member forces (with due account for self-
weight and locked in fabrication forces) were sufficiently low for the component to be

cut safely without spring back. AKD personnel then cut through the designated
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member. This was repeated for every designated member within the frame that could
be reached safely from the scaffold decking. Only once this was complete were the
sub-contractor teams demobilised.

L BOMEL then worked with AKD engineers to specify the replacement configuration and
procure additional material where necessary. Although predictions of the response
modes had been made in advance it was not until the tests were complete that the full
extent of damage could be confirmed.

° Material had to be cut and prepared as build sequences were identified. The rigour of
the initial build fabrication procedures was applied to all aspects of the repair, and
comprehensive records are contained in AKD documentation packages®.

° A key element in the repairs was the rigging of the scaffolding from which the repairs
could be effected. Progress was often tied in to the availability of scaffolders.

° At certain stages within the test programme, it was also necessary to schedule in the
removal of the loading beam and repositioning on an alternative axis.

. As the test programme developed an unanticipated constraint was brought in which
was to try and coincide testing with weekends. Other activities within the workshop
generally ceased at weekends and the lower noise level made communications easier
between parties.

® BOMEL therefore worked with AKD to identify the programme for repairs and the next
target test date.
® Close coordination through the repairs was necessary in order that AVT could return

to site as soon as possible to instrument new components within the structure and
recheck elements that might have been damaged in the repair process.

° Bodycote then came to site to reconnect the hydraulic and electrical control systems
for the actuator.

. Prior to every test, a series of trials was undertaken under the direction of BOMEL to

ensure that all instrumentation channels and loading systems were functioning and
that the initial take-up of loads was as anticipated.
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® Only once all NDT was complete and the test systems had been shown to be fully
functional was the repair scaffolding rased. This was often undertaken through the
night in order to provide continuity on site for the sub-contractor teams. The works

were supervised by AKD on behalf of BOMEL to minimise damage to the delicate
testing systems.

. With a short series of trials to re-confirm functionality the test proceeded the following
day.

This cycle of testing and repair repeated throughout the test programme, alongside
communications between BOMEL and Participants as the scope was revised and expanded to
build on the initial findings and maximise the benefit from the test facility.

4.3  TEST SEQUENCES

The conduct of the tests themselves followed a defined sequence. Some understanding of these
is necessary to the interpretation of the resuits:

® Each test day commenced with a safety briefing from BOMEL to all parties. Each
individual was provided with a listing of personnel on site (BOMEL and sub-
contractors) confirming individual roles and responsibilities.  Information was
circulated on the predicted test responses and corresponding sequence of controls.

o The frame was set at the datum position (zero applied load) relative to which all forces
and movements are measured*. Watches were synchronised.

° A datum scan of the instrumentation was taken (Scan 1) as the scan number was
displayed on the master board. These scan numbers provided a consistent reference
base between all contractors and are used extensively in the test descriptions.

® 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

* Inthefirstfourtests (LC1, LC1C, LC2 and LC2C) the actuator datum was incorrectly set with zero load in the actuator, The
actuator was not therefore supporting the weight of the load cell and top hinge unit (15kN total measured weight} and these
were effectively hanging from the 3D structure. The true reference datum for comparison with the analyses required that
measurements of the initial state of stress and applied load effects be adjusted accerdingly. This correction has been made
for all the results presented in the programme reports and conveyed to Benchmark Analysts.
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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
manually.

. 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, etc).

. 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 vaiue for the next load /
displacement increment was determined.

In all cases the tests were undertaken in a quasi static manner. The structure was subject to
distinct increments of displacement after each of which the condition was monitored. In the so
called 'static' or monotonic coliapse tests the above sequence 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.

° Once the desired static or cyclic scenarios had been achieved, the applied load was
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
zZero.

The tests and overall programme were therefore conducted in a carefully controlled and
structured manner. The success of the programme is attributable to the way in which the
contractors embraced these procedures and the constructive and professional manner in which
each party discharged their individual responsibiities.
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5. CONCLUSIONS

This report has described the setting up of the 3D demonstration test structure and provides
drawings completely defining the configuration at each stage of the programme. It also
describes how the fabrication workshop was turned into a test laboratory as BOMEL brought
specialist sub-contractors to site and established a working team.

The canclusion is therefore the existence and safe and reliable functioning of the facility itself,
complete with loading, instrumentation and video monitoring systems. Figure 5.1 shows the
structure in its initial-build condition at the start of the first Loadcase 1 static coliapse test. In
Figure 5.2 the loading beam has been repositioned for the Loadcase 2 test. Finally Figure 5.3
shows the longitudinal loading scenario for the Loadcase 3 test. The loading control,
instrumentation and video monitoring systems are all evident in the pictures. Companion
reports, as detailed in the Foreword, provide information on precise properties of the structure
and present the specific results from each test.

Figure 5.1 Loadcase 1 set up
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Figure 5.3 Loadcase 3 test set up
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APPENDIX A

3D FRAME STRUCTURAL DRAWINGS

General arrangement of test specimen - C636115\002D, Revision G

General arrangement of test specimen - dimensions - C636\15\003D, Revision G

Detail drawing of node points 1A, 24, 3A, and 4A - C636\15\004D, Revision F

Detail drawing of node points 6A, 7A, 8A and 9A - C636\15\005D, Revision F

Detaii drawing of node points 10A, 11A, 12B and 13B - C636\15\006D, Revision F

Detail drawing of node points 14B, 15B, 16B and 17B - C636\15\007D, Revision E

Detail drawing of node points 5B, 188, 198, 20B, 22B and 30B - C636\15\008D, Revision E

Detail drawing of node points 23C, 24D, 25D, 26X, 27E, 28E and 29X - C636\15\009D, Revision G
Detail drawing of jacking beams for Loadcases 1, 2 and 3 - C636\15\010D, Revision B
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APPENDIX B

REACTION RIG DRAWINGS

General arrangement and setting out of loading rig - C636\1 6\001D, Revision D
Loading rig details - sheet 1 - C636\16\002D, Revision C
Loading rig details - sheet 2 - C636\16\003D, Revision G
Loading rig details - sheet 3 - C636\16\004D, Revision C
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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 setting report summarising previous work, identified needs
and Phase il programme 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 systems used in the 3D
frame, accuracy, sign conventions etc. Data on CD in final report

C636\06\313R

(636\23\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

C636\39\011R

£636\40\021R
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Report Title Reference Circulation

Philosophy 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. Comparison
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 £636\45\008R 3
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

Multiplanar SCFs C6364118\018R 1
Joint BG / BOMEL report describing analytical work and
experimental measurements of multiplanar SCFs. Includes
comparison with 'standard' empirical approaches

Site Testing Programme resulls - Report to Benchmark C636\32\066R 4
Analysts

Comprehensive report describing results for benchmark cases
LG1, LC2 and LC3, including all pertinent data and providing
response plots ‘'matching’ the ¢ontributions from individual
analysts

Benchmark Conclusions (636\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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JOINT INDUSTRY TUBULAR FRAMES REPORT
PHASE Il

MATERIAL TESTING REPORT

EXECUTIVE SUMMARY

This report presents results from static tensile coupon tests for offcuts of the tubulars used to fabricate
the three-dimensional test specimen for the Phase Il Frames Project tests. The results are related to
specific locations within the structure but are also used to indicate the average yield level and potential
variability for each material specification.

It is found that the bracing materials on average have yields between 10 and 22% higher than assumed
in the baseline benchmark analyses whereas the leg yields are about 9% lower than anticipated. The static
yield values, reflecting the rate and manner of structural testing, are typically 12% less than standard
tensile coupon test results which is consistent with findings from earlier phases of the work.

The variability between tests from the same sample is found to be a significant contributor to the apparent
variability between the yield properties for different tubulars to the same specification. Nevertheless some

material variability is discernible.

Although the coefficient of variation is small, it is recognised that the absolute differences in yield may
affect the sequence of nonlinear component respanses in the test structure.

Tables are presented giving geometric properties and static yield stress values for gvery segment of each
member in the frame for the individual structural collapse tests.

The level of detail adopted in post-test assessments will depend on the nature and purpose of individual
investigations.

C4636\23\004R Rev B April 1999 Page 0.7 of 0.7
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INTRODUCTION

OBJECTIVES

This report presents results from 75 static tensile coupon tests undertaken by BOMEL Limited
for use in the structural frame tests in Phase Il Tubular Frames Project investigation into the
ultimate response of jacket type structures.

The purpose of the tests was:

. to determine the actual yield properties of tubular members within the structure rather
than rely on nominal values, and

] to generate material data relevant to the manner of structural testing.

The remainder of this section describes the correlation between the test procedures and details
the manner in which the static tensile tests were carried out. Section 2 then describes the
material types and identifiers for individual tubulars in the frame. Seventy five material tests were
conducted in three batches and Section 3 details the resuits by tubular and material type and
makes comparison with nominal values. In Section 4 the tensile yield and tubular geometry
values are allocated to individual members in the structure, allowing for repairs and member
replacement, at the start of each frame test. Section 5 summarises the measured yield
properties in comparison with values assumed for the structural design and original benchmark
analyses.

EFFECTS OF RATE OF FRAME TESTING

The yield stress level exhibited by steel is influenced by the rate of testing™. Tests performed
by steel manufacturers and carried on the material certificates will generally be undertaken at the
maximum rate permitted by the code®. The apparent yield will be higher than tests undertaken
at a slower rate and this present investigation identifies the potential significance of this for
interpreting the frame test resuits.

Testing of the structural frame was carried out under quasi static conditions; load was applied
under displacement control at a rate of approximately 3 mm per minute. After a suitable
increment the ram was locked in position for the instrumentation to be scanned to record the
state of strain (stress) throughout the structure. However, once plasticity begins to develop in

C636\23\004R RevB April 1999 Page 1.1 of 1.3
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a structure, forces redistribute as the structure settles to a state of static equilibrium. With the
amount of instrumentation specified, it took a finite time to complete a scan of all channels. To
ensure readings were consistent, it was essential that the structure had reached equilibrium at
the point data were recorded.

The frame test procedure was therefore:

apply load under displacement control (at the rate of approximately 3 mm per minute),
after a suitable increment, lock the ram in position,

‘hold’ the structure for about 2-3 minutes until online monitoring of the instrumentation
shows a stable equilibrium to have been achieved,

scan the instrumentation,

apply the next displacement increment, etc.

1.3 STATIC TENSILE COUPON TEST PROCEDURES

To ensure that the recorded yield values correspond to the rate of structural testing, ‘static'
tensile coupon tests were performed consistent also with established test practice ©%*. The test
procedure taken from the BOMEL specification™ is as follows:

A

The cross-sectional dimensions of the test zone shall be determined with a
micrometer.

Up to the 'yield' load (from zero load to point Y in Figure 1.1) the speed of cross head
separation shall give a constant rate of stressing between 6 and 30 N/mm.s™ in
accordance with BSEN 10002,

In the plastic range of the test, i.e. from point Y onwards, the speed of cross head
separation shall maintain a strain rate of 0.00025/s within the parallel length of the
specimen in accordance with BSEN 10002.

When, in the plastic phase, the strain measured across the gauge length approaches
0.005, the cross heads shall be stopped for 2 minutes (+5 secs).

Some unloading will occur during this stoppage and the fowest nominal stress
sustained during this stoppage shall be taken as the static yield stress (SY1).

C636\23\004R RevB April 1999 Page 1.2 of 1.3
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F The cross heads shall be separated again as at Step C until the strain reaches 0.008
when the cross heads shail be stopped for 2 minutes (=5 secs).

G The lowest nominal stress sustained during this stoppage shall be taken as the static
yield stress (SY2).

H The cross heads shall be separated again as at Step C until the strain reaches 0.012
when the cross heads shall be stopped for 2 minutes (=5 secs).

I The lowest nominal stress sustained during this stoppage shall be taken as the static
yield stress (SY3).

J The cross heads shall then be separated to give a strain rate of 0.008/s in accordance
with BSEN 10002.

K The elongation at rupture (%) shall be recorded.

The figure indicates a slight increase in the static yield load at successive hold points and the
general procedure enables the static yield value at 0.2% strain to be determined by extrapolation.
It will be seen in Section 3 that in these Frames Project tests the static yield values at each hold
point were similar, variously increasing, decreasing or fluctuating. The quoted values are
therefore based on the average of the static values SY1, SY2 and SY3.

End of first stage End of second stage End of third stage
of dynamic loading of dynamic loading of dynamic loading
4.8 v A / _
( J— I
1.4 ‘-Z p /
i
-d
. 7__ﬂ\f N P Y A N A
e - = 1 “BYATIC YIELD LOAD
= o
- [T
S 4ol
= 103
2|3
3.8
3.6
1] 0D.001 fn.one 0.003 0.004 0.006 0,008 0.007 0.000 0,000 0.010 n.01} 0.012

STRAIN

Figure 1.1 Measurement of Static and Dynamic Yield Loads in a Tensile Test
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2. TEST FRAME TUBULARS

2.1 TUBULARS

Some 116 tubular lengths were procured for the fabrication and repair of the test frame. These
were supplemented with remaining material from the Phase Il Frames Project test programme,
In order to provide a comprehensive basis for interpreting the structural response, complete
information on material and geometric properties was gathered with complete traceability from
each component in the structure to the surveys®.

Individual tubulars were identified (P1 to P116) and measurements of diameter and thickness
and overall straightness were taken at metre intervals®. The static tensile coupon tests reported
here provide the data on tensile yield properties. Tubulars retained from the Phase Il programme
are designated accordingly (e.g. P30Il). Directly comparable data were gathered™® during the
earlier work and relevant values are reproduced in this document.

Table 2.1 summarises the materials and nominal dimensions for all tubulars. Where it has been
necessary to source tubufars to the same specification from different heat treatments, the
materials have been separated out in the table accordingly.

The basis for the material tests in the Phase Il test programme is described below.

2.2  TEST BATCH 1

At the initial stage of the work, the final allocation of tubulars within the structural frame was not
determined. However, a set of representative static tensile coupon tests was commissioned with
Materials Engineering Limited in Aberdeen to give an initial indication of the yield properties in
the as-delivered materials. This set of tests is subsequently referred to as Batch 1 in this report.
The material tests focussed on key tubular categories within the framing anticipated to play a role
in the ultimate structural responses. Materials ‘over’ specified to remain elastic (e.g. load cells)
were not tested and reference was made to mill certificates to confirm adequacy.

For Batch 1 representative tubulars were selected at random and individual tests performed. In

addition, multiple tests for an individual tubular (P39) were undertaken to assess the apparent
variability between tubulars with the inherent variability between tests on the same material.

C636\23\004R RevB April 1999 Page 2.1 of 2.3
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Table 2.1 Frames Project Tubulars

2.3

TUBULAR REFERENGE MATERIAL/BATCH SIZE OD X WT (mm)
P1-10 API 5L X 52 335.6 x12.7
P11 API 5L X 52 355.6x25.4
P12 API 5L X 52 457.2x12.7
P13 - 14 API 5L X 52 168.3x18.3
P15-18/ P24 API5LB 273.0x5.6
P19 API 5L X 52 / C6104E 168.3x 9.5
P20 AP| 5L X 52 / 51669 168.3x 9.5
P21 - 22 APt 5L X 52 273.1x10.0
P23 APl 5L x 52 273.1x9.3
P25 - 37 BS 3602 430 ERW / 5B25816 | 168.3x 5.6
P38 /P40 - 45/ P49 - 55 BS 3602 430 ERW / 5B22797 | 168.3x 4.5
P39 /P56 - 110 BS 3602 430 ERW /5B19704 | 168.3x 4.5
P113-116 BS 3602 430 ERW / 5B43139 | 163.3 x 4.5
P30Il - 3111 / P34Il - 35l / P45l | BS 3602 430 ERW / 5B31325 | 163.3x 4.5
P46 BS 4848 Gr 500 168.3x 5.0
P47 BS 4848 GR 50D 168.3 x 5.0
P48 DIN 1629 St 52 168.3 x 5.0

TEST BATCH 2

Once fabrication was at an advanced stage, sach member could be traced to the tubular
reference. Appendix A contains the sketches provided by the fabricator, AKD Engineering Limited
for the initial build. A second batch of tensile coupon tests (Batch 2) was therefore
commissiongd to provide comprehensive data for the tubulars used within the structure.
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2.4 TEST BATCH 3

Following completion of the Phase lil frame testing it was necessary to perform a further set of
static coupon tests for the purposes of analysis. These ensured that material properties were
available for the specific tubulars used in all components which failed in the frame tests. This
set of supplementary tests is referred to as Batch 3 within this report.

The results from Batches 1, 2 and 3 have been combined in this report and are presented in
Section 3.
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3. TENSILE COUPON TEST RESULTS

3.1  RESPONSE CHARACTERISTICS

Tests were undertaken on three tubular types (steel grade / manufacturing process) of different

sizes:

. APIBL X 52

° APl 5LB

. BS 3602 430 ERW (annealed).

The electric resistance welding manufacturing process for the BS 3602 tubulars leaves
considerable residual stresses. Stub column tests in earlier phases of the Frames Project®
showed that as welded, the tubulars exhibit a gradual softening characteristic without the well
defined yield point representative of offshore rolled and welded members. However, the tubulars
are supplied in appropriate sizes for the geometric properties and proportions of offshore jackets
to be retained at the scale of testing. Subsequent to delivery the ERW tubulars were annealed
to relieve the residual stresses using procedures proven in earlier phases of the work® ©.

Figure 3.1 shows representative plots of load against cross-head displacement recorded in
tensile tests on @ sample from each tubular type. It should be noted that these plots do not relate
to the gauge area alone and should not be used to infer Young's modulus characteristics.
(Previous stub column tests®™ on ERW tubulars confirmed an average value of 207 x 10°
N/mm?).

However, the plots do confirm that all materials exhibit a well defined yield point and sustained
yield plateau (subsequent strain hardening at large strains/displacements is not shown).
Furthermore, the relaxation at each hoid point can be seen, together with the basis for
determining SY1 etc.

3.2  YIELD STRESS RESULTS

Table 3.1 presents results for the 75 tests undertaken in the Phase |Il test programme® together
with relevant results from Phase 11", The static yield loads are averaged for each sample and
for each heat treatment of nominally identical tubulars. The coefficient of variation (COV) of the
results for each set is presented based on the sample standard deviation.
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Figure 3.1 Static Tensile Coupon Test Plots
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Table 3.1 Static Yield Test Results (Part 1 of 3)

MEL REF. AKD REF. TEST WIDTH THICKNESS XAREA  SY1 sY2 SY3 SY1-3Avg.  ELONG.
BATCH (mm) (mm) (mm~2) (N/mm~2) (N/mm~2) {N/mm~2) (N/mm~2) %

Material APISLGrX52  Nominal properties 355.6mm 0D x 12.7mm WT Heat No. 93310

40460M PO 1 19.83 1263 25045 32242 326.21 321.82 3232 KZ}

40461M P03 1 20.04 1272 25491 323.64 32168 313.84 319.7 3

40462M P05 1 20.03 1281 25658 32368 329.52 329.33 327.5 33

40463M PO7 1 20.18 1238 24983 82 325.82 Nnsz22 3208 34

40464M P09 1 20.08 1274 25582 330.27 328.36 338.13 3323 33

40939M P10 2 19.88 1251 24869 335.36 336.76 337.77 3366 33
Test Resulls Avg T {mm): 12.63 Avg SY1: 325.60 Avg 8Y1-3:  326.67

COV 5Y1-3: 2.2%

Materiall APISLGrX52  Nominal properties 457.2mm 0D x 12.7mm WT Heat No. 197120

40465M PO12 1 20.05 12.81 25684 356.25 355.28 354.31 335.3 3

Test Results Avg T (mm): 12.81 AvgSY1: 356.25 Avg SY1-3:  355.28
COV §Y1-3: 0.3%

Material APISLGrB  Nominal properties 273.1mm 0D x 5.6mm WT Heat Ho. 5B19468

40466M P15-1 1 19.94 565 11266 295.14 288.48 281.82 2885 K’

40467M P16-1 1 19.91 551 11170 29167 294.36 279.76 2886 3B

40468M P17-1 1 19.54 569 11346 288.65 288.03 271.29 2827 36

40469M P18 1 19.88 570 1133 315.04 3618 303.12 N4 KL}

40470M P24 1 19.87 558 11087 292.01 290.88 279.61 2875 36
Test Results Avg T (mm): 5.65 AvgSYl: 29650 Avg S3Y1-3: 291.74

COV §Y1-3: 4.2%

Material BS3602 430 ERW  Nominal properties 168.3mm 0D x 5.6mm WT Heat No. 5B25816

40471M P25 1 19.88 553 10994 267.87 270.42 256.78 265.0 X

40472M P23 1 19.91 547 10891 274.08 27499 27316 2741 36

40473M P31 1 19.85 545 108.18 28268 279.63 269.27 2772 35

42029M P32 3 2010 541 108.74 274.78 277.08 281.68 2778 35

40474M P34 1 19.92 548  109.16 274.83 27052 262.92 2694 37

40475M P37 1 199 9.51 109865 276.33 283.45 275.7 2785 36
Test Results Avg T (mm): 348 AvgSYi: 275.10 Avg SY1-3; 273.63

GOV 5Y1-3: 2.5%

C636\23\004R Rev B  April 1999 Page 3.3 of 3.11




BOMEL 3535035503
Table 3.1 Static Yield Test Results (Part 2 of 3)

MEL REF. AKD REF. TEST WIDTH THICKNESS X AREA 5Y1 §Y2 §Y3 SY1-3 Avg.  ELONG.

BATCH {mm) {mm) {mm~2) (N/mm~2) (N/mm~2)(N/mm~2)(N/mm " 2) %

Material BS3602 430 ERW  Nominal properties 168.3mm 0D x 4.5mm WT Heat No. 5B19704
40477TM P3g 1 19.94 459 89.53 294.59 293.20 27784 2885 37
40947M P56 2 2031 447 90.79 274.04 274.04 272.61 2736 36
40948M P57 2 19.89 4.53 80.10 285.24 283.02 283.35 283.9 38
40949M P58 2 2017 4.41 88.95 27544 27544 2i4.08 275.0 37
40950M P59 2 20.33 4.45 a0.47 267.50 258.04 265.28 266.9 7
404820 P60 1 19.42 460 89.33 291.06 295.25 272.86 286.4 37
40951M PE2 2 2010 443 89.04 267.30 266.73 268.20 267 .4 8
40852M P63 2 19.99 4.46 89.18 27479 273.44 276.24 2748 33
40953M P64 2 2027 450 91.22 275.49 274.06 274.06 2745 35
40483M P65 1 19.91 4.60 91.59 278.41 282.51 282.51 2811 37
40954M P66 2 19.94 4.52 90.13 291.25 289.91 287.14 289.4 35
40955M P67 2 20.30 4.57 Q.77 291.04 288.35 289.75 289.7 36
42032M Pes 3 20.10 442 88.84 257.54 262.27 264.52 2614 37
40484M P70 1 19.93 442 88.09 261.10 262 52 24833 257.3 37
40485M P75 1 19.88 462 91.85 278.99 281.1 27218 2778 36
40956M P76 2 19.96 455 90.82 21527 276.70 279.45 2771 37
40957M P77 2 19.92 4,33 86.25 260.87 262.38 260.687 2614 36
40958M P78 V4 2030 4.49 91.15 279.76 279.76 282.50 280.7 37
40486M P80 1 19.93 4,52 90.08 285.86 284.47 262.27 271.5 36
42035M P81 3 2010 4.52 90.85 27517 277.93 2821t 2784 36
42030M P82 3 2013 451 90.79 29023 289.13 285.82 2884 36
40959M Pa3 2 20.28 454 92.07 285,11 282.39 282.39 283.3 35
40960M P84 2 20.00 439 87.80 27198 270.50 269.13 270.5 37
40487M PB5 1 19.93 458 91.28 287.58 286.21 273.88 2826 35
40961M P86 2 203 4.49 91.19 285.12 285.86 28512 285.3 38
40962M P88 2 20.34 4.59 93.36 303.98 306.66 301.31 304.0 36
40488M P90 1 19.89 457 90.90 284.65 286.03 276.40 282.4 36
40963M PS1 20.10 4.58 92.06 28242 282.42 28514 2833 37
40964M PS2 2 2025 4.48 90.92 27772 271.72 274.96 276.8 38
40489M P95 1 19.89 447 88.91 265.72 267.12 258.69 263.8 37
40490M P100 1 15.90 461 91.74 267.06 273.87 264.33 2684 7
42033M P104 3 20.25 4.56 92.34 278.86 280.27 282.65 280.6 38
4D0491M P105 1 19.92 4.49 89.44 27113 27393 258.55 2679 36
42036M P106 3 2009 453 91.00 282.96 285.71 285.16 284.6 36
40965M P107 2 2019 4,55 91.86 273.00 272.15 276.29 2738 39
42038M P109 3 19.16 4.49 86.03 281.88 283.39 281.29 2822 34
40492M P110 1 19.90 454 90.353 285.00 282.24 268.40 2785 36
Test Results Avg T (mm): 451 AvgSY1: 278.79 Avg SY1-3: 277.82
GOV 5Y1-3: 3.7%
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CONSULTANTS
Tabie 3.1 Static Yield Test Results (Part 3 of 3)
MEL REF.  AKD REF. TEST WIDTH THICKNESS X AREA 8Yt sy2 5Y3 SY1.3 Avg. ELONG.
BATCH {mm} (mm) (mm~2) (N/mm~2) (N/mm~2)(N/mm~2)(N/mm~2) %
Material BS360Z 430 ERW  Nominal properties 168 .3mm OD x 4.5mm WT Heal No. 5843139
42031M P114 3 20.10 4.52 90.85 279.03 28453 291.69 2851 36
42034M P115 3 20.10 451 90.65 275.78 275.23 276.66 2759 36
420370 P116 3 20.09 460 9z2.41 298.67 298.57 290.88 296.1 34
Test Resulis Avg T (mm): 454 Avg SY1: 284.49 Avg SY1-3: 285.68
COV 8Y1-3: 3.4%
Material BS3602 430 ERW  Nominal properties 168.3mm 0D x 45mm WT Heal No.5B19704  (same pipe)
40477M P39 1 19.94 459 89.53 294.59 293.20 277.84 288.5 37
40477M/2 P39 1 19.91 458 91.19 283.80 282.38 281.06 282.4 35
40477M/3 P39 1 19.92 4.56 90.84 287.59 286.22 280.71 2848 37
40477M/4 P39 1 18,92 457 51.03 278.75 281.50 274.63 278.3 36
40477M/5 P39 1 19.89 4.51 91.69 286.29 29311 275.38 284.9 37
Test Results Avg T (mm): 458 AvgSY1: 286.20 Avg SY1-3: 28380
GOV §Y1-3: 2.2%
Material BS3602 430 ERW  Nominal properties 168.3mm 0D x 4 5mm WT Heat No. 5B22797
40476M P33 1 19.83 440 87.25 269,34 268.19 271.63 269.7 38
40940M P40 2 20.29 455 62.32 208.45 253.87 284.34 288.9 38
40478M P42 1 19.94 4.57 9113 282.56 282.56 271.59 2789 B
409411 P43 2 2004 4.48 89.78 283.80 284.03 282.69 2835 37
404754 P45 1 19.92 4.61 91.83 281.77 279.05 258.63 2732 35
40942M P49 2 19.96 441 88.02 267.67 268.46 27414 270.1 3r
40943M P5g 2 20.24 4.60 9314 292.70 297.85 294.84 2951 37
40480M ) 1 19.94 4.50 89.73 261.90 266.08 254.93 261.0 37
40944M P52 4 20.01 4.36 87.24 283.70 285.19 279.46 282.8 36
40945M P53 2 19.77 4.42 87.38 28t.87 279.01 27152 279.5 35
40946M P54 2 20.26 4.37 88.54 276.15 276.71 273.89 275.6 36
40481M P55 1 19.91 441 87.80 254,64 25342 238.30 248.2 36
Test Results Avg T (mm): 4.48 Avg SY1: 279.08 Avg SY1-3: 27553
COV SY1.3: 4.8%

Material BS360Z 430 ERW  Nominal proparties 168.3mm 0D x 4.5mm WT Heat No, 5B31325  (Phase It Programme)
OMT28423 P30l Phasell 25.39 448 1375 250.56 258.29 252.75 2539 40
OMT28424 P31t Phasel) 25.42 457 11617 247.48 257.21 254.37 253.0 kL]
0MT28427 P34l Phasell 25.37 456  116.19 24313 249.58 251.73 2481 37
OMT28428 P35Il  Phasell 25.43 453 11520 251.74 251.74 24957 251.0 37
OMT28438  P4511  Phase li 2540 4.51 114.55 252.02 255.34 257 52 255.0 33

Test Results Avg T (mm): 453 AvgSY1: 24899 Avg §Y1-3: 252.20

COV 5Y1-3: 1.6%
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The results for the first 37 tests undertaken in Batch 1 are plotted by tubular type and section size
in Figure 3.2 so the variability can be further assessed. Figure 3.3 compares the resuits from
multiple tests from the same tubular with other individual samples from tubulars in the same
batch.

The 'dynamic' results indicated on the figures come from standard coupon tests commissioned
by AKD in the course of material selection/pracurement activities, As anticipated, the faster rate
of testing gives higher 'yield' values.

Figure 3.4 collates all BS 3602 430 ERW results from all 75 Phase Il project coupon test
batches and heat treatments for 168.3 mm 0D by 4.5 mm WT tubulars. The distribution is
evident but itis clear that the average value arrowed is generally representative. Table 3.1 shows
the Phase 1l material to have a significantly lower yield level. However, the quantity of Phase I
material used was relatively small and its use is confined to the final repair and in components
whose response did not govern the overall frame behaviour. Therefore for interpreting the frame
test results, and particularly for the benchmark cases, the Phase Il average value of 277.7
N/mm? is deemed to be appropriate

Table 3.2 sets the average static yield test resuits against the mill certificate data (where
appropriate), the results from standard ‘dynamic’ tensile tests performed by AKD as part of the
material selection process, and the baseline assumptions used in the benchmark analyses at the
time no data were available. The final columns provide material data comparing the actual static
yields with dynamic values and the baseline assumptions used in the initial benchmark
predictions.

3.3 TUBULAR GEOMETRY
Table 3.1 also includes the measured tube wall thicknesses sampled within the gauge length of
the tensile test samples, providing further basis for comparison of nominal and actual properties.

3.4  OBSERVATIONS

With reference to the Phase Il results in Tables 3.1 and 3.2 and Figures 3.2 to 3.4, the following
observations can be made:

. The API 5L X 52 is slightly more consistent between samples than the other tubulars
but the degree of difference is not great.
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. The COV for five tests from the same tubular (2.2%) is less than between 37 tests
from different tubulars within the same heat treatment (3.7%). The results might
suggest that variability due to testing may be more or at least equally significant as
any inherent differences between the materials. However, the COV is affected by the
sample size and the range of results from the smaller test set from the same tubular
(278.3 to 288.5) is considerably less in absolute terms than for the remainder (257.3
to 304.0 N/mm?).

° There is a small difference between the average static yield values for the three heat
treatments to the same BS 3602 430 ERW 168.3 x 4.5 mm specification; namely
275.5 N/'mm?, 277.8 N/mm? and 285.7 N/mm?.

. The apparent increment of dynamic yield over static yield is of the order of 12% which
is consistent with previous findings® ®. These figures are indicative and it should be
recognised that only isolated ‘dynamic’ results are available for statistical comparison
with multiple static results. Nevertheless, the trends are consistent.

® The brace materials have generally delivered yield strengths somewhat higher than
assumed in the baseline analysis predictions (on average 10 to 22% higher) whereas

the leg steel has a slightly lower vield (on average 1 to 10% lower).

° The average static yield for all BS 3602 430 ERW 168.3 x 4.5mm tubulars, across all
heat treatment batches, is 277.7 N/mm?.
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4.  MATERIALS WITHIN THE TEST STRUCTURE

Every tubular sourced for use in the frame was given a reference identifier P1 to P116 on receipt
(see Section 2).

A sample from each tubular was despatched to the test house to be available for static tensile
tests. Tests were undertaken and are reported in Section 3 for tubulars relevant to the collapse
response of the frame. For non-critical sections averaged properties for the tubular type are
assumed.

Prior to cutting, each tubular was surveyed at 1m intervals to give orthogonal diameter and wall
thickness measurements®. At critical joints, diameters and thicknesses were recorded at 0.1m
intervals. In addition micrometer measurements associated wth the materials tests gave
accurate wall thickness values. Once fabrication was complete the tubular identifier and survey
marks on each member segment were recorded.

Each member within the structure was numbered as shown in Figure 4.1. ltis therefore possible
to cross-reference every member with the material reference and measured diameter and
thickness values.

The first table in Appendix A presents the correlation for the initial build of the structure. It can
be seen that in several cases an individual member comprises a number of segments. Appendix
B reproduces the fabricator's sketches for the initiai build indicating, for example, segments to
either side of a load cell within a member. In all cases, properties for the largest segment are
assigned to Segment One in the table. In order that the potential variability between segments
in a member can be assessed the final columns of the table compare the maximum and
minimum axial capacities for the shorter sections with Segment One. Where specific measured
values are not available average properties are given and these are shown in italic; roman text
signifies measured values.

After each test, damaged areas of the structure were replaced. The material and geometric
properties for each repaired member were recorded as for the initial build.

Subsequent tables in Appendix A include updated details for all members following the first to
sixth repairs respectively. The changes are shown by asterisks within the first column. Each
table therefore presents the properties of the structural members at the start of the subsequent
test. Tables are presented in the chronological order of testing as follows:

. Initial build Loadcase 1 (LC1)
. 1st repair Loadcase 1 cyclic (LC1C)
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o 2nd repair Loadcase 2 {LC2)

° 3rd repair Loadcase 2 cyclic (LC2C)

L] 4th repair Loadcase 3 cyclic (L.C3C)

. 5th repair Loadcase 3 (LC3)

. Bth repair Loadcase 3 cyclic A and 1 cyclic A (LC3CA and LC1CA).

Initial build and 3rd and 5th repair tables therefore give data relevant to the benchmark analysis
cases.
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5. CONCLUSIONS

Based on the material test results, the following conclusions are reached:

L Tables in Section 3 provide measured static yield stress values for individual tubulars
and values averaged by material batch.

o Tables in Section 4 provide member by member details of actual section properties
and material yield values for the structure in each test.

] The difference between the measured steel yield vaiues and the properties assumed
prior to testing is sufficiently significant for it to be appropriate to account for the
actual properties in updated analyses. Table 5.1 provides an update to the nominal
material properties appended to the Benchmark Analysis Specification®” using average
values.

® The level of detail adopted will depend on the purpose of the investigation and

information is provided in Section 3 on the degree of inherent and sampling variability
which can be accounted for.
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Table 5.1 Material Properties Based on Static Coupon Tests (Averaged)

&

Minimum Specified Yield (N/mm?)
Product
Original Preliminary Updated after
Assumptions Tests All Tests
RIG SECTIONS
TMGCP plate - fabricated sections* 420 420 -
Rolled Sections* 335 330 -
SPECIMEN TUBULARS
168.3DIAx 4.5WT  BS 3602 ERW 250 273 278
273.0DIAx 56WT  API5L GRADE B 240 292 -
273.0DIAx 93WT  API5LX52 * 358 354 -
273.0DIAx 10.0 WT  API 5L X52 * 358 37 -
3556 DIAXx 127 WT  API 5L X52 358 325 327
457.2DIAX12.7 WT  API 5L X52 358 355 -
168.3 DIAX 18.3WT  API 5L X52 * 358 324 -
168.3DIAXx 9.5WT  API5L X52 * 358 335 -
168.3DIAx 56WT  BS 3602 ERW 250 273 274
355.6 DIAx 25.4 WT  API 5L X52 * 358 422 -
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 in

Table 3.2).
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APPENDIX B

STRUCTURE - MATERIAL CROSS REFERENCING

{(BOMEL incoming Document 9099 - 7 pages - initial build sketches from AKD)
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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 Gonclusions C636\04\478R 1
Overview report describing the project and principal findings

Background, Scope and Development £636\04\435R 1
Scene setting report summarising previous work, identified needs
and Phase [l programme definition and development

3D Test Set Up C636\06\313R 1
Brief description of the 3D test set up and structural configuration
Material Testing Report C636\23\004R 1

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

Assessment of Locked-In Fabrication Stress C636\21\050R 1
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 C636\25\071R 1
Detailed description of alt instrumentation systems used in the 3D
frame, accuracy, sign conventions etc. Data on CD in final report

Loadcase 1 Test Report - Multiplanar K Joint Action C636\37\014R 1
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 | C636\39\011R 1
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 C636\40\021R 1
System Action

Detailed description of the Loadcase 3 static test response and
interpretation of the results and their significance
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Report Title Reference Circulation

Philosophy 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 ioading
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. Comparison
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 results and their
significance. Comparison with LG1 and LC3 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 resulls - Report to Benchmark C636\32\066R 4
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 C636\32\084R 1
Report comparing blind and post test analyses with measured
responses and assimilating learnings and recommendaticns for
future practice identified by Benchmark Analysts
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JOINT INDUSTRY TUBULAR FRAMES PROJECT
PHASE IIl
ASSESSMENT OF LOCKED-IN FABRICATION STRESSES

EXECUTIVE SUMMARY

As a redundant steel structure is fabricated, forces become locked-in to the members due to constraint
effects as welds cool and shrink. These forces have been measured during the initial build and subsequent
repairs to the Frames Project 3D test frame. This report describes the complementary mechanical and
electrical measurement systems used and presents the results for critical components in each test.

It is shown that the pattern of forces can be readily understood but that it depends on the particular
sequence of fabrication. The forces may be tensile or compressive and levels as high as 30% of the axial
yield capacity of members were reached.

The influence on responses in the tests may be beneficial or detrimentat depending on the direction of
applied loading. The relative influence may be particularly great if joints without cans are the critical
component in the loadpath.

As a result it is concluded that:

® the locked-in forces reached in the test frames must be taken into account when interpreting the
measured capacities of components to applied loads

o the potential influence of these locked-in forces must be recognised in the comparison of
benchmark analysis predictions to the test frame responses.

Table 5.12 summarises the measured locked-in fabrication forces acting at the start of each test. Table
3.1 presents the coacting forces due to gravity and a load cell offset calculated.

More generally when considering the conduct of ultimate strength analyses of jacket structures the
potential influences of locked-in fabrication forces must be considered. Their magnitude and sense will
never be known but some degree of sensitivity study may be appropriate to ensure that deterministic
response predictions are valid.

C636\21\050R Rev O July 1999 Poge 0.8 of 0.8
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1. INTRODUCTION

1.1 DEVELOPMENT OF LOCKED-IN FABRICATION STRESSES

Itis a fundamental law of physics that a material contracts as it cools. In the case of weld metal
forming a connection in a statically indeterminate structure, the surrounding members distort to
give compatibility of the strain as the weld cools. As a result, a corresponding set of internal
equilibrating forces is generated. A zone of self-equilibrating tensile and compressive residual
stresses is also generated local to the weld. These stresses can reach yield level and can be
very significant in fracture mechanics assessments of crack-like flaws. However it is the long
range locked-in fabrication forces and their effect on the apparent capacity of structural
compenents and systems that are the subject of this investigation.

Treatment of locked-in stresses in the open literature is not extensive. Nevertheless, the
phenomenon is well-known to welders on fabrication sites. In preparing members for fit-up the
distortion must be accounted for to ensure that the sequence of welds can be performed
satisfactorily and that the straightness of members in the final structure is within specified
tolerances. Similarly if there is a need to dismantle a welded structure, precautions are taken
to avoid the effects of springback as members are cut and forces are released. The locked-in
forces may be due to mechanical constraints, applied during fabrication to achieve fit-up, as well
as weld shrinkage.

1.2 INFLUENCES OF LOCKED-IN FABRICATION STRESSES

In general component based design practice offshore, structural engineers take no explicit
account of locked-in stresses. There are a number of reasons for this:

. Capacity equations for members, joints etc., are derived from isolated component
tests where the specimens are statically determinate with free ends so no locked-in

forces are present

° The magnitude and sense of locked-in forces depend on the sequence of fabrication.
They would not be known before construction, nor are they generally monitored.

® The broad umbrella of a working stress safety factor may have been considered
adequate to accommodate such random 'imperfections'.

C636\21\050R Rev O July 1999 Page 1.1 of 1.2
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However, if the effects of locked-in stresses are significant (and this report will show they can
be), more rigorous account may be appropriate, particularly in a limit state scenario and where
structural system reliabilities are being quantified.

In some structures instability in one weak [oad path may dominate the response. As a result,
imperfections, such as locked-in stresses, which affect the capacity of the critical component,
can have a direct influence on the system capacity. In others the redundancy may ensure that
parallel load paths are evenly utilised such that, although the precise sequence of local failures
leading to structural collapse may be sensitive to perturbations in the component properties, the
ultimate collapse load may not be.

Ultimate strength (pushover) analyses are being performed increasingly to demonstrate the
ability of a platform to withstand extreme events without catastrophic collapse and to prioritise
and target inspection activity on key components for overall integrity. Detailed or accurate
information about all aspects of system loading and resistance is generally not available and the
need to perform sensitivity analyses is being recognised increasingly.

1.3 LOCKED-IN STRESS MONITORING IN THE FRAMES PROJECT

Having seen evidence of the potential influence of locked-in stresses on system performance in
earlier phases of the Frames Project (see Section 2), the 3D programme included a specific
monitoring activity:

1. To ensure the measured force responses were appropriately interpreted; and

2. To provide more general insight to the build up of locked-in stresses and their
magnitude, and recommendations on their treatment in future analyses.

Section 3 provides a description of the 3D frame configuration and loading scenarios to define
the state of stress in the structure at the start of each test. The ways in which the locked-in
forces were measured and validated are described in Section 4. Section 5 then provides specific
records for each test which are used in companion reports describing the test programme.
Recommendations concerning the potential importance of these locked-in forces, in terms of
their effects on component capacities and system responses recorded under applied load, are
given in Section 6. In addition more general recommendations for considering the effect of
locked-in stresses in jacket analyses are also presented.
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2. FRAMES PROJECT PHASES | AND Il - BACKGROUND

Attention was given to the potential influence of locked-in stresses on structural performance
when interpreting the measured responses of the two-bay X braced frames tested in Phases |
and Il of the Frames Project™ 2 (Figure 2.1).

Figure 2.1 Frames Project Phase | - two bay X-braced frame

The issues are discussed in detaif in Reference 3 which is reproduced here as Appendix A.
However, in summary the sequence of component failures and capacity of individual members
under applied frame loads were not as anticipated.

Figure 2.2 shows that in Frame | the top bay chord yields in tension (at Scan 9) before the
corresponding brace buckles (at Scan 11). The members are moderately slender with very
similar geometric and material properties. An initial pretension in the members would explain
this (otherwise unexpected) sequence. Aithough locked-in forces were not measured in the
Phase 1 project, evidence to support the findings was found in records of the construction
sequence. For Frame | the mid-height horizontal was positioned before the top bay X-bracing

C&36\21\050R Rev O July 1999 Page 2.1 of 2.3
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was introduced. The surrounding structure would therefore have resisted the pull as the X-brace
welds cooled, inevitably resulting in pretension in these members.

APPLIED LOAD (kN)
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-+—Lower compression
bracs in top
800 |- bay buckles
€00 LATERAL
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200
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Figure 2.2 Frame | top bay brace loads through ultimate strength test

Conversely it can be seen from Figure 2.3 that in the case of Frame |1l (which did not have a mid-
height horizontal) there appears to have been an initial pre-compression in the top bay bracing.
The tension brace capacity in response to the applied force load is significantly greater than the
measured yield stress and cross-sectional area would indicate. It is known that, to ensure the
legs would be straight within tolerance, the frame legs were deliberately pulled outwards during
fabrication to compensate for the inward force as the X-braces were welded. Once welding was
complete the mechanical constraints were released and the legs moved in compressing the

braces.
OVERALL LOAD-DISPLACEMENT RESPONSE
FRAME I
S 1000
& Top bay
5
b= TOP BAY BRACE YIELD LOAD
_500 | LATERAL
-E, Bottom bay DISPLA{;EMENT
[m]
2 1<
= 0
=
=
Top bay buckle
c =500 |
o
["]
g Bottom bay buckle
a
£
3 —1000 - . 11 . s :
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FRAME DISPLACEMENT (mm)
Figure 2.3 Frame lIl brace loads through ultimate strength test
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In Phase Il locked-in stresses were measured and provided a basis for accurately correlating
recorded joint capacities within the frame to isolated component responses (see Appendix A).
The stress levels were as much as 15% of the nominal yield of the brace materials and either
tensile or compressive. it should be noted that the frame proportions and the geometric and
material specification of the braces and legs in the 3D frame are nominally identical to the
original 2D test structures.

Consideration was given to the potential effects of scale, and this was supported by a further
investigation during the fabrication of a four leg X-braced Gentral North Sea jacket. The
measured locked-in stresses were generally within + 5% of the nominal yield but levels as high
as 12% were recorded which in absolute terms were as great as those recorded in the test
frames. Had the jacket had more complex bracing, stiffer legs or an alternative construction
sequence, higher levels of locked-in stress could be envisaged.

This early work therefore showed the effects locked-in fabrication stresses can have on ultimate
structural peformance and confirmed that the fabrication stress levels recorded in the test
frames are representative of those in full-scale jacket structures.

On that basis it was recognised to be imperative that locked-in fabrication stresses were

recorded in the 3D test structure, both to ensure the responses to applied load were correctly
interpreted and to provide greater understanding of their potential influence on jacket behaviour.
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3. 3D FRAME CONFIGURATION

Before detailing the measurement of locked-in fabrication stresses, it is important to recognise
all the elements contributing to the state of stress in the structure at the start of each test.

Eight frame tests were carried out in total with different patterns of load (static, cyclic etc)
applied at three locations. The alternative loading beam positions in the three configurations are
shown in Figure 3.1. The corresponding frame tests are listed in the captions. The test
designations can be interpreted as follows:

a b c d
LC 1 c A

a Loadcase

b Numeral '1'/ '2' / ‘3" indicating loading position as per Figure 3.1
c *! static test / ‘C' cyclic test

d "' static or basic cyclic test / 'A* alternative cyclic test

Between consecutive tests, damaged areas of the frame were cut out and replaced in-situ.
Figure 3.2 shows the sequence of frame tests and gives a diagrammatic representation of the
repair locations.

No repairs were effected between Loadcases LC3CA and LCI1CA. The 'critical' areas where
members failed in each test are indicated by member number. Figure 3.3 gives the member and
joint numbering schemes. It should be noted that X-braced members 98-101 at Level 1 were
not present in the initial five tests LC1, LC1C, LC2, LC2C and LC3C; they remained in place for
the final three tests. Similarly the loading configuration is shown for LC3** and differences from
LC1** and LC2** tests are indicated in Figure 3.1.
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LCT
LC1C
LC1CA

LC2
LC2C

LC3
LC3C
LC3CA

Figure 3.1(c) Loadcase 3 ** configuration

C636\21N050R Rev ©  luly 1999 Page 3.2 of 3.9




Shniinisn: 1IN0 8

6'E 4o £'g 9boy

slieda. pue syno ‘sain|ie Jaquiaw ‘@ousnbas 1sa) Jo Alewwng  Z'¢ ainbiq

4861 AT O 494 HOGONLZA\9EDD

v Z TIATT OMOYEE NY ]
I, v AN
2}
[4 z
v + TEAT] DNOVHE Nl
L = a 3
a o a 3 nedar yyg - £97 JayE saeday

¥ ANvud

v +1aAm N
g
o} a 3 L

A1edai Y3 - 5EaT Sye saedsy

Invy 3 I
b4 Z
L
3 -1 -1
Aedad yyy - Jpedeu pag -
270 seye sijedey 207 ey simdey

2 INVH

v LIBATIoMoveE
O WYY,

2 ANVY
Papalk Lg J1oqUaN = ALg
Polis 2k 3poN X = ZyX Ba
T13ATT BN L 134T OOV N d
v e v v z ] 2 z perse) Udeq Sel [eUsIeN
pepauk Joquia :A
v  I3AST NI Nl Poppang sequisp .q
a i . JaquUIN WIor ¥ 1Y
g FqunU UOr Y Y
2 a El A4 E L t v a8 0 asespea 3
a 158} eseopeo ||
Hedas pUz - 5157 seye sipedey o] a 3 Medad 15 - 107 JelE sieday |Bw] e5e3pR0T 3
e
00L ¥ 96 1L 69 €9 1905 ZF 15 OF 55 F5 0B 1% viloiBolL | 10 qentd) | 95600180 [Re/LLAL [0
(261 patsras go y (Br1} 902 '(OF1) 922 (521) 8EM "(69) Lo SIEMIO0SY g9l ot woi qen | oozzerol |esnise |l
ZoL ewgenon | ee'0L-8g'60 | eeriiso il voion
—~ OL5191 80 | 86/019E [1]
(591) Aaw/my ¥ (S01) AZ6/05 aaresod U (501} ““peX ‘(SB1) “MEEX (POL) ALSIES ‘OrG1 *Sgey (ogh o] T MDLOWY Sozall | W ARO0RdT | ioizziz |esmiz [1
. SZoll lewgeoeo | ze'Li-ge0s | semez i fwoeod
L9% 6% "8G £ 'S5'¥S €S 15 05 '6F ¥ 9F S Lrary o eeD ZE9L51 01 | ses0/t [2
(@9 91o % (LS) §1X '(6S) ¥PX '(B5) 91 "(p¥) AbS (14D qOF '(90) 909 {25 905 {26) ASS/ES (T ASSiLs (LT} Azkicr ‘(L) ALsier X HOLOOY L0l L e Lroz¥E'60 | BeBiee |
8z oL 1BU) BED Zrirseyl |esmomz]a] €07
09 % 65 LS 25 4G B sazoigsz [ 9 eDEDt | 610z8Lel [R6/M0/0 (0
MLy ZsTo el | @Sl poedt | mret-sze | eemonmo L
(921} Apprae ¢ (S20) Agsvs “(921) AZs/os '(2z1) ALs '(5TL) Qbg SIXMELOZE Lo Lsei edEDT | SriZyrer | eemonso L
EEUL e L R e
Seon i ireeoser |semonofi] oeon
RN | O0E OJEGZ | N3 BQZON Y ¥ IZ WP OE | R6LLO/IE [0
SIXMEOIHY zezoivrl | Zser ez | wroZ-2sen |esuonz L
(rE 1) Ace/Le ¥ (911) Zry] SICMDLY 4 TR N ) nuse e0za1 | eviz-iven |eevonz |1
s - orst-iren |eeienz 1
zeovr | RO | varoeyn Jesnom 1] e
287 19 8l 65 0405 [T =) ¥zztooz |esmon |2
(¥ aze ¢ (3€) 982 (12} Azerie (¥ ) 2p¥] SICMBOOVGE BYoLiL Isel ez TO0ZLZT0L |86/0002 |L
SLOHL 11z ZeoLozrl Feenosl 1] zon
£ ¥6°/8 99 ¥ £9 20 1o} - SYEL-ST L | 96/80/20 Jo
. - 9T EZ02'80 | 865045 [L
(#8L) 283 ¢ (a51) 80 SXMEO0RE Sel oL 1581 82101 a1z erel | sasows |1
oz ol L Buienydy | osziszvl |aesomz 3] 0107
2. ¥ 56 '¥6 LB 98 '¥9 '£9 29 19| - OF¥L-51'60 | 86/0/0E |2
(Bupayos) 2ex ¥ (ze) azL (02} 2] SXMLLOVE AT 159) BLD SERIPPOL | 88402 |L
6Z N6k UL YrOL0Eee | Be0SE |3
gL} - sogzez sl feesosz ] 100
19€90 14 s1equnN UHFZ} soun )
Nz sioquien (N urag) sauney saquizn Buppopm 1EN0E ueasg Swikudiiy 1ay | Buipuodey | eeg b 8




P

LC3 FrameB

BOMEL &3R5

LC3 Frame €

EERING
LTANTS

—y 03

LC3 Frame E

Flgure 3;3(a)

11 Level 1

=

-]
a3 3

F I LC3 Frame C

2 a4

F—o a8—

2 a.-a/ 81 3
LC] Frame D

—70 -

"Membef numbering scheme {Members 98-101 onlykin LC3, LCSCA and LC1CA tests)

Figure 3.3(b)

C636\21\050R Rev O July 1999

Node numbering scheme (Node 44 only présent in LCS,‘I‘.C'?.C'A

12 " a8
12 8 14 -
“a \\
—— 18 18
| 30 o . /
=
11
E’J LCI Levei 2 ‘ 3 37— 21
A1 -
“
= =
aa
10
T-“k ¥ N > b
20 2 20
>
LC3 Frame E LC3 FrameA EEE3 Bl LC] Frame D )
LT 2] a0
12 ao e e
3“\7.—26—32 a2z
S« am
\\
~,

and LG1CA tests)

Page 3.4 of 3.9



BOMEL &gusesine @

It can be seen from the side view of the model in Figure 3.4 that the tubular frame test specimen
(white) is slightly higher near the actuator than at the point of connection to the rig. This is to
provide clearance for cyclic loading in the 'vertica? plane. Furthermore the six frame legs are
welded to the reaction rig (brown) and this rig in turn rests on a number of support stools. It can
also be seen that, apart from at the actuator position, the frame has no supports and is
effectively hanging as a cantilever from the rig. When there is zero applied foad the members
therefore carry self-weight gravitational loads in addition to any locked-in forces from fabrication.

Grid Line E

Grid Line B

Figure 3.4 Side view of 3D frame model

The structural seif-weight is taken to comprise the white tubular frame pius the loading beam to
which the actuator is connected. For Loadcases 1 and 2 the same tubular beam was used but
at different locations. A heavy I section was used for Loadcase 3 scenarios (Figure 3.1(c)).
Care also needs to be taken when considering the contribution to internal forces from the
actuator assembly, particularly for Loadcases 1 and 2. It can be seen in Figure 3.1(a) that the
actuator (blue) stands on an articulation unit which is fixed to the rig and provides a direct
reaction route for the actuator self-weight to ground.

A second articulation unit is located within the tubular loading beam at a level corresponding to
the mid-height of the frame. However the actuator load cell sits at the top of the actuator shaft
but below this second articulation unit. When the load cell gives a zero reading the top
articulation unit is therefore hanging from the structure and the correct datum for the tests (zero
applied load) requires a 15 kN offset to account for the unit self-weight. In test LC1CA the
system datum was corrected; for tests 1.C1, LC1C, LC2 and LC2C the recorded values have to
be adjusted.
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The sequence of fabrication and stress/strain measurements adopted for the structure was as
follows. Reference is made to DEMEC and electrical instrumentation systems to record member
forces; further details are provided in Section 4.

1.

10.

11.

12.

13.

The reaction rig was fabricated in entirety.

As each member was cut and prepared datum lengths were measured using the
DEMEC strain measurement system.

The transverse two leg two bay X and K-braced frames C, D and E were fabricated in
turnin plan. Each frame was rolled on its side, positioned in the rig and welded at the
feet to the rig.

The lower legs of the 2D frames were supported at their node points to take up self-
weight deflections and provide the correct inclination of the frame with respect to the
fig.

The X and diamond bracing at Levels 1 and 2 was fabricated in-situ.
Finally bracing in the longitudinal Frames A and B was also fabricated in-situ.

The whole assembly (rig and frame) was then jacked up onto the support stools
surmounted by sliding bearings. The props between the frame and rig were retained
throughout,

The loading beam and actuator were positioned on Frame C for Loadcase 1. A forklift
truck supported the weight of the beam and actuator throughout the welding operation.

The frame was instrumented and prepared for testing.

The state of stress in the structure was determined in comparison with the datum
(Step 2) using the DEMEC system (see Section 4) [Reading A]. At the same time
datum readings for the instrumentation systemns were taken.

The frame supports were removed and the actuator was powered and positioned to
give a datum reading in the load cell. The change in the state of stress within the
frame between Steps 10 and 11 was recorded by the instrumentation {Reading B].

Subsequent changes due to applied actuator loads were also recorded by the
instrumentation {Reading CJ.

The instrumentation system was specifically programmed not to reinitialise the gauges
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each time the system was powered. Therefore the change in readings between the
end of one test and the start of the next [Reading D] indicated the net change in
individual members due to repairs within the structure, repositioning of the loading

beam or supports etc. The exception was if gauges had to be repositioned or replaced
due to damage or malfunction as the datum effectively altered.

14. Check readings on the state of initial stress are also given by the instrumentation from
a comparison of values when members were cut with those at the start of each test
[Reading E].

The combination of readings gathered in the above sequence therefore provides a cross-checked
system. Equation 3.1 shows how the accumuiated force in a member, from initial construction
and 'N-1' cycles of structural testing and repair, can be compared with the force released when
it is finally cut from the structure after test N.

N-1
A+BY (G, +D)= -E (3.1)
n=1
where  n = test number
Reading Source
A = Initial build force DEMECs
B = Force changes due to positioning for first (LC1) test Instrumentation
C, = Force changes due to applied load from start to end of test n  Instrumentation
D, = Force change due to repairs to structure or repositioning of Instrumentation

actuator from the end of test n to start of test n + 1
E = Force change in member between start of test N and cut out  Instrumentation

of member after the test
Additional 'build' readings associated with repairs also provide intermediate checks.

The means by which the initial state of stress [Reading A] was established are described in
Section 4. Reference 4 provides further details of the on-line instrumentation [Readings B to E].
However it is clear that together the measurements enabled the state of strain, stress or forces
throughout the structure to be determined at any stage of the test programme.

Once welding and assembly were underway the values were due to a combination of locked-in
fabrication, gravitational and applied load effects. It was therefore important to determine a
reference point at which the contributions could be distinguished.

The point at which the structure was hanging unsupported with zero applied load was chosen,
as the system could be readily analysed for each of the three configurations to determine the
self-weight member forces. Instrumentation readings at Step 11 also correspond to this
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condition. In instances where the 15 kN applied load offset due to the upper hinge unit was
present, the (small) member forces can also be calculated using standard elastic analysis
techniques.

Table 3.1 lists the calculated member forces for the self-weight condition of the frame. In
addition the member forces generated by a 15 kN downward load (due to the top articulation
unit) are {isted. The level of locked-in fabrication stresses can then be determined by extracting
these from the measured values. For example at the start of the first, LC1, test:

tnitial build First test positioning
Locked-in (3.2
fabrication force = [Reading A] + [Reading B] - 61 - 15 kN
at start of test gravity downward
load effect
[DEMEC] [INSTRUMENTATIQN} fCALCULATION]

Similar assessment of locked-in fabrication stress levels can be made by combining measured
and readily calculable 'known' values for any test within the Phase Ill programme as shown in
Section 5.

Table 3.1 Calculated member forces due to self-weight and applied loads in the linear elastic

regime
Load type MEMBER AXIAL FORCES (kN)
GRAVITY APPLIED LOAD {only)
Test setup |LCIICHMCA  LC2/2C LC3/3C/3CA LC1/1C LC1MC LC2C LC2/2C
Applied load {(kN) 0 o] 0 100 -15 100 -15
Member

1 137 108 136 -133 20 -49 7
2 64 46 60 75 " 22 3
3 11 6 8 19 3 -1 1]
4 14 7 29 19 3 -5 1
5 -9 15 1 -3 1] 12 -2
L] -7 -4 -G 6 -1 1 0
7 119 148 154 -75 " -175 28
8 72 101 107 -46 7 -139 21
9 15 37 32 -12 2 -79 12
10 -1 4 2 4 -1 9 1
1A 1 Q -2 -1 0 4 1
12 1 5 <] 8 -1 -1 0
13 9 -5 -18 -24 4 7 -1
14 6 0 -8 -1 2 4 -1
18 7 17 15 4 -1 =20 3
16 -1 12 -8 -11 2 15 -2
17 7 17 15 4 -1 -20 3
18 -1 -12 -8 -1 2 15 -2
19 3 6 5 5 -1 -3 0
20 -2 -8 -10 -12 2 2 0
21 3 6 5 g -1 -3 0
22 -2 -8 -10 -12 2 2 0
23 22 -4 -6 24 -4 -17 3
24 27 10 15 -33 5 6 -1
25 22 -4 -6 24 -4 -17 3
26 27 10 15 -33 5 6 -1
27 9 0 -5 16 -2 -7 1
28 8 ¢] 1 -14 2 2 0
29 -9 1] 5 16 -2 -7 1
30 8 0 1 -14 2 2 8]
31 =113 -86 -120 116 -17 33 -5
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Table 3.1 Continued

32 a7 30 ~49 63 -70 12 -2
33 7 -1 -2 18 -3 -1 0
34 63 -52 -1 54 -8 35 5
35 -26 17 -16 29 -4 7 -1
36 -3 -4 12 1 0 3 -1
37 -95 -125 -138 58 -9 160 -24
38 -55 -87 -81 a5 -5 135 -20
39 -9 -28 -28 7 -1 59 -9
40 4 -1 -1 5 1 6 -1
41 2 2 3 0 0 2 )
42 3 -1 -2 -9 1 2 0
43 5 9 22 23 -3 -10 1
44 -2 4 6 7 -1 8 1
45 4 -7 -9 12 2 12 -2
46 9 3 3 19 -3 -8 1
47 4 7 9 12 2 12 -2
48 -9 3 3 19 -3 -8 1
49 4 -1 -2 12 2 -1 0
50 -4 1 3 13 -2 2 0
51 4 -1 -2 -12 2 -1 0
52 -4 1 3 13 2 2 0
53 13 -5 3 -18 3 26 -4
54 -15 -1 -7 22 -3 -11 2
55 13 5 3 -18 3 27 -4
56 -15 -1 -7 22 -3 -11 2
57 4 -6 0 -1 2 13 2
58 0 7 4 11 -2 -4 1
59 4 6 0 -1 2 13 2
60 0 7 4 1 2 -4 1
81 -76 -56 -73 68 -10 14 -2
62 76 56 73 -68 10 -14 2
63 .53 29 -47 73 -1 9 -1
64 54 29 a7 -74 11 -9 1
65 3 21 28 -32 5 -4 1
66 -32 -21 -29 33 -5 4 -1
67 25 8 8 -48 7 0 0
68 -24 -5 -5 48 7 ] 0
69 -a5 -37 -43 27 -4 17 -2
70 a5 a7 43 27 4 A7 2
71 -34 -16 -30 36 -5 -6 1
72 34 16 43 -36 5 6 -1
73 16 15 12 -8 1 7 1
74 -7 17 .25 10 2 12 -2
75 10 1" 51 1 0 -2 0
76 7 -7 0 0 0 1 0
77 -40 -53 -59 10 2 46 7
78 38 54 50 -8 1 -57 9
79 -39 -52 -58 10 2 46 7
80 39 55 51 -8 1 -57 8
81 -13 -40 -39 1 0 80 -12
82 10 32 39 0 0 .57 9
83 -12 -39 -38 1 0 80 12
B4 11 34 40 0 0 -57 9
85 2 2 9 0 0 -7 1
86 0 4 4 4 -1 -3 0
87 0 -4 -4 -4 1 3 0
88 -2 2 1 4 -1 -3 0
89 2 -2 2 -4 1 3 0
90 15 4 4 10 2 15 -2
91 -12 -1 -7 8 -1 23 3
92 16 5 g -10 2 15 -2
93 -13 -2 -8 8 -1 -23 3
94 -4 9 19 23 -3 -6 1
g5 4 -8 -18 23 3 6 -1
96 -6 6 16 23 -3 -6 1
97 7 5 15 -23 3 6 -1
o8 15

99 -10

100 16

101 -1

Ref. C636\25\021W, 022W, 023W for LC1, 2, and 3 setups respectively
* calculated pro rata from 100kN SAFJAC values
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4.  INITIAL BUILD STRAIN / STRESS / FORCE MEASUREMENTS

The use of strain gauge instrumentation systems is well established in structural testing.
Specific features of the instrumentation installed on the test frame to monitor changes in the
fabricated structure are described in Reference 4. More unusual however is the measurement
of strains during the process of fabrication as piain pipes with free ends are welded into a
structure, experiencing shrinkage effects and finally hanging as part of a skeletal frame. This
section presents the considerations underlying the selection of the DEMEC system for this
purpose. The system itself is also described with an indication of its accuracy and validation.

4.1 SYSTEM SELECTION

The principai objective was to measure the change in axial strain, stress or force in each member
from the stage it was a free tubular until it became an integral component of the 3D structural
frame. Specific requirements of the measurement system were that it needed:

1. Not to impede the process of fabrication.

2. To be sufficiently accurate for locked-in stress levels that might affect compenent
performance to be recorded.

3. To be robust enough to withstand 'handling' during fabrication.

4. Not to be expensive or time consuming to use.

5. To be portable in view of potentially limited access to the completed structure.

6. To be unaffected by general temperature changes over the course of fabrication or by

local heat effects of welding.

Four measurement systems were evaluated on this basis:

® Electric resistance strain gauges (ie. conventional gauges) did not fulfill Criteria 1 nor
3. Standard gauges are very delicate and the presence of cabling would have severely
hampered fabrication. The need for specialist application coordinating with fabrication

activity further precluded this option.

] Spot welded vibrating wire gauges do not require cabling and can be 'read' with a
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simple hand heid excitation unit. They offer long term stability and are typically used

for taking intermittent readings of this nature. However significant capital investment
and specialist services are required and so the system failed to meet Criterion 4.

. The MAPS System is a newly developed technique for directly measuring biaxial stress
and is described further in Appendix B. At the time of fabrication the ability to
accurately measure low levels of stress in thin walled structures was not proven
casting doubt on the ability to satisfy Criterion 2. Although nominally 'portable’ the
prototype equipment was cumbersome with limited reach violating Criterion 5. Finally,
although a site trial of the system was undertaken it was shown not to be practical in
light of Criterion 4; use of the system was physically time consuming and a two man
team was only able to take readings for eight of the 100 or so members in one
working day with a third man preparing the surface of the members. As a result the
trial was halted.

° The DEMEC System comprises a simple mechanical gauge and four unobtrusive
reference points on each member. The system was used successfully in Phase I of
the project (see Section 2) and satisfied all six criteria for the 3D frame test.

The DEMEC system was therefore selected and specific details on the system and its use are
presented below.

4.2  THE DEMEC STRAIN MEASUREMENT SYSTEM

The DEMEC system was developed by W H Mayes and Sons of Windsor, and is now used widely
throughout the civil engineering industry, particularly to monitor cracks or measure deformations
in concrete structures for which local strain measurements are inappropriate. It comprises a
DEMountable MEChanical strain gauge with one fixed point and one moveable measuring point
at the gauge end. Changes in the gauge tength are transmitted through a pivot to the measuring
dial gauge (see Figure 6 in Appendix A). The ratio between real movement and the reading on
the dial gauge is calibrated and converted to strain. Gauges from 50mm to 2000mm are
available and are selected depending on the magnitude of strains to be measured and the
accuracy required. The datum length over which measurements are to be taken can be defined
by adhering proprietary pips with a drilled hole to the structure (Appendix A, Figure 7), or
alternatively by drilling a Tmm by 1.5mm hole directly into the member. The latter was not an
option for the 3D frame given the relatively thin brace walls (4.5mm).

Figure 4.1 shows the system being used by BOMEL personnel prior to the 3D frame test.
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Figure 4.1 The DEMEC system in use on the Phase Il 3D frame

It offered a number of advantages against the system selection criteria:

1. The system is cable-less and the pips are inconspicuous on the member surface.
Furthermore the skills required to use the system are available within the fabricator's
team. After a series of trials BOMEL was able to subcontract the measurements to the
fabricator, AKD Engineering Limited, and the machine shop inspector warked to the
BOMEL specification (see Appendix G). Scheduling the measurement and fabrication
activities was then entirely in the control of AKD.

2. Use of an instrument with a 300mm gauge length was practical for use on site and
gave acceptable resolution (see Section 4.3 below).

3. The only evidence of the system during fabrication was the pips positioned with two
pairs on opposite sides of each member but almost flush with the tubular surface. The
locations were highlighted to ensure slings were not used in the vicinity and only six
pips (from over 400) were lost in the handling process.

4. The DEMEGC gauge was made available free of charge by the Civil Engineering
Department at City University. The pips and adhesive were inexpensive and the
system could be used rapidly. Final readings for all members (three sets at two
locations per member) were completed within the course of one working day. The
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integration of the activity within the fabrication team, without the need for third party
specialists, was a further advantage.

5. The DEMEC gauge, as shown in Figure 4.1, is hand held and readily portable.
Positioning of the reference pips was specifically pianned to give good access and to
avoid overhead measurements in the fabricated structure (see BOMEL specification
in Appendix C).

B. The gauge is mounted on a bar made from invar which is relatively inert to temperature
changes. However a reference invar bar ensures that any temperature changes are
corrected for and an unconstrained reference sample from each tubular is used to
compensate for temperature fluctuations affecting the tubulars between initial and final
readings. The positioning of the pips ensured they were not affected by local heat due
to welding.

Set against these advantages, the system is positioned manually and depends on a visual
reading of a dial gauge. The specification for using the DEMEC system presented in Appendix
C details the way in which the system is used. The description below explains how the readings
are combined and indicates the degree of accuracy that can be expected.

4.3  DEMEC SYSTEM MEASUREMENTS AND ACCURACY

Pairs of pips are adhered to opposite sides of each member once it has been cut. DEMEC
readings are taken and recorded for both positions. Once the member is finally fabricated within
the structure the readings are repeated. The difference between the readings gives the strain at
each location and the average from opposite pairs indicates the axial strain. The conversion of
the change in DEMEC reading to strain is effected using a calibration factor. The gauge used in
the 3D test programme was re-calibrated by the manufacturer W H Mayes, just prior to use. The
calibration certificate (No 79672) gave a conversion factor of 0.69 x 107 strain/division®.
Readings were taken to the nearest half division and presented without a decimat point. The
factor for use with the recorded readings is therefore:

Calibration factor = 0.69 x 10°® strain / decimal subdivision
At the time each measurement (M) is taken, reference readings are also taken from the invar bar
(I) and an unrestrained sample of tubular corresponding to the member (R), see Table 4.1. By

subtracting changes in these readings between the start and completion of fabrication,
temperature effects or adjustments to the gauge setting are compensated for.
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Table 4.1 Gauge measurements used to determine change in strain

DEMEC Readings
Measurement Purpose Datum Final
Invar bar Instrument check I I
Reference sample Temperature compensation R, R:
Member gauge Change in strain M, M.

The change in reading across a pair of pips due to locked-in fabrication effects/gravity, C, is
therefore given by:

C={M:-M)- R- Ro) - (Ir - Ip) (4.1)
The axial calculation also requires readings from the opposite pairs of pips (A and B) so in total
twelve readings are combined. The impact of errors in readings on the final calculations are

investigated below.

The calculation through to stress and strain proceeds through the following steps

(CA + CB)

2
. Axial strain, ¢ = 0.69x10° (4.2

where C, and C; are calculated using Equation 4.1.

. Axial stress, o = €E 4.3)
where e comes from Equation 4.2 and Young's modulus = 210 x 10° N/mm2.

. Axial force, F = o A (4.4)
where g comes from Equation 4.3 and A is the member cross-sectional area.

The potential error in each DEMEC reading is an absolute amount independent from the

magnitude of the reading. It can arise for example through ill-positioning of the instrument, mis-

reading of the gauge efc., although the procedure for check readings should mitigate against this.
Within the calibrated range of the gauge, no percentage error is given.
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It is considered that in ideal conditions readings can be taken to = 5 decimal subdivisions.
However, when reaching for readings in situ the error may be significantly greater. As twelve
readings combine in the axial force calculations the maximum error could be some 120 decimal
subdivisions, although in the general case any errors may well compensate.

Based on Equations 4.2 to 4.4 this excedence error of 120 decimal subdivisions in one of the
168mm @ x 4.5mm WT braces of principal interest equates as follows:

Maximum error = 120 decimals
41.4 ue
8.7 N/mm?
= 20 kN.

In absolute terms the potential errors may seem significant particularly when only modest initial
strain levels are being recorded. However the purpose of the readings is to identify whether
locked-in stresses are of a level to affect the capacity of components under applied load. If the
maximum error (8.7 N/mm?) is compared with the average yield stress level (278 N/mm?) for
the bracing tubulars'® as a measure of the ‘ultimate’ condition, it amounts only to 3% (8.7 x
100/278). The accuracy of the DEMEC system is therefore acceptable for the purposes of this
investigation.

4.4  SYSTEM VALIDATION

Extensive use was made of the DEMEC system throughout the programme. Figure 3.2 shows
a chronological tog of the readings taken indicating the stage of testing and reference for the
source data. A repeat of all AKD data sheets is contained in Reference 7. An extensive
spreadsheet was developed to reduce all the readings to units of stress and force®. For ease
of presentation relevant results are extracted and tabulated in this report for particular locations
and at different stages of the programme. In addition to the basic measurements of initial stress
arising during fabrication, check readings were taken by different operatives and comparisons
with the electrical instrumentation system were made. These steps to validate the system are
presented below.

Initial checks were made on the use of the equipment by the fabricator AKD in taking datum
readings on the prepared members prior to fabrication. These readings were generally
straightforward to take and the checks showed use of the system to be satisfactory.

Once the structure was fully fabricated AKD took a complete set of final readings. BOMEL asked
for a number of readings to be repeated on two occasions; the selection was made to include
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different focations in the structure without reference to the data recorded. BOMEL personnel then
used the DEMEC system independently. Table 4.2 shows a comparison of the stress levels from
all three measurement sets based on nominal geometric properties for the members. It should
be noted that the same datum values for the unrestrained tubulars were used in all three cases
and the comparison indicates the consistency in the as-built readings.

Table 4.2 Check on DEMEC readings pre-test same / different days / operators

I Member Locations  |Calculated Stress from Demec Readings (N/mm”) Comparison Stresses (N/mm-)

Member Member Final AKD AKD BOMEL]  Maximum Minimum Range % range/

Types No Reading Check 1 Check 2 Check Nem. Yield

21/04/98 22/04/98 24/04/98 24/04/98|

Fr B X bracing 18 83.0 83.0 84.4 84.4 83.0 1.4 0.5%
16 377 31.9 34.4 37.7 31.9 5.8 2.1%
17 80.1 877 B9.8] 898 80.1 9.7 3.5%
18 283 328 29.0 326 29.0 3.6 1.3%
19 41.3 359 38.4 413 359 5.4 2.0%
20 355 26.4 27.5) 355 26.4 9.1 3.3%
21 45.6 43.8 48.2 48.2 43.8 4.4 1.6%
22 261 29.7 361 301 26.1 4.0 1.4%
23 40.6 54.7 373 38.0 54.7 373 17.4 6.3%
24 482 63.4 431 427 63 4 427 207 7.4%
25 301 322 34.4 31.9 34.4 301 4.3 1.6%
26 24.6 315 30.8 31.5 246 8.9 2.5%
28 30.1 37.0 19.2 23.5 37.0 19.2 17.8 6.4%
29 54.0 56.9 54 3 56.9 54.0 28 1.0%
30 123 17.8 13.0 12.0 17.8 12.0 58 21%

Fr A X bracing 54 65.9 64.8 65.9 848 11 0.4%
56 63.4 61.9 63.4 61.9 15 0.5%

Fr C K bracing 81 -3.3 -0.7 -0.7 -3.3 25 0.9%:
62 21.0 207 21.0 207 04 0.1%

Fr £ X bracing 77 -30.8 -33.7 -38.0 -30.8 -38.0 7.2 2.6%
78 -11.7 -10.7 -12.8 -10.7 -12.8 22 0.8%
79 -22.8 -22.8 -22.8 -22.8 0.0 0.0%
81 243 23.9 22.8 243 228 .8 0.5%
82 36.2 27.2 36.2 27.2 2.0 3.2%
83 359 14.9 35.9 14.9 21.0 7.5%

Reference C636\21101 7W-g.wid

Average yield = 278 N/mm?

Reference CEIB2N004R Rev. B

in general there is reasonable consistency between the readings and the range as a percentage
of yield is within the bounds anticipated; the X-braced bay comprising members 15-18 is an
example. Furthermore it can be seen that opposite braces within the 90° X-braced bays generally
experience corresponding stress levels as equilibrium requires. It can be seen from Figure 3.3(a)
that Braces 15/17 and 16/18 are paired, and Table 4.2 gives corresponding stress levels of
84/86 and 35/30 N/mm?. There are occasional rogue readings for which no explanation is
evident (eg. Braces 23 and 24, AKD Check 1). Therefore although the DEMEC data were
generally good it was appropriate to appiy equilibrium and other checks wherever possible.

C636\21\050R Rev O July 1999
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A check against the electrical instrumentation system was also made. The readingsin Table 4.2
correspond to the time the logger for the instrumentation system was switched on. The actuator
loading system was then activated, the supports propping the frame were removed, and at Scan
5 the structure was hanging (albeit with a 15 kN offset due to the weight of the top hinge unit,
see Section 3). At that stage BOMEL retook DEMEG readings for the readily accessible bracing
in Frame A. Scan 6 followed immediately after. Table 4.3 shows the comparisons between
DEMEG readings and the output from load cells and surface mounted strain gauges.

Table 4.3 Comparison between DEMEC and instrumentation systems as frame supports are

removed
Stresses (NNmm?)
From DEMEC readings From Load Cells From Strain Gauges [Average

Member AKD After support % difference

No final removai at Change LC-5G & /
Scans 5106 Scan5 Scan 6 Scan 5 Scan 6 Scans 5-8 [Nom. Yield
a b c=b-a d e f g | h=avg(defy) | i=(h-c)/278

45 67.0 78.5 11.5 10.0 11.0 - - 10.5 -0.4%
46 59.8 44.5 -1 5.3I 92 -3.3 -11.4 -11.5 -10.1 1.9%
47 65.6 715 11.9 10.0 11.1 - - 10.5 -0.5%
48 54,7 46.3 -8.4 -9.0 -8.1 -10.8 -11.1 9.8 -0.5%
49 4.4 46 9.0} 7.2 7.8 - - 7.5 -0.5%
50 45.6 423 -3.3 -3.1 =24 -4.0 -4.2 -34 0.0%
51 -40 6.1 101 7.0 74 - - 72 -1.1%
52 48.5 44 1 4.4 -3.3 -2.2 -5.1 5.3 4.0 0.2%
53 94 15.9 8.5 6.1 72 - - 6.7 0.1%
54 65.9 60.8 -5.1 -3 28 -1.8 -t.4 -2.3 1.0%
55 6.5 12.6 8.1 6.0 6.5 - - 6.3 0.1%
56 63.4 58.6 4.8 -3.5 2.5 -4.4 -39 -3.6 0.4%
57 348 35.8 5.0 6.1 6.6 - - 6.3 0.5%
58 17.8 17.0 -0.8 1.7 -1.2 -3.2 -28 2.2 -0.5%
59 37.3 434 6.1 6.0 6.4 - - 6.2 0.0%
60 13.8 13.3 -0.5 -1.6 -1.2 -33 -2.8 22 -0.6%

Reference CB3621\017W-a w4 for Columns aand b
Refersnce C63B\AVTLC1a_Trial.xls for Columns d, e, f, and g
Nominal yield = 278 N/mm® Reference CE3B23\004R Rev. B

It is important to recognise that the magnitude of the changes is very small. Nevertheless the
DEMEC system can be seen to be comectly tracking the trends with equilibrating changes
between opposite brace pairs as highlighted. In addition the DEMEC performance correlated at
least as weil with the high specification load cells as the conventional finear strain gauges.

Finally checks were also made during and after the Loadcase 3 test to validate the DEMEC
system when significant deformations were present in the members. Table 4.4 presents the
changes in DEMEC and load cell readings at different scans within the test in comparison with
those at the start of the trial. Figures are only presented for members which had not been
subject to plastic deformations.
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Table 4.4 Gomparison of member forces indicated by DEMEC and load cell systems in Loadcase

3 test
Change in member force (kN)
Member
No Scan 60 Scan 73
DEMEC Load Cell DEMEC Load Cell

52 - - 5.1 4.1
54 -305.4 -328.4 172.6 179.0
55 667.7 694.6 - -
56 - 169.4 172.6
58 - - 107.2 111.8

4.5

C636\21N050R Rev O July 1999

The excellent correspondence between the DEMEC and load cell instrumentation systems is
evident. In particular it should be noted that, whereas previous tables presented stresses, the
above figures are in units of force. The load cells are pre-calibrated whereas the DEMEC
measurements are converted on the basis of nominal areas hence some discrepancy, increasing
in absoiute terms with load level, may be anticipated.

As described previously two pairs of DEMEC pips are applied to either side of a member (either
in- or out-of-plane). Strain gauges and load cells are installed as sets of four positioned
orthogonally in- and out-of-plane. For small deflections, when plane sections remain plane, the
four gauges provide redundancy and any set of opposite pairs can be averaged to give the axial
force. However, if there are gross deformations this no longer holds true and, whilst the average
of four gauges may give a dependable measure of axial force, two DEMEC readings will not. For
the initial force measurements this presents no problem but indicates care is needed in extended
use.

USE OF THE DEMEC SYSTEM

On the basis of the investigations presented above it is clear that, used with care, the DEMEC
system offered a satisfactory method to determine initial stresses in the 3D structure.

Page 4.9 of 4.9
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5.  MEASUREMENTS OF INITIAL FORCES IN THE 3D FRAME

Section 3 described the construction sequence for the 3D frame and explained the combination
of locked-in fabrication forces and gravitational loads as well as applied load offsets in some
tests from the presence of the hinge unit. In this section the measurement and breakdown of
these force components is detailed to define the state of the structure at the start of each test.
For the initial build the complete force distribution throughout the frame is given in order that
general conclusions about the residual effects of fabrication can be drawn (Section 5.1). Forthe
subsequent tests attention focuses on those components and areas of the structure where
failures occurred to provide information directly relevant to the interpretation of the test results.

5.1 INITIAL BUILD LC1 TEST

Contributions 1o the state-of-stress in the test frame members at the start of the LC1 test are as
indicated in Equation 3.2. Table 5.1 presents the calculations. The locked-in fabrication
stresses in the final column are determined from the DEMEC measurements between the start
and finish of fabrication (a) plus the changes indicated by the instrumentation as the frame
supports were removed (b), less calculated elements due to self-weight gravitational loads and
the 15 kN offset from the top hinge unit.

From a review of the results it can be seen that the agreement between load cell (LC) and strain
gauge (SG) measurements as the supports are removed is reasonable. For determining the
general level of stress use of nominal section properties is valid particularly given the accuracy
of the DEMEC system.

Figure 5.1 provides a pictorial presentation of the locked-in fabrication forces calculated in Table
9.1. This is instructive and shows in Frame A, for example, how opposite force pairs in the X-
bracing balance each other. In the construction sequence {Section 3) the 'horizontal' levels 1 and
2 were inserted before the Frame A and B infill X-bracing. Not surprisingly the horizontals carry
significant compression whereas the X members have an initial pretension. The lower bay
members in Frames A and B generally have higher tensile forces reflecting the greater constraint
of the rig to shrinkage than the brace members at the top of the structure. In Frame E the lower
bay was installed before the upper; in the former case the X braces are in compression, the latter
in tension.
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Table 5.1 LC1 locked-in fabrication forces (kN)

C636\21\050R Rev O July 1999

Member | DEMECs Logger Gravity LIS
a b ¢ d=a+b-c
1 71 RSG 137
2 208 35 SG 64 180
3 451 -23  SG 11 417
4 -14 RSG 14
5 74 -19  8G -9 64
8 45 -29  SG -7 23
7 47 RSG 119
8 144 41 SG 72 112
9 -307 1 8G 15 -321
10 -92 3 SG -1 -88
11 -109 7 SG 1 -103
12 -32 -1 8G 1 -34
13 -154 22 8G 9 -141
14 -55 118G 6 -50
15 192 7
16 87 5 8G -1 93
17 185 14 LC 7 165
18 68 2 8G -1 71
19 96 -8 8G 3 84
20 82 3 e -2 87
21 106 7 LC 3 96
22 60 4 SG -2 59
23 94 28 S8G -22 87
24 112 22 LC 27 106
25 70 -26  5G -22 66
26 57 27
27 Pip missing -8 5G -9
28 70 1§ LC B 77
28 125 -16 LC -8 118
30 29 14 SG 8 35
3 -9 RSG ~113
32 50 -18  8G -47 79
33 5 5 SG -7 17
34 -82 RSG -63
35  JPip missing -86 SG -26)
36 411 138G -3 402
37 -28 RSG -95)
38 -139 -11 8G -55 -85
39 -208 138G -9 <212
40 -78 7 8G 4 -75
41 -59 2 SG 2 -59
42 Can't reach 4 SG 3
43 -81 -18  5G -5 -94
44 -103 -8 5G -2 -109
45 155 15 LC 4 166
46 138 26 LC 9] 121
-28  SG
47 152 16 LC 4 164
48 127 -25  LC -9 110
27 8G
49 -10, 14 LG 4 0
50 106 23 LC -4 87
24 SG
51 -9 15 LC 4 2
52 112 22 LC -4 94
26 S5G
53 22 8 LC 13 18
54 153 -13 LG -15 155
-7 SG
55 15 8§ LC 13 10
56 147 13 LG -15 149
16 SG
57 81 4 IC 4 73
58 41 -3 Lo 0 38
-5 8G
59 86 4 LC 4 79
60 32 -3 LG 0 29
6 858G
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DEMECG readings based on AKD initial and final readings™, BOMEL catculations C638\21\017W-E.
Logger readings based on AVT files LCta-trial.xls (switch an) to LG1a-test (Scan 1 corrected for 15 KN offset).

Instrumentation codes: RSG = rosette strain gauge; SG = strain gauge; LG = pre-calibrated load cell.

Table 5.1 Continued
61 ] 7z LC 76 5
-74 SG
728G
62 60 69 LC 76 54
72 SG
72 SG
63 2 -80 LC -53) -25
-79 5G
-6 5G
64 20 74 LC 54 40
75 SG
76 SG
65 Pip missing 34 S5G 31
66 -31 36 SG -32 -35
67 Pip missing 106 SG 25
68  |Pip missing -20  SG -24
69 26 -29 LC -45 42
70 40 2% LC 45| -60
71 61 -37 LC -34 58
72 -37 3z LC 34 -38
73 -41No datum SG 16
74 Pip missing -14  SG -17
75 -20 -3 8G 10 -32
76 -70 -7 SG -7 -70
77 -71 -13 LC -40 -45
78 -27 4 LC 38 -61
4 SG
79 -53 -13 Lc -39 -27
80 3 4 LC 39 -32
2 3G
81 56 -5 L.C =13 64
82 84 -3 LC 10| 71
8 858G
-4  SG
83 83 -5 LC -12 90
84 a3 -4 LC hl 78
-8 S5G
-4 SG
85 -36 -2 SG 2 40
86 18 -3 LC W] | 14
-5 8G
-7 8G
87 -3 5 LC 0 3
4 535G
4 3G
88 7 -2
89 -24 2
a0 -45 13 LC 15 -47
a1 -3 -12
92 -11 16|
93 -15 -4 LC -13 B
94 47 -20 LC -4 31
22 SG
22 SG
95 -30 20 LC 4 -14
19 8G
17 SG
96 57 -21 5G -6 42
87 -19 20 SG 7 -5
Notes:
1.
2.
BOMEL cafculations C636\21\045W,
3. Self-weight calculations as per Table 3.1.
4,
5.

DEMEC, RSG and SG force calculations from strains based on nominal cross-sectional areas and Young's modulus,
E = 210x 10 N/mm?. Calibrated load cells give a direct force measurement®.

C636\21\050R Rev O July 1999

Page 5.3 of 5.21




125 40 #'G 960y 6661 A0f O A% HOSOMZ\9E9D
Snaanion: 13INOE

(¢ 0 | a6ed) Anoeded [eixe Jaquiall Yum uosLedWOd puB S8910) UOIBIIGR) UI-paYa0| pling (e  |°G ainbig

mep jo eoussqe u) Buipeal 1a860) Ui sBuBYD pawnsse sspnpu) ,

Ayoedes paik iexe wauodwios Jo sbejusalad e se aaio) -payoo g
A4 abesaae (| 'p leujwiou - (Ny) Jaquiaw jo Auoeded plaik ey 622

g VL (N¥) @210} vogeougey urpeyooT  [60l- v SNVNL
oNRquW | ¥b

Aoy

Wiz %t %rh %8 %92 %} %E %EZ
iz e) is) 9 (5 [T5) 9 [12)
L bt 7] 18 5 Z5 9t oL 81 vk
51 gl £2 92 v By £g 95
%yl %92 %8} %01 %6k %SZ % %2
9 9 9 9 ¥ o ) s
26 Sol 901 99 [} o) 551 [T
9l Ll ¥z sz [ iy 9 [Css

%l %91- %z} %6

OK—=r= Ol u=m

8% £0}- s&- 85"

0l i 0¥ Iy
%E} %6 - %S %0 %51 %) %
e () ¥¥9 9 9 79 e e
) 6s - [ 0 S el 62
6L zZ iZ [ 6% s 15 09
%EY %H %2} %8k %) %0 %9 %z}
9 9 9 ) ¥¥8 9 s) ()
28 9% 7] 81l 18 z e | 6
0z 13 8z 6z 08 IS _ 8§ 63

%G Wiz %8 . %t s

[ie) s 9 V6.2 veit v6iZ

@ o i 6| @ - e 60}-
z gt KD zv e o ]




LZ'6 Jo ¢ by 6661 ANF O A%%  JOSONLZAGEDD
o
() ) SRR TINOY

(¢ 10 Z afied) Auoedes [ejxe JagLUALL y)m UOSHERGLIOD PUB $32J0) UONBOLIGR) UI-Payoo] pjing ey |G ainbid

I JiNVvHd a 3nved O N
% G-
19 ¥r9
s | 3 %l %6 %l %L
m 08 s L) 8L 8L
%2 %E y 4] Lo %} %z 5 ¥s %P
vivy vivy viyy 69 8L | [niby pivy 1) z9 | [verr
56 [ Yo Zh : L 62 081
8e i) 9 g s¢ § Zt z
19 17
8z 6.
- - - l}ﬂu
@ @ i) 8 @ vic) vig)
e - - ge-
L | 74 59 99
%01 %Z}
49 1
9 8L il he %6 %G
18 ) L] L] N N
oG- %l %6 5 gt %G -\co m.N.. : Qv 3@
pivy vivy YLy 14 2z | [nww iy te v | (v
oz %l %l 126" {14 2 m 1Ly
6 | [mo 9 6 9 9 ¢ £
W 06
zZ8 £
[T %8" %ib- . N
@ e @ i) Lz @ vigl vitl
[ [4% os- . -
58 5L 9L o 19 29




SINVL
ONK3

TNSNCD d
INIDONI

LZ'6 40 9°G abnyg 666L AT O A% HOSONLZ\9EDD

JNOE

(¢ 10 ¢ abed) Ajoedeo jeixe JaquisLl LYMm UOSLIBALIOD PUR $82i0) UCIIBDLIGR) UI-PaX20| PINg [eIul  |°G aunbiq

%S

o

i)

*13F

£6

L 13A3T Z 13A37

% %Z - %4
9 9 9 o
5 " - N

16 98 68 06
%! %0 . -
[t Prg 9 s
Ty £ - -

96 _ g 88 16

%6




BOMEL ::

GIN
N

EE
SULT

The locked-in force patterns in the Frame D bracing indicate reasonably balanced K action at the
primary nodes. This condition is less clear in Frame C (particularly Braces 61/62); however the
final DEMEG readings were checked, and the load cell and strain gauge values were consistent,
as shown in Tables 4.2 and 5.1. It is important to recognise that equilibrating forces can arise
from out-of-plane members, for example at the primary K nodes in Frame C.

Although in Frame E for example the leg forces are reasonably understandable given the brace
forces recorded in Frames A, B and E, the readings are not entirely satisfactory. Itis important
to recognise that the DEMEC system was principally selected and validated to quantify initial
forces in comparison with failure capacities for members which may contribute to the collapse
mechanism (ie. the smaller braces). In the translation of strains to forces the same error in
DEMEC strain measurement is compounded by a factor of 5.9 (ratic of leg to brace areas) in the
initial force calculations for the legs. Where a 'maximum' absolute error of 20 kN is accepted
for the primary braces the corresponding ‘error* of 118 kN for the legs means that equilibrium
checks between members of different sizes are not meaningful based on the values in Figure 5.1.

Considering the more appropriate comparison with component capacity, it is clear that the
magnitude of initial fabrication forces can vary considerably and will certainly be influenced by
build sequence. To geta consistent reference measure for illustrative purposes, component axial
capacities, based on tensile yield for nominal gecmetries and average material properties ©, are
also included in Figure 5.1. In addition, the relative magnitude of the locked-in fabrication force
as a proportion of the reference capacity is presented as a percentage.

Whether the effect is beneficial or detrimental depends on the relative sense of the locked-in
force and may be more significant if the load path is limited by (lower) joint capacities or
buckling. However, as a coarse measure it can be seen from Figure 5.1 that the locked-in forces
in the primary X-bracing (168mm @ x 4.5mm WT - 278 N/mm? vield - 644 kN axial tension
capacity) range from -141 kN to +166 kN or -22% to + 26% of yield capacity. The locked-in
forces in the legs (maximum +417 kN, minimum -321 kN) constitute only -7% to +9% of their
tensile capacity. (355.6mm @ x 12.7mm WT - 327 N/mm?® yield - 4474 kN axial tension
capacity).

Statistics of the mean and CoV could be assessed for the bracing but are not considered to be
particularly helpful given the strong dependence on build sequence. The principal conclusion is
that these forces, which are almost always neglected in structural design and assessment, can
be considerable and their significance in terms of the response of components to applied load
in the tests needs to be examined.
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5.2 1ST REPAIR - LC1C TEST

Figure 3.2 illustrates the extent of the st repair. Brace 72 (in Frame D) was replaced in entirety
and the load cell was re-welded into the new member. New DEMEC readings were taken. In
Frame C and at Levels 1 and 2 the load cells remained within the frame and repairs were effected
from the load cells to the multiplanar K nodes. Unfortunately several of the load cell gauges were
damaged and it was determined in the post-processing® that the measurements could not be
relied upon. However, the limited constraint in K bracing, the higher component capacities in
Frame C and evidence from the Frame Il K-braced tests® all indicate that the initial forces may
be expected to have negligible influence on the LG1C companent response.

5.3  2ND REPAIR - LC2 TEST

Figure 3.2 again shows the extent of the second repair and lists the component failures occurring
in Frame E in the LC2 test.

Two approaches were taken to assessing the total forces in the members at the start of the LC2

test:

1. Accumulation of the change in instrumentation readings from initialisation of the logger
to the start of the LC2 test with the initia! build DEMEG values.

2. Measurement of the change in force as members are cut following the test compared
with the start of the LC2 test (the force released is equal and opposite to the initial
force).

Both approaches should be equally valid for determining the initial condition. Table 5.2 presents
the comparison.

It can be seen from Table 5.2 that the total accumulated forces from the DEMEC and load cell
systems correspond extremely weil with the load cell forces determined at the cut out. The
DEMEC values are determined on the basis of nominal section properties and the potential for
absolute errors was discussed in Section 3. Nevertheless this comparison increases confidence
in the use of either approach.
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Table 5.2 Comparison of LC2 initial force calculations for Frame E bracing

Force accumulation (kN) Force released {kN)
A Cut Instrumentation
Member _ DEMEC Instrumentation members  LC2 start - LC2 cut
initial build | LC2 start - switch on Total 3]
(1] [2]
77 -71.3 -30.2 -101.5 not free
78 -27.2 39.9 12.7 * 4.7
79 -52.8 314 -84.2 not free
80 34 3741 40.5 14.0
81 56.2 -43.5 12.1 * 10.2
82 83.9 26.2 110.1 * 1271
83 83.0 -44 .4 38.6 15.6
84 93.1 30.2 123.3 123.8
Notes:
[1] See Table 5.1
[2] Load cell data from AVT files: LC2a-test.xls Scan 1 and LC1a-trial.xis Scan 0 - see
C636\21\032W.xls
[3] Load cell data from AVT files: LC2a-cut.xls Scan 1 compared with Scan 59

The figures in Table 5.2 indicate the total force present in the members at the start of each test:
le. locked-in fabrication forces, gravitational loads and the initial load cell offset. Adopting the
initial forces determined from the load cells as the members are cut, and where possible taking
the gravitational and load cell offset forces given in Table 3.1, the components of locked-in
fabrication force acting in the LC2 test can be determined as shown in Table 5.3. Average
values in the final column reflect the expectation that forces in opposite pairs with 90° X braging

should equilibrate.

CH36\21N\OS0R Rev G July 1999
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Table 5.3 Locked-in fabrication forces in critical LC2 components (kN)

Initial force L2 LC2 Locked-in fabrication force
from cutout gravity 15 kN offset (kN)
Member | (ranle 5.2uno) | (Table3.1) | (Table 3.1)
a b c a-b-¢ average
77 -102 -53 -7 -42 -33
78 5 54 9 -58 -54
79* -84 -52 -7 -25 -33
80 14 55 8 -49 -54
81 10 -40 -12 62 64
82 127 32 9 86 83
83 16 -39 -12 67 64
84 124 34 9 81 83
* from DEMECs

5.4  3RD REPAIR - LC2C TEST

As shown in Figure 3.2, Braces 78 and 81 to 84 were completely replaced in the 3rd repair so
the original DEMEC readings were no longer relevant.

Having demonstrated the validity of using load cell readings from start of test to cut out as a
basis for determining the initial state of stress (see Section 5.3), this approach was adopted for
LC2C. As shown in Table 3.2, the top bay bracing in Frame E (Members 81 to 84) are the
critical components in the LC2C tests. Table 5.4 shows the full results separating the
contribution from fabrication forces, gravity and the load cell offset.

Table 5.4 Locked-in fabrication forces in critical LC2C components (kN)

Initial force LC2C LC2G Locked-in fabrication force
Member from cutout | 15 kN offset gravity
f1] (Table 3.1} (Table 3.1)
a b ¢ a-b-¢ average
81 111 -12 -40 163 166
82 78 9 32 37 34
83 117 -12 -39 168 166
84 75 g 34 32 34
Notes: [1] Load cell data from AVT files: LG2Ca-cut.xls Scan 300 (end of cutout) compared with
Scan 1 (start of test)
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4TH REPAIR - LC3C TEST

The LC3C test was the first applying horizontal load to the structure on Frame A. The load celi
offset is no longer of concern as the actuator system is rotated through 90° (Figure 3.1(c)).
Prior to the LC3C test, repairs were effected in Frame E (Figure 3.2 - 4th repair). The primary
bracing in Frame A where member failures occurred in the LC3C test remained from the initial
build. Table 5.5 provides a comparison between the initial forces recorded with the DEMEC
system and subsequent changes recorded by the logger from switch on of the system to start
of the LC3C test, with the forces measured during the cutout. In addition check readings from
the DEMECs taken just prior to LC3C trial and subsequent instrumentation changes to the start
of the test are shown. Some caution is needed in interpreting these, as discussed below.

Comparing first the two ‘accumulated’ force calculations a consistent shift between the results
can be seen. However it is known that the reference sample was replaced after the original
fabrication'” and the initial and pre-LC3C DEMEC readings used different samples. Comparison
of datum values from the two reference samples in Reference 9, indicates a correction of some
30 N/mm?is required in the latter case. On this basis the two sets of readings would correspond
(ie. Table 5.5 Golumn 4 compared with Column 7 values plus 30 N/mm?). However comparing
the first accumulated readings (which do not need correction) from the fourth column with the
forces determined from the cut out, further differences remain. In particuiar the cut out suggests
Braces 49 and 51 were in a state of pre-compression at the start of the test.

Considerable effort has been expended to resolve the discrepancy but no explanation can be
found. Investigations have confirmed that:

° the readings provide a meaningfu! pattern of initial stresses

® the incremental forces indicated by the instrumentation are balanced, and the changes
with each previous test and repair are small and understandable in light of the specific
activity

. the performance of the instrumentation in the LC3C test itself was satisfactory with no

jumps in the recording and was satisfactory in subsequent tests.

At this stage the cut out forces are carried forward for use in the interpretation of the LC3C
results, consistent with the approach in other tests.

Table 5.6 shows the separation of locked-in fabrication and gravitational elements using Table
31,
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Table 5.6 Locked-in fabrication forces in critical LC3C components (kN)

nitial foroe Lcs_c Locked-in fabrication force (kN)
from cutout gravity
Member
{Table 5.5) (Table 3.1)
a-b average
a b

49 -4 -2 -39 -42
50 54 3 51 47
51 -48 -2 -46 -42
52 45 3 42 47
57 66 0 66 72
58 20 4 16 18
59 79 0 79 72
60 25 4 21 18

5.6  5TH REPAIR - LC3 TEST

Figure 3.2 shows that the X bracing in Level 1 and the top bays of Frame A was newly fabricated
prior to the LC3 test. Critical components failing in the test were in Frame A, Frame B (top
bays}, Level 1 and Frame C (Brace 61). From the listing of members cut at the end of the test,
it can be seen that the initial state of stress can be inferred from a combination of accumulated
forces based on the DEMEC system and direct measurements of the cut out force. Table 5.7
summarises the results.

The correlation between the two systems is extremely good particularly for the new members
following the 5th repair. Using the initial DEMEC measurements and sequence of instrumentation
changes through the test gives a similar initial force level and pattern when compared with the
cut out forces, but, as the averages for Frame A show, appear to be overstating the force level
by some 20 kN (tension). Although the potential for problems associated with the initial DEMEC
readings and long term functioning of the instrumentation system have been investigated, there
appears to be no obvious cause and checks confirm to the contrary that the systems have
continued to function well. In general, reliance will be placed on the cut out forces but for the
X bracing in Frame B, where such data are not available, the potential that the locked-in
fabrication stresses are overstated by 20kN will be considered in the LC3 results
interpretation'?,

Finally locked-in fabrication force and gravity contributions to the initial forces at the start of LC3
are separated out in Table 5.8.
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Table 5.7 Comparison of initial forces for key members in LC3 test

Force accumulated (kN)
Member Stage of . T:;rri:t::?ast?:n"[‘:])
fabrication DEMEC Instrumentation to Total c
C636\21\017W-E | start of LC3 test [1] 0 LC3 start - cut
19 Initiat build 95.6 -11.0 84.6 nfa
20 Initial build 82.2 -4.4 77.8 n/a
21 Initial build 105.7 -14.8 90.9 n/a
22 Initial build 60.4 -2.2 58.2 n/a
27 Initial build - -84.5 - nfa
28 Initial build 69.6 -2.8 66.8 n/a
29 Initial build 125.0 -65.3 59.7 n/a
30 Initial build 285 12.1 40.6 n/a
45 Initial buiid 165.2 -137.6 17.6 -3.8
48 inittal build 1384 -78.5 59.9 19.8
47 Initial build 151.8 -110.3 415 -10.3
48 Initial build 126.7 -107.7 19.0 10.6
Average 34.5 16.3
49 5th repair 168.3 9.1 177.4 185.7
50 5th repair 132.3 21.0 153.3 182.9
51 5th repair 167.5 7.7 175.2 162.1
52 5th repair 1407 42.0 182.7 181.7
Average 172.2 173.1
53 Initial build 21.8 65.6 87.4 31.2
54 Initial build 162.7 -79.3 73.4 56.1
55 Initial build 15.1 39.8 54.9 37.0
56 Initial build 146.8 -66.1 80.7 64.6
Average 74.1 47.2
57 5th repair 115.5 6.2 1217 108.8
58 5th repair 47.7 1.7 49 4 537
59 5th repair 113.0 55 1185 110.6
60 5th repair 452 1.6 46.8 51.2
Average 84.1 a1
61 2nd repair - - - -6.2
98 5th repair 148.5 1.0 149.5 189.5
99 5th repair 140.1 -0.5 139.6 156.5
100 5th repair 1971 1.7 195.4 194.2
101 5th repair 136.7 2.6 139.3 134.7
Notes:
[1] Instrumentation change from completion of repair indicated to start of LC3 test (AVT file LC3a-test.xls Scan 1)
Reference files: 5th repair LC3a-trial Scan 1, Initial build LCTa-trial Scan 0
{2] Instrumentation data fram AVT files: LC3a-cut.xls except for 98-101 - released force calculated from LG1CA
cut and change in instrumentation from start of LC3 test (LC3a-test.xls Scan 1) to start of LC3CA test
(LG3Cab-test.xls Scan 1)
Member LC3CA test stant LC3C test start Total
- LC1CA cut out - LC3CA test start
98 99.5 80.0 189.5
99 90.5 66.0 156.5
100 110.7 83.5 194.2
101 67.0 67.7 134.7
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Table 5.8 Locked-in fabrication forces in critical LC3 components at start of LC3 test (kN)

initial force

Locked-in fabrication force (kN)

from cut out L3 LC3 start
gravity
Member uno
(Table 5.7) (Table 3.1)

. b a-b Average

19 [1] 85 5 80 83
20 1] 78 -10 88 78
21 [1] H 5 86 83
22 1] 58 -10 68 78
27 (] - -5 - 65
28 [1] 67 1 66 53
29 [1] 60 -5 65 65
30 1] 41 1 40 53
45 -4 -9 5 2
46 20 3 17 13
47 -10 -9 -1 2
48 11 3 8 13
49 166 -2 168 166
50 183 3 180 180
51 162 -2 164 166
52 182 3 179 180
53 Ky 3 28 3
54 56 -7 63 68
55 37 3 34 31
56 65 -7 72 68
57 109 0 109 110
58 54 4 50 48
59 111 0 111 110
60 51 4 47 48
61 -6 -73 67 67
98 190 15 175 177
99 157 -10 167 156
100 194 16 178 177
101 135 -1 146 156

Note:
(1]

Force accumulation from initial build - too positive by 20 kN?
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5.7 6TH REPAIR - LC3CA AND LC1CA TESTS

Following completion of the LC3 test extensive repairs were undertaken for the test frame as
showninFigure 3.2. Tests LC3CA and LC1CA proceeded with the actuator first on Frame A (see
Figure 3.1(c)) then repositioned on Frame C (see Figure 3.1(a)). DEMEC readings were taken
for all members replaced in the 6th repair; in addition cuts were made to determine the locked-in
forces released on completion of the final test. These are used to determine the locked-in
fabrication forces present in the frame for the two tests; the gravitational component of the initial
forces is different in the two tests because of the repositioning of the actuator (see Table 3.1 ).
The actuator datum was reset for the LC1CA test so no offset is required as in the earlier LC1
and LC1C tests.

Table 5.9 provides a comparison between the accumulated forces calculated from the DEMEC
readings and subsequent changes between completion of fabrication and start of the LC3CA test,
with the corresponding forces determined from the instrumentation at the LC1CA cut out.

The agreement is generally good and the pattern of high / low tensile / compressive forces is
confirmed by the two systems.

The DEMEC readings come from different stages of the programme as shown therefore for
consistency reference is made to the cut out readings from the instrumentation as a basis for
determining locked-in fabrication forces.

Although the Frame B top bay X joints were ioaded beyond their elastic limit in the LC3 test they
were not replaced prior to the LC3CA test. The joints were again loaded into the nonlinear
regime in this test; the initial loads can be determined from the condition shown in Table 5.7 plus
changes in the recorded loads from the instrumentation between the start of the two tests.
These are summarised in Table 5.10.

Table 5.11 subtracts the gravity forces (see Table 3.1) from the total force in the members at
the start of the LC3CA test to give the component of locked-in fabrication force.

When interpreting the responses in LC1CA the new position of the actuator needs to be taken
into account. The alternative pattern of gravitational forces is also shown in the table.
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Table 5.9 Comparison of LC3CA initial forces for key members in LC3CA and LGC1CA tests (kN)

©

et Force accumulation (kN) Force released (kN)
Stage of - Instrumentation [2]
Member | fabrication , 21" DEMEC Instrumentation LC3CA start -
LIRAT coamanorrwe | | fostartol Total LC1CA cut
LC3CA test [1]
45 Bth repair 128.1 -0.9 127.2 135.9
46 6th repair * 72.8 -0.9 71.9 38.1
47 6th repair * 125.6 -0.8 124.8 131.7
48 6th repair 76.2 -1.0 75.2 52.6
49 Gth repair 115.5 -1.2 114.3 119.0
50 6th repair * 180.0 -2.2 177.8 153.2
91 6th repair * 105.5 0.9 106.4 1195
52 6th repair 180.9 2.1 178.8 146.5
53 6th repair 116.4 0.1 116.5 113.7
54 6th repair * 150.7 -2.1 148.6 1731
55 6th repair * 1155 -01 1154 116.0
56 6th repair 154.1 - (assume -2.1) 152.0 162.3
57 6th repair * 93.8 -04 93.4 115.9
58 6th repair 7.5 0.2 7.7 10.4
59 6th repair 871 -0.7 86.4 100.1
B0 6th repair * 21.8 0.4 222 10.3
61 6th repair * 14.5 -0.7 13.8 6.0
62 2nd repair {3] - - - -36.6
63 2nd repair * - - - -2.0
64 2nd repair [3] - - - -38.6
69 Initial build * 26.0 -95.3 -69.3 -94.3
70 Initial build [3] -40.3 118.0 77.7 226
71 Initial build * 61.2 -91.6 -304 -74.5
72 1st repair [3] 52.0 314 83.4 -50.3
98 5th repair * 148.5 -98.5 50.0 90.0
99 5th repair 140.1 -91.0 491 66.0
100 5th repair 197.1 -112.4 847 83.5
101 5th repair * 136.7 -64.4 72.3 67.7
Notes:
1 Instrumentation change from completion of repair indicated to start of LC3CA test (AVT file: LC3CA-test Scan
1). Release files: 6th repair: LC3CAb-trial Scan 1
Sth repair; LC3a-trial Scan 1
1st repair; LC1Ca-trial Scan 1
Initial build: LC1a-trial Scan O
I2] Load celi data from AVT files: LC1CAb-cut.xls Scan 174 compared with LC3CAb-test.xls Scan 1
[3] Comparison not valid - although other primary K brace is cut, out-of-plane braces/leg/horizontal maintain
some constraint - problem particularly for braces 70 and 72 which buckled in LC1CA test.
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Force accumulation {kN)
Member At start of LC3 test Instrumentation Total
(Table 5.7) Start of LC3CA test
1 - start of LC3 test [2]
19 84.6 4.5 89.1
20 77.8 8.1 85.9
21 90.9 22.0 112.9
22 58.2 -8.0 49.2
27 - 136 -
28 66.8 28.1 949
29 59.7 35.7 95.4
30 40.6 29.1 69.7
Note:
i1] Force accumulation from initial build - too positive by 20kN?
[2] Instrumentation change from start of LC3CA test to start of LC3 test.
AVT files LC3CAb-test.xls Scan 1 and LC3a-test.xls
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Table 5.11 Locked-in fabrication forces in critical LC3CA / LC1CA components at start of LC3CA test (kN)

Initial force LC3CA Locked-in fabrication force (kN) Leica
Member from cut out uno gravity LC3CA start it
(Tables 5.10 & 5.11) | (Table 3.1) gravily
a b a-b Average (Table 3.1)
19 [1] 89 5 84 96 3
20 [1] 86 -10 96 78 -2
21 1] 113 5 108 96 3
22 [1] 49 -10 59 78 -2
27 [1] - -5 - 100 -9
28 [1] 95 1 94 81 8
29 [1] a5 - 100 100 -9
30 [1] 70 1 69 81 8
45 136 -9 145 143 4
46 38 3 35 43 -9
47 132 -9 141 143 4
48 53 3 50 43 -9
49 119 -2 121 121 4
50 153 3 150 146 -4
51 120 -2 122 121 4
52 147 3 144 146 -4
53 114 3 111 112 13
54 173 -7 180 170 -15
L) 116 3 113 112 13
56 152 -7 159 170 -15
57 116 0 116 108 4
58 10 4 6 6 0
59 100 0 100 108 4
60 10 4 6 6 0
61 6 -73 79 n/a -76
63 -2 -47 45 n/a -53
69 -84 -43 -51 n/a -45
71 -75 -30 -45 n/a -34
a8 90 15 75 72 -
99 66 -10 76 78 -
100 84 16 68 72 -
101 68 -11 79 78 -
Note: (1] Force accumulation from initial build - too positive by 20kN?
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5.8 SUMMARY
Based on the foregoing evaluations, Table 5.12 summarises the averaged locked-in fabrication
forces in critical components at the start of each frame test. Gravitational forces act in addition
to the fabrication forces when the applied load is at the zero datum: these value are given in
Table 3.1. Itis important to note that where no locked-in fabrication forces are given the values
are not zero. The table only presents selected values relevant to the interpretation of the failure
sequence observed in the tests.
Table 5.12 Summary of locked-in fabrication forces at the start of each test for key members
Locked-in fabrication force (kN) at start of test
Member
LC1 LC1C LC2 LC2C LC3C LG3 LC3CA [2]
FrameB [1]
Top CD 19 83 96
20 78 78
21 83 96
22 78 78
TopDE 27 65 100
28 53 81
29 65 100
30 53 81
Frame A
Btm CD 45 2 143
45 13 43
47 2 143
48 13 43
Top CD 49 -42 166 121
50 47 180 146
5 -42 166 121
52 47 180 146
Btm DE 53 A 112
54 68 170
55 31 112
56 58 170
TopDE 57 72 110 108
58 18 48 6
59 72 110 108
60 18 48 6
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Locked-in fabrication force (kN} at start of test
Member
LC1 LC1C LG2 LC2C LC3C LC3 LC3CA [2]

Frame C

Btm 61 -5 - 67 79
62 54 -

Top 63 -25 - 45
64 40 -

Frame D

Btm 69 42 -51
70 -60

Top 71 58 -45
72 -38 -

Frame E

Btm 77 -33
78 -54
79 -33
80 -54

Top 81 64 166
82 83 34
83 64 166
84 83 34

Level 1

X 98 177 72
99 156 78
10 177 72
0 156 78
10
1

Notes:

[1] Force accumnulation from initial build - too positive by 20kN?

[2] No repairs between LC3CA and LC1CA tests - LG1CA interpretation is with respect to datum at

start of LC3CA test
- Data not available

C636\21\050R Rev O luly 1999

Page 5.21 of 5.21




BOMEL £55uessing @
6. CONCLUSIONS AND RECOMMENDATIONS

The measurement schemes adopted during the initial build and subsequent repairs of the 3D test
structure have provided sound information on the level of forces locked-in to the members as
a result of shrinkage and deformations during fabrication. The DEMEC and electric resistance
systems have provided a means to cross-check the results. Specific values have been extracted
for those key components within the frame which play a part in subsequent failure sequences;
these are tabulated in Table 5.12. In addition to the fabrication forces, self-weight gravitational
loads are also present when the structure is in the datum position prior to the application of
external actuator loads in each test; the gravity components are presented in Table 3.1,

The pattern of fabrication forces can be understood in terms of the sequence of fabrication, ie.
tensile forces are present in members installed when the surrounding structure is well braced
and conversely compressive forces are measured in the first installed bracing. Equilibrium
checks confirm the validity of the forces; opposite pairs of braces within an X bay carry similar
force levels; in K braces the forces are generally equal and opposite.

The magnitude of the forces is considerable, reaching as much as 30% of the nominal axial
tensile capacity of some members. Depending on the sense of applied loads these may act to
increase or decrease the apparent resistance of components. As a proportion of component
capacity the relative effects may be even greater if joints along the loadpath have no cans and
are therefore weaker than the members.

The principal conclusions for the Frames Project are that:

] the locked-in forces reached in the test frames must be taken into account when
interpreting the measured capacities of components under applied loads

. the potential influence of these locked-in forces must be recognised in the comparison
of benchmark analysts' predictions to the test frame responses.

More generaily when considering the conduct of ultimate strength analyses of jacket structures,
the potential influence of locked-in fabrication forces must be considered. Their magnitude and
sense will never be known but some degree of sensitivity study may be appropriate to ensure
that deterministic response predictions are valid.
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APPENDIX A
THE INFLUENCE OF LOCKED-IN FABRICATION STRESSES

ON STRUCTURAL PERFORMANCE
- EVIDENCE FROM FRAMES PROJECT PHASES | AND II

Reference 3 (11 Pages)
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THE INFLUENCE OF LOCKED-IN FABRICATION STRESSES ON STRUCTURAL PERFORMANCE
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Maidenhead, Berkshire

UK

J K Smith
Amoco {UK) Exploration Company
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ABSTRACT

The potential influence of locked-in fabrication siresses on the
ultimate response of structurzl frames is investigated. Whilst
local shrinkage at welded connections has been quantified to some
extent in the past, the effect on the capacity of structural
components and frames has not been illustrated.  The
investigation reported here was prompted by the results from
some large scale ultimate load tests of tubular frames. Some of
the components within these frames failed at loads significantly
different from values predicted simply on the basis of geometry
and yield stress. The discrepancies between measured and
predicted capacities were atributed to locked-in fabrication
stresses which are an inherent feature of the welded construction
of redundant frames. This conclusion was reached on the basis
of detailed measurements during the fabrication of subsequent
specimens.

The paper demonstrates the influence of locked-in stresses on
the test frames and discusses the potential significance for the
prediction of the ultimate response of jacket structures with
reference to previous findings in the open literature. A principal
difficulty is to quantify the influences of scale in the test frames
as welds cool and shrink, compared with full scale jacket
construction. To efucidate this a unique set of measurements of
the locked-in strains accumulating during the fabrication of an
Amoco structure were taken. A mechanical system of strain
measurement was used and this and alternative approaches are
evaluated.

Based on the findings, it is recommended that future frame
testing projects include thorough measurements of fabrication
stresses lo ensure that results are properly interpreted.
Furthermore, it may be appropriate to include sensitivity stadies
{encompassing locked-in fabrication stresses and other realistic

factors) in the assessment of the ultimate strength of a jacket
structure.

UK

INTRODUCTION AND BACKGROUND

As a welded joint cools, its contraction is resisted in all
directions by the surrounding cooler material generating a stress
field in the structure with equilibrating zones of tension and
compression. Local to the weld the residual stress distribution
reaches -the yield value and becomes very important in the
fracture mechanics assessment of flaws, If the shrinkage is
resisted by the surrounding structure, the long-range stresses can
generate net forces in the members. It is the lauer case with
which this study is concerned.

The complexity of the stress distribution and the broad umbrella
of a working stress safety factor means that to date their influence
has been largely ignored in structural analysis. In a limit state
scenario, and particularly where 2 mean representation of
behaviour is required for assessment purposes (as in the new API
RP2A Section 17.0), the significance of these locked-in stresses
and other inherent imperfections needs to be quantified.

Treatment of locked-in stresses in the open literature is not
extensive. Nevertheless, the phenomenon is well known
welders on fabrication sites. In preparing the members for fit-up
the distortion must be accounted for to ensure that the sequence
of welds can be performed satisfactorily. Of course it is the
shrinkage from the closing welds which results in locked-in
fabrication strains along the members.

Reference 1 by White, Dwight and Leggatt and the background
material assimilated in the paper, constitutes the principal source
of information on locked-in fabrication stresses revealed in a
literature search as part of the presemt study. The work is
described in some detail to demonstrate the build-up of locked-in
stresses due to weld shrinkage but the shortcomings of the
proposed calculation method in practical application are also
highlighted.




Potential significance of locked-in stresses

Ultimate strength (pushover) analyses are being performed
increasingly to demonstrate the ability of a platform to withstand
extreme events without catastrophic collapse, Nonlinear analysis
programs such as the Frames Project software SAFJAC (4} are
used to predict the ultimate response. Detailed or accurate
information about ail aspects of system loading and resistance is
generally not available and the need to perform sensitivity
analyses is being recognised increasingly (6). In some structures
instability in one weak load path may dominate the response (7).
As a result, imperfections, such as locked-in stresses, which
affect the capacity of the critical component can have a direct
influence on the system capacity (3). In others the redundancy
may ensure that parailel load paths are evenly utilised such that,
although the precise sequence of local failures leading to
structural collapse may be sensitive to perturbations in the system
properties (6), the uitimate collapse load may not.

If confidence is to be placed in reserve strength predictions (eg.
to form part of an inspection scheduling prioritisation), it is
important to ensure that the range of possible responses is
established, reflecting the probable range of system parameters.
The Frames Project findings indicated that locked-in fabrication
stresses could be important. Furthermore because their influence
could be detrimental or beneficial in terms of component
capacities, it cannot be concluded that it is conservative to ignore
locked-in prestress. It was recognised that geometric scale
differentiated the frame test specimens and jacket structures.
However, no method for calculating the relative effects of weld
shrinkage or cooling appeared to be readily available.

Given the potential implications for practice in terms of the
confidence that can be placed in pushover analysis predictions and
the need for sensitivity analyses, the build-up of locked-in
fabrication stresses was investigated further with full-scale
measurements in the course of fabricating Amoco’s Lomond
jacket structure. In this paper the Frames Project results are
discussed in the context of the literature review, the selected
measurement system is described and the full scale resuits are
presented.

FRAMES PROJECT FINDINGS ’

The Joint Industry Tubular Frames Project was established to
examine the reserve and residual strength of jacket.structures
through a series of ultimate load tests on first two-dimensional
and now three-dimensional frames (4, 5). The project is being
undertaken by Billington Osborne-Moss Engineering Limited
{BOMEL) and Amoco (UK) Exploration Company (Amoco) is
one of the Participants. Both member and joint collapses have
been investigated, and the tests have afforded new insight into the
uitimate response of frames.

However, in some instances the apparent capacities of
components within the 2D frames were significamly different
from predicted values. Subsequent investigations, including
detailed measurements, revealed that the differences were largely
attributable to locked-in pre-stress in the brace members arising
in the course of fabrication. The potential influence of locked-in
stresses can be illustrated with examples from the Frames Project
test programme.

Frame geometry and fabrication

The X-braced frames tested in Phase I of the Frames Project are
shown in Figure 2. In non-dimensionalised terms the member
properties were representative of offshore jacket structures. The
specimens were fabricated in accordance with standard procedures
and were not stress relieved. The sequence was generally for the
legs to be welded first between the top and bottom beams. The
horizontals and stub diagonals to the beams were then introduced
before the primary diagonals were fully welded. The exact
sequence varied from frame to frame, but generally the

surrounding frame was stiff at the stage the primary braces were
welded.

Frame | - Phase 1

Figure 3 shows the variation of axial loads in the top bay
bracing in Frame I, in response to a lateral load applied at the top
of the frame. It can be seen that a yield plateau was reached in
the tension member before the rapid fall off in load associated
with compression buckling. Given the slenderness of the

‘members this result was unexpected but could be explained by a

small pre-tension in the bracing which would increase the external
load necessary to precipitate buckling and reduce the applied foad
to give tensile yield. The sensitivity of the failure sequence to
small initial loads can be seen. Unfortunately the build up of
fabrication stresses was not recorded in Phase I of the Frames
Project and so the above expianation, although probable based on
later findings, could not be concluded categorically.

Frame lil - Phase |

A more extreme discrepancy between ideatised analysis and tests
is shown in Figure 4 for Frame [II. Frame Il was identical to
Frame I, except for the omission of the mid-height horizontal. In
contrast o Frame I, the compression brace buckled very much
earlier than predicted and the tensile capacity was apparently
much higher. However, once the externally applied loads
precipitated instability, the frame capacity was limited. The
remaining capacity in alternative loadpaths (the tension chord in
this simple framed structure) was unable to compensate for the
post-buckling foad shedding from the brace. The explanation for
the presence of such significant pre-compression in the specimen
can be found in the fabrication sequence.

The sequence was generally as noted above, but the fabricator
was concerned that without the mid-height horizontal the
shrinkage associated with welding the primary bracing might bow
the legs inwards and the fabricated structure would be outwith the
specification. Accordingly mechanical restraints were applied to
the legs, drawing the legs outwards at mid-height to compensate
for any subsequent shrinkage. After welding was complete the
mechanical restraint was released and it would appear that the
legs sprang back, introducing significant initial pre-compression
in the braces.

The comparison between Frames I and IH shows the influence
that mechanicat intervention to improve fit-up and the stiffness of
the surrounding structure can have on the build-up of locked-in
fabrication stresses.




MEASUREMENT OF LOCKED-IN STRAINS
System selection
The principal objective of the full-scale measurements was to
indicate the level of locked-in stresses arising in jacket
fabrication. The study was made possible by the kind permission
of Amoco (UK) Exploration Company and Highlands Fabricators
Limited (HiFab), who gave BOMEL access to the HiFab site
from October 1991 to June 1992 as the Lomond Jacket was built
for Amoco’s CATS, Central Area Transmission System (Figure
5). The premise in being given access was that the fabrication
should not be impeded. In choosing a measurement system full
consideration had to be given to an unobtrusive hut ‘permanent’
datum system, the ability to take rapid measurements, equipment
portability in view of limited access, the changing temperatures
and exposed environment, as well as the accuracy required for
meaningful results o be obtained.
Three measurement systems were evaluated on the basis of the
above:
®  Electric resistance strain gauges - aithough conventionally
used in structural testing, rejected because of the long term
instability of gauges or malfunction and the need for
permanent cabling.
®  Spot welded vibrating wire gauges - although waterproof
and offering long term stability, rejected because of the
capital cost of equipment and specialist services.
® The Demec system - recommended on the basis of its
practicatity, unobtrusiveness and environmental tolecance
and based on satisfactory performance in the Frames
Project tests where accuracy was confirmed in comparison
with strain gauged load cells.

The Demec strain measurement system

The Demec system was developed by W H Mayes and Sons of
Windsor, and is now used widely throughout the civil engineering
industry. It comprises a mechanical strain gauge with one fixed
point and one moveable measuring point at the gauge end.
Changes in this gauge length are transmitted through a pivot to
the measuring dial gauge, Figure 6. The ratio between real
movement and the measurement on the dial gauge is calibrated
and converted to strain. Gauges from 50mm to 2000mm are
available and are selected depending on the magnitude of strains
to be measured and the accuracy required.

A 250mm gauge length was adopted in this work. This was
practical for use on site and gave sufficient resolution. The
length over which measurements are to be taken can be defined
by adhering proprietary pips with a drilled hole to the structure
(Figure 7), or alternatively by drilling 2 tmm by 1.5mm hole
directly into the member.

It should be noted that a very similar system for measuring
locked-in strains was adopted in Reference 2.

FULL SCALE MEASUREMENTS

The Lomond jacket is shown in Figure 5. The structure is X-
braced with X framing in plan, without midheight horizontals in
the face frames.

The frames comprise four X-braced bays with the top three bays
and associated legs fabricated initially and the lower bay

constructed in the final stages. The iower bay legs are pre-
fabricated as a unit along with the pile guides.

The four face frames are referred to as Frames A, B, | and 2.
Frames 2 and 1 were fabricated first and in that order. Each of
the X-braces was made up from a through member and two
shorter members welded at the centre to form the X-brace. For
each of the Frames 2 and I, three X-braces were placed in
position and subsequently welded to the legs. These are Stages
! and 2 respectively in the fabrication process as outlined in
Figure 8. Stages 3 and 4 involved welding the Frame A and B
X-braces to Frames | and 2, respectively. The plan braces which
house the conductor guides were also welded to Frame 2 at this
stage. Stage 5 followed during which the structure was welded

.n the rolled-up position and finally, at Stage 6, the jacket lower
bays were introduced.

Datum readings

Initial marking of members was necessary before they were used
in the construction of any frames. Close liaison with HiFab was
necessary to ensure that datum readings couid be taken as
required afier the plate became identifiable as a wbular member
but before it was welded into a frame.

It was clear from the fabrication plan (Figure 8) that although
access to the full length of the diagonal bracing would be afforded
for Frames 1 and 2 during early stages of fabrication, once the
jacket roll-up commenced access would be extremely limited.
Platforms were erected around each node to enable the welds to
be laid and it was therefore necessary for the measurements to be
as close to the intersections as possible without being directly
influenced by residual strains local to the weld. For this reason
a minimum offset of a half brace diameter was stipulated for the
closest measurement point from the intersection (0.5d -~ 500mm).
However, establishing the in-plane datums for the acute side of
the member beyond 0.5d, set the orthogonal measurement

position more than 1.5d (1.5m) away from the intersection for the
45° brace angles.

Site observations

Many site visits each lasting several days were made by the
BOMEL team. This ensured that damm readings could be
established and retaken as the individual plane frames were
completed and welded together to iliustrate the 2D and 3D
redistribution of the stresses as the restraints changed.

Work progressed on parallel fronts depending on other yard
activity and the availability of welders. The chronological
sequence of weld completion was noted but weld passes were laid
in several tranches. Therefore the nth completad intersection may
not have been free at the time the n-4th was completed - roet and
subsequent passes may already have offered restraint.
Furthermore where shrinkage is due to wrap up effects as well as
transverse effects, the distribution will depend on the start and
stop focations of the weld. This circumferential variation may
only even out gradually along the member away from the
intersection.

Example calculations, based on Roark (8) for a free cylinder
with an applied end moment, indicate that the moment would
dissipate over a 200mm length for a representative 1000mm OD




ION/mm? may be taken to indicate reasonable agreement.
Furthermore it indicates that the member end measurement
strategy was valid and that the level of stresses indicated in the
tables and figure are representative of the distribution in the
strucrure.

For plan members at the lowest level, the stresses were
alternately tensile and compressive and were at around 4% of
yield on jacket completion. Had these welds been laid fast, it
might have been expected that large tensile forces would have
been generated given the greater stiffness of the surrounding
structure. However it can be seen from Figure 8 that Frames 2
and B had not been connected at the time the plan bracing welds
were completed. Hence the moderate level of stresses in these
members can be understood.

DISCUSSION

Volumetric changes or distortion of components in the course of
assembling a redundant structure will result in residual forces
being locked-in to the structure once the governing influences {eg.
changes in ambient temperature) reverse. Some of fabrication
which can have this effect on jacket structures are:

¢ Mechanical handling and alignment {fit up) forces

®  Preheat prior to welding

& Weld shrinkage related to welding procedure {rate of heat

input, root gap, etc)

#  Fabrication sequence

® Relative component stiffnesses and support conditions

¢  Ambient temperature

Each factor and the variation it may induce, is discussed in
detail in the final project report (9) on the basis of which this
aggregate view is assimilared.

The picture of the development of locked-in siresses is
complicated by the number of factors involved.  The
measurements in this study have encompassed them ali as they
‘naturally’ occur in practice. The findings indicate that the
various influences can, and do, counteract each other such that
both tensile and compressive stresses are generated. Furthermore
where possible, the effects have been quantified and in all cases
these have confirmed the finding that the Eomond jacket
experienced a somewhat lower level of stress than the test frames.

The effects of scale

The scale of the structure is influential on the level of locked-in
stresses developed, For the test frames the bay width was 6m and
the minimum brace to leg root gap was 3mm. For the Lomond
jacket the span was 25m but the minimum root gap was set in the
range 3 to 6mm.

The extent of the gap in relation to the length along which
shrinkage strains are to be distributed is quite different. The
absolute magnitude of the weld area in relation to electrode size
affects the accumulation of shrinkage with each pass, so that at
large scale a more significant locked-in stress gradient may be
generated through the thickness from resisting wrap-up.

Furthermore, ‘scale’ affects the approach to fabrication and the
resulting controt over locked-in stress development. Simultanecus
welding is an inevitable aspect of jacket fabrication. The outdoor
site aiso means that changes in the weather, leeward versus

windward sides of the structure, direct sunshine, etc., may

contribute more significantly to in-built stresses arising during
fabrication.

Influences on ultimate response

Just as locked-in fabrication stresses influenced the mode and
sequence of component failures in the Frames Project test frames,
s0 too could the ultimate response of jacket structures be
influenced. Although the measurements for the Lomond jacket
indicated that the average level of pre-stress in the jacket was low
and within £5% of yield, in some members average values as
great as 12% of yield were found. These values were a function
of the structure configuration and proportions, and the specific
sequence of fabrication. A structure with horizontal and diagonal
bracing in the same plane might be expected to have higher levels
of locked-in stresses because of the restraint. Nevertheless
arguments associated with scale have been presented suggesting
that, in general, the stress levels would be unlikely to reach those
recorded for the test frames.

- It may reasonably be corcluded that no radical change should be

made to pushover analysis procedures, although the need to
perform sensitivity studies is underlined. The influence of
locked-in stresses depends on the system redundancy and the
mode of component failures. [t has been demonstrated that where
system capacity is governed by instability, for example member
buckling, locked-in stresses may have a direct influence on both
component and system capacities. However, where the ultimate
response mode is ductile, such that alternative loadpaths can
compensate for a premature failure in one compenent, the self-
equilibrating locked-in stresses may have no net effect on system
capacity. Even if there is no influence on the ultimate capacity,
the sequence of component failures may be altered by locked-in
fabrication stresses. In a complex structure with evenly balanced
failure modes which each may involve a sequence of component
failures, it is possible that the limiting sequence may be altered
with a potential influence on system capacity. It is therefore
suggested that locked-in prestress should be considered as a factor
in sensitivity studies which may already encompass variations in
material properties, geometries, loading, etc.

Discrepancies between actual and nominal material yield values
can be considerable and may be accounted for in ultimate strength
apalysis, but generally they offer additional capacity.
Furthermore in critical situations for a specific structure,
certificates may be traceable for individual members. Locked-in
fabrication stresses are different, however, in that they may be
tensile or compressive and it is unlikely that fabrication records
and the available analytical methods will enable the extent of
shrinkage to be calculated with any accuracy. It would therefore
be necessary to develop ‘worst case’ scenarios based on different
distributions through the structure. In this way, bounds to the
possible failure modes could be developed.

This procedure would not necessarily be followed routinely but
for hindcasting analyses or analyses which will determine
appropriate inspection, maintenance or repair scheduling,
inclusion of locked-in prestresses in sensitivity studies may be
appropriate. A suitable approach to such sensitivity studies is
presented by the authors in Reference 10.
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APPENDIX B THE MAPS STRESS MEASUREMENT SYSTEM

THE MAPS MEASUREMENT SYSTEM

The MAPS system was developed by AEA Technology and is described as a non-destructive, readily
portable device to measure bi-axial stress.

The device consists of a magnetic probe and is based on the principle that the presence of stress in a
material changes its domain structure through the effect known as magnetostriction so that quantities such
as magnetic permeability become functions of the total component stress. MAPS can be used on
structural steels and a wide range of other ferromagnetic materials. Laboratory and in-field prototype
systems have been used by AEA Technology to measure stresses resulting from material processing,
fabrication and in-service loading.

The MAPS probe comprises a magnetic yoke to apply an alternating field to the specimen, together with
a series of coils to measure inductance and flux linkage from which permeability and anisotropy can be
derived. There is also a coil for measuring coercivity in order to guard against material variation, and one
for reference measurements and to correct for variations in probe lift-off from the surface. When in use,
initialisation measurements are first made to compensate for lift-off and back-off, The probe then rotates
through 360° while seven magnetic parameters are measured at discrete intervals. After the measurement
is completed, these parameters can be plotted as a function of orientation. This step enables the principal
stress axes to be identified, since the anisotropy is zero along the bisectors between the axes. The next
step is to derive the three main parameters (presently identified as magnetic anisotropy and permeability
components along the principal axes).

Calibration data need to be available. These take the form of calibration maps for the three main magnetic
parameters as a function of biaxial tensile and compressive stress. The maps are constructed using 4
theoretical model linked to measurements on a similar steel during a simple bend test. The model corrects
for texture, and compensates for variations in back-off due for instance to microstructure. The analysis
program then fits the measured values of the three main parameters to the calibration maps, using a least
squares routine (inversion). This procedure delivers the best fit for the absolute magnitude of the two
principal stress components (whose directions were deduced previously).

Use of the system has generally been envisaged to define a stress field (for example in a plate) based on
a series of MAPS measurements over a gird of points. The experimental data are then inverted to stress
values as before, and the resulting matrix of tensor values plotted as a function of position. The variation
of stress with depth can also be determined by scanning the magnetic field frequency. This is useful for
discriminating surface effects where surface damage is indicated by the presence of high near-surface
tensile stress levels.
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In the case of the 3D test frame interest is in determining the net axial stress by averaging these
corresponding components of stress from readings at diametrically opposed points around the member

circumference. AEA Technology technicians conducted selected on-site measurements using the MAPS
system as seen in Figure B.1.

Figure B.1 Use of the AEA Technology MAPS system prior to testing of the 3D frame

Although the direct measurement of stress was attractive, the system proved to be slow to use,
cumbersome for use at height and from scaffolding, and demanding in manpower resources to prepare
the specimen surfaces, take repeated readings and move equipment. Use of the DEMEC system, as
described in the main body of this report, was therefore preferred.
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APPENDIX C

SPECIFICATION FOR DEMEC
STRAIN GAUGE MEASUREMENTS

BOMEL Specification Reference C636\21\003S, Rev 0, November 1997
as implemented by AKD Engineering Limited during the 3D frame fabrication
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1 INTRODUCTION

As part of the Phase lll Frames Project, the build-up of locked-in fabrication stresses in the tubular
frame are to be measured using the Demec system.

These locked-in stresses arise in the course of fit-up, welding and shrinkage on cooling, and may
be either tensile or compressive. The forces can be substantial and may enhance or degrade the
apparent response of the structure to applied loads. By measuring the locked-in stresses their
effect can be accounted for in the interpretation of the results of the main test programme.

The Demec system has been selected because it is simple to use and involves no permanent
instrumentation which might impede fabrication. The system was used successfully by a junior
BOMEL engineer in the previous phase of the Frames Project. The Demec system is used to
record the change in the separation of two points. The gauge is calibrated so that each division
movement equates to a certain value of strain. For this strain, the associated stress is calculated.

Measurement locations need to be set up and datum readings taken for each member within the
structure before its fabrication is closed-out. Final readings will be taken once the fuil fabrication
of the 3D frame is complete. The change in the readings will be used to determine the locked-in
stresses in the manner described above.

It is important to account for the effects of ambient temperature on the readings and to check for
any drift in the gauge readings. This is achieved by taking reference readings from unstressed

samples of the same material and using the Invar bar in the Demec set.

This specification concerns the conduct of the Demec readings.
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2.1

SCOPE OF WORK

Principal items in the scope of work are as follows:

1 Familiarisation with Demec equipment and measurement techniques
2 Setting-out of Demec pips and supply of reference samples

3 Datum readings

4 Final readings

5 Documentation.

Further details are provided below.

FAMILIARISATION WITH DEMEC EQUIPMENT AND MEASUREMENT
TECHNIQUES

Appropriate AKD personnel shall attend a demonstration of the Demec system and its use, as
outlined in this procedure, before work commences. The Demec gauge, setting out bar and
reference bar are to be provided free-issue by BOMEL, together with sufficient Demec pips. The
Demec gauge is provided with a current NAMAS calibration certificate.

The gauge shali be treated with care at all times and when not in use shail be stored in a safe
place in the wooden case provided by BOMEL. AKD shall be responsible for making good any
damage that may be caused in the course of its work and for any remeasurement that may be
necessary if the gauge has o be repiaced.

If at any point in the work AKD have any concerns or queries about the system and its use,
BOMEL shall be notified immediately to provide assistance.

The Demec system shall be returned to BOMEL on completion of the work.

To take a reading the pivot end of the gauge should be placed in the indentation of one pip and
the other end should be moved and located in the second pip. The gauge should be rocked
slightly about its longitudinal axis until a steady reading is obtained. The gauge should be held
firmly in position; no appiied force is required. The gauge should then be removed and replaced
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and a further reading obtained. If the readings differ by more than half a subdivision the process
shall be repeated until consistent measurements are obtained.

The dial gauge reading should be taken in the usuat way:

The divisions on the small inner dial give the thousands, a

The main divisions on the large outer dial give the hundreds, b

The sub-divisions on the large outer dial give the tens, ¢

The position between two sub-divisions gives the units; however sufficient accuracy
is achieved if readings are given to the nearest half division

. Readings shall be recorded thus:

abc0 or abch

As with all diat gauges, particular care should be taken to ensure that the clockwise increase in
readings is remembered when taking readings.

2.2 SETTING OUT OF DEMEC PIPS AND SUPPLY OF REFERENCE SAMPLES

Two measurement locations shall be set up for each member in the Frame. This requires four
pips to be used in opposite pairs on the axis of the member (see Drawing C636115\014D bound
within this specification). On Frames A and B pips shall be placed on the in-place axis but for
Frames C, D and E and the Level 1 and 2 plan bracing, pips shall be placed on the out-of-plane
axis. This strategy will ensure final resufts can be based on readings from either side in the rolled
up position.

The pips shall be affixed using a superglue suitabie for metals, to be supplied by AKD. The drilled
hole shall be outermost. The longitudinal spacing of the pips shall be determined using the 12
setting out bar. A tolerance of = 2 mm can be accommodated in the circumferential and
fongitudinal positions.

The pips shall be positioned away from any weld locations as illustrated schematically in Drawing
C636\15\014D; exact positions shail be sefected by AKD in light of cutting plans.

The pips shall be circled with a permanent paint marking to help locate them for further readings
and to ensure they are not damaged in the course of fabrication/lifting, etc. Qne pair of pips shall
be labelled ‘A", the other ‘B". The marking shall be iarge and clear so that the orientation in the
final frame will be clearly distinguishable. The location of the pips shall be recorded on a drawing
as illustrated in Drawing C636115\014D. The measurement given shali be from the ctosest pip
to the reference poin{/fintersection. A tolerance of = 10 mm can be accommaodated.

C636\210\0035 Rev O November 1997 Page 2.2 of 2.4




Cffcuts of each tubular type (size/specification) at least 350 mm long shall be provided. No
distinction need be made between different batches, i.e. one sample of the 168 mm dia x
4.5 mm WT BS3602 ERW will be sufficient. One measurement location shali be set up on each
offcut by placing a pair of pips fongitudinally, The samples shall be clearly and permanently
identified and shall be kept safe from damage, in the vicinity of the structure/members.

2.3  DATUM READINGS

A template for the recording of Demec readings is presented in Appendix A. To ensure that
current and relevant reference readings are used, it is proposed that new sheets are used hourty
with separate sheets for each material type. BOMEL would give consideration to alternative
proposals from AKD.

The procedure for taking readings is as follows:
1 Ensure reference samples are in the vicinity of structure/members to be measured.

2 Identify tubular type for members to be measured (reference drawing C636\15\002D).
Select appropriate logsheet.

3 Record name, date and time. Take and record measurement from the Invar bar, Take
and record measurement from the appropriate material reference sample. At least two
readings shall be taken before recording the measurement to ensure the gauge is
positioned correctly and recordings are consistent.

4 Record the member number. The member reference scheme is provided in Appendix
B.
5 Record with («) confirmation that member and log sheet materials correspond.

Record with () confirmation that member reading is being taken within one hour of
reference readings.

If either is not confirmed, a new log sheet should be started.
6 Take and record measurement across the A pair of Demec pips. Take and record
measurement across the B pair of Demec pips. At least two readings shall be taken

before recording the measurement to ensure the gauge is positioned correctly and
recordings are consistent.
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7 Repeat Steps 4 to 6 until additional log sheets are necessary. For each new log sheet
return to Step 3.

Datum readings for all members shali be taken before the associated fabrication is closed-out.

To check the procedures and use of the system, the first readings (say four members) shall be
repeated a day or two after the initial datum readings are taken. The log sheets shall be faxed to
BOMEL for review and approval. BOMEL will revert within one working day.

2.4  FINAL READINGS

Once fabrication of the 3D structure is complete all the Demec measurements shail be repeated.
Steps 1 to 7 of the procedure in Section 2.3 shall be repeated as necessary.

The timing of the final readings shall be discussed and agreed with BOMEL before work
commences.

2.5  REPLACEMENT MEMBERS

As for the initial frame fabrication there is the same requirement to measure locked-in stresses
for the replacement members introduced following the loadcase 1 and 2 tests. Demec pips shall
be applied and datum readings taken for the new members in accordance with Sections 2.2 and
2.3. Once fabrication of the repaired structure is complete, final readings for only the new
members shall be taken in accordance with Section 2.4. Strain measurements for the remainder
of the structure will be obtained automatically from the wired gauges that will then be in place.
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3 DOCUMENTATION

AKD shall provide the following to BOMEL:

. Layout drawings indicating the location of the pips on each member (see Drawing |
C636\15\014D)
] Completed log sheets for ail Demec readings (see Appendix A).

Original hand-written sheets shall be provided to BOMEL on compietion of all measurements. The
handwriting must be clear but the records shall not be transposed or otherwise typed up to avoid
errors.

Copies of the log sheets relating to the initial and check readings as required under Section 2.3
shall be provided to BOMEL by fax.

Copies of layout drawings and completed log sheets shail be made avaifable to BOMEL at interim
stages upon request, either by fax or to the BOMEL site representative, as appropriate.
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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 setting report summarising previous work, identified needs
and Phase Ill programme 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 systems used in the 3D
frame, accuracy, sign conventions etc. Data on CD in final report

C636\06\313R

0636\23\004R

C636\21\050R

£636\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 resuits 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

C636\39\011R

C636\40\021R
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Report Title Reference Circulation
Philosophy 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. Comparison
with LC1 static results
Monotonic and Cyclic testing of Isolated K Joints STF22 F98704 172
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 results and their
significance. Comparison with LG1 and LC3 static and cyclic
tests
Multiplanar SCFs C636\18\018R 1
Joint BG / BOMEL report describing analytical work and
experimental measurements of multiplanar SCFs. Inciudes
comparison with 'standard' empirical approaches
Site Testing Programme results - Report to Benchmark C636\32\066R 4
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 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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Circufation | 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 Ill
TEST FRAME INSTRUMENTATION

EXECUTIVE SUMMARY

A comprehensive set of instrumentation was installed on the Frames Project 3D test frame to provide
detailed data on forces, bending moments, stress concentration factors and displacements throughout the
ultimate strength tests. The 880 channe! system comprised:

46 pre-calibrated load cells (184 gauges)

~ 400 site installed linear strain gauges

~ 300 site installed rosette strain gauges

30 displacement transducers

22 km of ¢abling

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

This report describes the basis for the system design and the techniques used. Detailed drawings indicate
the locations of all the instrumentation. The sign convention and channel referencing schemes are defined
and the structure of the spreadsheet used for data capture, reduction and graphing is explained.

The final data files supplied by the instrumentation contractor AV Technology Limited are listed. These are
provided an the project CD.
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1. INTRODUCTION

The Joint Industry Tubular Frames Project was established to investigate the ultimate strength
behaviour of 3D jacket type structures and to benchmark analytical predictions of the response.
An accurate and dependable system of instrumentation was therefore essential to measure the
forces and deflections. Figure 1.1 shows the set-up just prior to the first test.

Figure 1.1 Instrumented 3D test frame prior to LC1 test

This report provides details of the instrumentation scheme adopted. Forces and moments were
measured using a combination of pre-calibrated load cells welded into the structure and sets of
linear strain gauges applied on site to the structural members. Rosette strain gauges were used
to record the combination of shear and axial force acting at the connection of the frame legs to
the reaction rig and to determine stress concentration factors at the multiplanar node at the top
of the structure. Global deflections of the test frame nodes were recorded with potentiometers
and supplementary information on the uplift of the reaction rig at support points was obtained
from dial gauges. Local deformations at critical joints were measured with frame mounted
potentiometers. Al electrical instrumentation was connected to a central logging system
providing direct output to an MS Excel spreadsheet which in turn was programmed to give on
line graphing throughout each test. These spreadsheets contain comprehensive data scanned
at many stages during each test and form the basis for interpreting the frame responses.

The supply, installation and data capture activities were sub-contracted to AV Technology
Limited based en a competitive tender. The programme overall involved:
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46 pre-calibrated load cells (184 gauges)

~ 400 site instalied linear strain gauges

~ 300 site instatled rosette strain gauges

30 displacement transducers

22 km of cabling

8 multi-day tests

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

This report describes the underlying basis of the instrumentation specification and layout
(Section 2). Section 3 provides technical details of the measurement devices adopted and
Section 4 sets down the sign convention adopted to be consistent with the benchmark analysis
scheme. In Section 5 the logging system and data file structure are described and the audit trail
from raw measurements to final deliverables is presented. It concludes with a summary of the
load effect data available and their use in interpreting the test frame responses.
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2. INSTRUMENTATION LAYOUT AND SPECIFICATION

BOMEL prepared a specification for instrumentation of the 3D frame based on the following
requirements:

1. Accurate and dependable measurements of axial forces in primary members for elastic
and nonlingar regimes.

2. Information on axial force-moment distribution in members subject to bending (legs)
or susceptible to buckling (compression braces).

3. Measurement of stress concentration factors at central multiplanar node.
4, Local response data for tubular joints.

5. Complete tracking of loadpath through structure under applied forces.

6. Determination of global structural deformations.

7. On-line monitoring facilities.

8. Automated data reduction.

The above were required not only for local interpretation of the responses but also for
comparison with global response predictions from benchmark analysts.

Ta achieve these objectives the specified system (see Appendix A) comprised the following
elements in each case:

1. Thick-walled, high yield pre-calibrated load cells instrumented with four orthogonal
strain gauges welded into primary brace members during fabrication (see Drawing
(636\15\011D in Appendix A).

- the section properties ensure the load cells remain elastic (and the strain gauge
readings valid) even if the surrounding member becomes plastic

- installation at the point of contraflexure were buckling to occur ensures the
influence of the thick-walled section on structural response is negligible

- four gauges provide redundancy within the load cell as averaging opposite
gauges should give equivalent axial readings under small deflection conditions
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- pre-calibration of instrumented load cells under known {oads provides a direct
measure of force independent from local section properties and a very high
degree of accuracy

- high specification gauges and sufficient load cell length ensure gauges are
unaffected by welded fabrication

- installation of load celis in 'opposite' braces within X-braced bays provides a
further degree of redundancy / validation.

2. Site installation of orthogonal (in-plane/out-of-ptane) pairs of linear strain gauges (see
Drawings C636\15\012D and 013D in Appendix A).
- good accuracy but less costly than integral load cells
- orthogonal pairs to monitor bending and give redundancy in axial force
calculations
- nominal forces or adjusted using measured D and T values at local section
interpretation not valid if local strains exceed elastic limit (see 7).

3. Site installed pairs of rosette gauges at locations corresponding with HSE convention®
together with sets of four linear strain gauges on incoming braces (see Drawings
£636118\017D and C636115\0130 in Appendix A).

- determination of SCFs by linear extrapolation
- comprehensive calculation of axial forces and moments acting at the multiplanar
node.

4, Site installation of displacement transducers straddling joint intersections at critical
nodes (see Drawing C636115\016D in Appendix A for details in each test) and local
strain gauges to track bending moments (see Drawing C636\15\0130 in Appendix A):
- sufficient stroke to capture full nonlinear deflection response (to ~150mm)
- caution on accuracy in initial elastic range (< 1mm)
- welded attachment to give continuous readings throughout tests
- measurement of any bending contributions to ensure {(axial) capacity is

appropriately interpreted.

5. Gauging (load ceils and/or site installed strain gauges) to give axial forces through all
primary loadpaths and rosette gauges at connection of the frame legs to the reaction
rig to comprehensively record axial force, moment and shear transfer (see Drawing
C636115\013D in Appendix A).

6. Potentiometers monitoring spatial movement of primary frame nodes (with respect to
ground) at lower levels and draw wire measurements for relative movement between
nodes within the frame. Potentiometers and supplementary dial gauges recording
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uplift of reaction rig from supports (for comparison with analysis predictions) - see
Drawing C636\25\075D in Appendix A.

7. Integrated logging of all electrically powered instrumentation enabled tests to proceed
efficiently and capturing simuitaneous data (particularly important as the structure
deforms plastically). A high rate of scanning and averaging of multiple readings
through an AC cycle ensures stability and accuracy. For purposes of safety and
engineering control of the tests, on line monitoring was essential.

8. Automated data reduction was essential for the programme to be viable and direct
transfer to an MS Excel spreadsheet system enabled interpretation and reporting
functions to be integrated.

As noted above, Appendix A provides comprehensive drawings detailing the instrumentation
layouts. Figures in Appendix A also give the member and node numbering scheme adopted for
the frame in order that the location of specific instrumentation can be cross-referenced. The key
for referencing each of the eight tests is included in order that the instrumentation modifications
loadcase to loadcase can be interpreted.

It will be seen in Section 5 that the scheme used in the data acquisition and processing software

provides a clear and comprehensive cross-reference between specific readings and frame
location.
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TECHNICAL DETAILS OF INSTRUMENTATION

LOAD CELLS

Load cells were used primarily to measure axial forces in bracing members; in addition bending
moments at the load cell positions could be deduced. The 46 load cells were fabricated from
a higher grade, thicker walled section than the bracing to ensure the load cells remained elastic
(and gave reliable readings) even if the surrounding member buckled and yielded. Typical /
nominal properties were:

. bracing: 168 mm 0.D x 4.5mm W.T. BS 3602 ERW, F, = 278 N/mm?
. load cefl: 168 mm 0.D x 5.0mm W.T. BS 4848 G50, F, = 395/457 N/mm?

The load cells were welded into the bracing at anticipated points of contraflexure to eliminate any
influence of the section on buckling characteristics. The load cell locations are shown in
Appendix A. Two lengths of load cell were prepared (350mm and 500mm). The longer load
cells were located in members which were expected to fail and which would therefore have to
be replaced during the testing programme. The additional length of these load cells, which were
to be cut out of the damaged member and re-used, was to accommodate re-preparation of the
ends prior to welding into the replacement member.

The load cells were strain gauged with two pairs of diametrically opposed TML FLAB-11 gauges.
These were applied with TML CN adhesive and protected with a three stage coating system
consisting of ‘Bofors' Barrier B, M-Group F-Coat and finally, a layer of aluminium foil. Figure 3.1
shows one of the instrumented load cells.

Subsequent to strain gauging, each load cell was calibrated in a NAMAS certificated 300 kN
capacity press. Calibration commenced following a number of applications of a shake down
load of approximately 6% greater than the maximurn calibration load. Shakedown cycles were
applied to ensure that (a) all strain gauges were operating, and (b) that the load cells were
positioned such that any bending stresses were less than 5% of the nominal axial stress.
Maximum load was applied in six equal increments then removed in three equal decrements,
strain gauge readings being recorded at each stage. The maximum loads were set beyond the
elastic limit of the braces into which the load celis were to be installed. During the calibration
operation, all strain gauge elements were individually configured into full bridge circuits using
three dummy strain gauges per actual element. The dummy gauges were bonded to an
unstressed steel block to provide automatic temperature correction.
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Figure 3.1 Load cell

The calibration factor for each load cell, in micro strain per kN force, was calculated using the
average slope of the load versus axial strain relationship over the six load increments. Following
calibration, the ends of each load cell were prepared for welding into the structure.

The text of the AVT's calibration report® is presented as Appendix B. The voluminous test
records from AVT's report are not reproduced. However Table 3.1 summarises the axial force
calibration factors calculated for each load cell and carried forward into the data processing
software.

Table 3.1 Load calibration factors

Load cell | Calibration | Load cell | Calibration | Load cell | Calibration Load Calibration

D factor D factor D factor cell factor
e per kN He per kN Le per kN ID e per kN
LC 1 1.779 LC 13 1.787 LG 25 1.959 LC 37 1,978

LC2 1.792 LC 14 1.815 LC 26 2.001 LC 38 1.894
LC3 1.810 LC 15 1.785 LC 27 1.833 LC 39 1.809
LC 4 1.786 LC 16 1.806 LC 28 1.789 LC 40 1.783

LC S 1.692 LC17 1.811 LC 29 1.828 LC 41 1.976
LC6 1.780 LC 18 1.812 LC 30 1.829 LC 42 1.971
LC7 1.826 LG 19 1.834 LC 31 1.925 LC 43 1.918

LC 38 1.795 LC 20 1.815 LC 32 1.980 LC 44 1.982
LC9 1.778 LG 21 1.795 LC 33 1912 LC 45 1.939
LC 10 1.785 LG 22 1.831 LC 34 1.953 LC 46 1.935
LC 11 1.837 LC 23 1.987 LC 35 1.937
LC 12 1.795 LC 24 1.931 LC 36 1.942
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SITE INSTALLED LINEAR STRAIN GAUGES

To augment the data obtained from the load cells, in particular to measure axial forces and
bending moments in members at joints of particular interest, strain gauges were positioned as
detailed in Appendix A. Linear gauges were TML WFLA-6-11-1L pre-encapsulated pre-wired
strain gauges.

Figure 3.2 shows the site installed gauges on Brace 27. Three dummy strain gauges per active
strain gauge were installed on pre-prepared dummy blocks mounted adjacent to the measuring
site. The full bridge circuit was selected on the basis of a number of calibration trials over
alternative half-bridge or dummy resistor configurations. The chosen set up was shown to
deliver good accuracy and resolution of measured strains with compensation for all possible
sources of errors, The accuracy was well within the required + 214%, even at low levels of
strain. The dummy blocks are visible in the picture and the linear strain gauges are protected
under the green tape. The fixing of the cabling to protect against the wires becoming detached
is evident as are the white tags fixed at either end of the cable and marked up with the gauge ID.

Figure 3.2 Member strain gauges
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STRESS CONCENTRATION FACTORS

To determine SCFs at selected locations at the multiplanar Node 7 on Line B, a combination of
rosette and linear gauges was applied as set out in Appendix A. The 48 rosettes were three
element (45°) type TML FRA-3-11-1L strain gauges to enable them to be affixed at the precise
positions close to the weld toe. The additional strain gauges to define bending moments in the
incoming braces were linear gauges as described in Section 3.2. All gauges were provided with
dummy blocks. Figure 3.3 shows one view of Node 7, fully gauged prior to testing.

Figure 3.3 SCF gauging at primary multiplanar node

DISPLACEMENT TRANSDUCERS AT JOINTS

A number of tubular joint intersections were expected to experience significant deformations in
the tests. They had been fabricated without joint cans replicating construction practice for many
older jacket structures. Information on the local load-deformation (P-&) response of the joints
is very important to interpret the global behaviour and to provide a basis for future predictions.
To measure local displacements, Penny and Giles linear potentiometers were connected directly
to swivel mountings spot welded to the structure on the centre line of the incoming braces and
/ or chord as appropriate. The potentiometers were calibrated by AVT prior to use in the test
programme. Figures 3.4 and 3.5 show the typical arrangement for monitoring at X and K nodes.
Output from the load cells provided corresponding data on member forces.
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Figure 3.4 Joint deformation measurements at X Node 42 in LC2 test

Figure 3.5 Joint deformation measurements at K Node 37 in LC1 test

Also visible is the gridline drawn on the X node prior to testing. Although relatively crude these

grids were effective in highiighting the pattern of deformation and were used extensively in
subsequent tests.
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3.5 LOAD PATH MONITORING

The instrumentation drawings in Appendix A demonstrate that the load path coverage was
comprehensive. In addition to the load cells and site-installed linear strain gauges, rosette
gauges were positioned at locations where the leg sections connected with the rig. It was
important here to record the axial forces, moments and shears being transferred to the reaction
rig. The layout is shown in the Appendix A drawings.

Figure 3.6 shows the complex arrangement of rosettes (45° TML WFRA-6-11-1L pre-
encapsulated pre-wired gauges).

Figure 3.6 Rosette gauging at the base of the frame legs at the reaction rig connection

3.6  GLOBAL STRUCTURAL DISPLACEMENTS

3.6.1  Test Frame

Global displacements of the test specimen in the two lateral and vertical directions (see
numbering scheme in Appendix A) were measured at Nodes 21, 22, 29 and 30 by means of
linear transducers. The results were processed to obtain the x, v, z co-ordinates of the new
position. AtNodes 25 and 26 a single axis of displacement was monitored corresponding to the
plane of load application (ie. for LC1 and LC2 vertical displacements, for LC3 horizontal
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displacements). A combination of Penny and Giles linear potentiometers and uni-measure type
LX-PA draw wire potentiometers (DWP) was used. Each transducer was calibrated prior to use
and was connected to a self-aligning mounting bracket attached to a fixed support independent
of the test specimen/loading rig structure. Steel cables were used to connect the DWP
transducers to each node position. Figure 3.7 is a photograph of the arrangement at Node 30.
This shows a linear potentiometer for the measurement of z displacements and two draw wires
connected to DWPs to measure x and y displacements. The accuracy of measurement for all
transducers was better than +2%%.

Figure 3.7 Monitoring of global frame displacements

Although monitoring of the frame displacements at the uppermost level was uneconomic, some
measure of the frame distortion was determined with draw wires between corresponding Nodes
in Frames A and B. Depending on the location of loading and anticipated deformations, draw
wires connected Nodes 3 and 21, 4 and 22 or 11 and 29.

3.6.2 Reaction Rig

The reaction rig rested on ‘frictionless' bearing pads at twelve node points. It could therefore It
up from these supports depending on the applied load. At one point, Node 61, lateral
movements were prevented but uplift was allowed. The changing support conditions influence
the stiffness of the system response and therefore uplift information was relevant to the
interpretation of the tests and comparison with analytical predictions. Further details regarding
the 3D test set up are given in a companion report®.
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Global displacements of the base of the loading rig were measured in the X, ¥ and z directions
with Penny and Giles potentiometers at Nodes 45 and 48, the most distant points from the fixed
Node 61 (see Appendix A figures). The results were processed to obtain the x, y and z co-
ordinates of the displaced position as before. Figure 3.8 shows a typical configuration at Node
45,

Figure 3.8 Monitoring of global displacements of reaction rig

Displacements of the loading rig base in the vertical direction were also measured near Nodes
51, 52, 54, 56, 57 and 58 by means of mechanical dial gauges with a resolution of 0.01 mm.
Each gauge was fixed, by means of a magnetic base, to a steel plate resting on the floor. The
principal purpose of these was to detect where and when uplift occurred.

For the LC3 configuration the horizontal displacement of the stub beam to which the actuator
was connected, was measured relative to the base beam along the centre line of the actuator by
a mechanical dial gauge of 0.01 mm resolution. The dial gauge can be seen in position at the
top right of Figure 3.9.
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Figure 3.9 Monitoring deflection of the actuator mounting in LC3 test scenarios

The dial gauges were monitored and recorded manually whereas all other systems were scanned
automatically by the logging system.

3.7 DATA LOGGING AND VALIDATION

All strain gauges and displacement transducers were wired in to an 880 channel logger supplied
by Sunnyside Systems Limited (see Figure 3.10). The bespoke system was developed
combining a number of smaller units. Excitation voltages for strain gauge and transducer
channels were pre-set. Averaging of multiple samples through an AC cycle minimised
fluctuations. Output signals were passed directly to a Microsoft Excel spreadsheet, pre-
programmed to assign and convert raw values to displacements, strain measurements and force
data as described in Section 4. Each scan of the instrumentation was activated at the controlling
PC and was completed for all 880 channels within 15 seconds. Importantly the system was
initialised when first activated. At subsequent stages through the test, whether the system
remained energised or not, the same reference datum was used.
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Figure 3.10 Data logger with improvised cable support

With the complexity of the system great care was taken to ensure cables were fabelled at both
ends and that the channel assignment and connector wiring were correct. Furthermore as the
system was dismantled on completion of the test programme the excitation voltages at every
channel were measured and cross-checked with the values within the logging spreadsheet.

Voltages from the load and displacement signals from the actuator were also connected directly
into the logging system to provide for simultaneous data capture.
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At the start of individual tests a number of checks were performed:

° comparison with data at end of previous test (allowing for expected changes due to
repairs)

. repeatability of readings to ensure system was fully warmed up

o detection of extreme or out of range values. Where necessary connections were

checked or gauges replaced. Only when the system was functioning satisfactorily did
testing commence.

In addition the AVT site team monitored the system throughout each test. BOMEL personnel
similarly interrogated the data in comparison with predicted values and on the basis of
equilibrium checks.

3.8  DATA PROCESSING

As noted above and described more fully in Section 5, the Microsoft Excel spreadsheet into
which the raw signals were channeiled was pre-programmed by AVT and BOMEL to determine
dispfacements, forces, etc. In addition graphs were set up to plot measurements at specific
locations within the structure as the tests progressed and to superimpose these on predicted
values. The software provided an important basis for controlling the tests and is used
extensively in the interpretation of the responses in companion reports.

3.9  OTHER MONITORING SYSTEMS

In addition to the instrumentation outlined above, a number of other 'systems' provided important
information on structural performance.

3.9.1  Paint System

Prior to each test the frame was painted, firstly for clarity in photographic and video footage but
secondly to provide an indication of plasticity. if the member strains are large, the paint flakes
from the surface of the steel. Furthermore, as shown in Figure 3.11, zones of yielding develop
clear diagonal striations or Liiders lines providing an important indication of the extent of
plasticity to supplement the load level data from load cells.
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Figure 3.11 Plasticity indicated in the striations of the paint coating

3.9.2 Video Footage

Video recordings were taken of all aspects of every test. Global shots were supplemented with
local views from fixed camera positions. The movement of key components within the shot and
globally against the fixed surround are instructive. In addition the relay of the video to remote
monitors (see Figure 3.12) enabled local deformations and cracks to be detected whilst keeping
people clear of the heavily loaded structure.

Figure 3.12 Remote monitors relaying local and global shots of the frame test
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The timing of the video shots was directly synchronised with the loading and instrumentation
scan records made for each test.

3.9.3 Audio
Another important aspect when menitoring the tests was sound. Creaking of the test frame and

reaction rig was clearly audible and helped identify zones of significant displacements or
cracking.

3.10 SUMMARY

The above descriptions have demonstrated that monitoring of the 3D frame tests was carefully
planned and executed. The systems were specified to a high standard and were validated and
cross-checked at every opportunity. It can also be seen from companion test reperts that the
stability and consistency of the gathered data are exceptionally good and provide an important
basis for confident interpretation of the findings.
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4, SIGN CONVENTION

A very important aspect in correctly interpreting the output from the instrumentation is definition
of the sign convention adopted. The scheme adopted by AVT based on the global x, y, z
coordinate system defined by BOMEL and used by the benchmark analysts is as follows.

4.1 GLOBAL AXES

The x, y, z coordinate scheme for the frame is shown in the node and member numbering
diagrams in Appendix A. Considering the test frame in-situ within the reaction rig (see Figure
1.1) the definition is:

x direction = vertical Positive downwards (Frame B to A)

y direction = horizontaf (side to side) Positive from left to right (Frame E to C) looking into the
frame

z direction = horizontal {lengthways) Positive from back to front (Level 2 to Level 1)

4.2  STRAIN GAUGE CONVENTION

For the load cells and site installed strain gauges eight positions at 45° intervals around the
member circumference were identified. Rosette gauges were installed at the feet of the frame
at its connection to the rig at all eight locations (see drawings in Appendix A). In general, for
axial force and moment measurements, only alternate positions 1, 3, 5 and 7 were used. The
axis definition for all members is described in Table 4.1 below. The diagrams are iliustrative;
looking along the member in the given direction the numbered gauge positions are noted and
other parts of the frame generally to that side of the member are indicated. For diagonal bracing
{(which includes all load cells) Gauges 1 and 5 are positioned in-plane with 3 and 7 out-of-plane.
In all cases positive moments are defined based on €, - €, in-plane and ¢, - , out-of-plane,
where €,, €,, €; and e, are the recorded strains at positions 1, 3, 5 and 7 respectively.
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Table 4.1 Sign convention and numbering scheme for linear strain gauges
Frames | Members Viewing Direction lllustration
A B Legs Towards z FrB
3
FrC 1 Os FrE
7
Fra
Diagonal braces Towards z F3rB
Fie 1 Qs FIE
7
FrA
Transverse braces Towards y F:;a
L2 1©5 L1
7
Fra
C,D,E | Legs - defined in Frames A & B
Diagonal braces Towards z FrE
3
FrB 1Q5 FrA
7
FrC
Transverse braces Towards x FéE
IR Os L2
7
FrC
1,2 Diagonal braces Towards y L31
FiB 1Qs FrA
7
L2
Horizontal braces - defined as transverse braces in Frames A & B
Vertical braces - defined as transverse braces in Frames C, D & E

CE36\25\07 1R Rev O July 1999
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4.4

4.5

BOMEL S350

ROSETTE POSITIONING

Rosettes at the base of the legs are positioned at 45° intervals around the circumference.
Principal positions 1, 3, 5 and 7 etc., are defined as for Frames A and B in Table 4.1. The
intermediate gauges 2, 4, 6 and 8 provide additional data for shear and moment calculations.
The 45° rosette Eiement A is aligned with the leg axis with a clockwise convention giving Element
C in the hoop direction.

SCF rosettes are oriented with Element A parallel to the weld toe, again with a clockwise
convention, giving Element C perpendicular to the weld toe. Appendix A provides further details.
DISPLACEMENT MONITORING

Global displacements are monitored and resolved using the axis system defined in Section 4.1.
For local displacements at a joint, compressive displacements are negative and tensile
elongations positive.

SUMMARY

The above convention was implemented in the installation and logging of the instrumentation.

The convention stems from the definition used by BOMEL in analysis and provided for use hy
benchmark analysts. The interpretation of the test results follows the given scheme.
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5. SPREADSHEET DATA LOGGING SYSTEM

As described in Section 3 the 880 instrumentation channels on the test frame were scanned by
the electronic logging system and the raw results were written to a Microsoft Exce! spreadsheet.
The same spreadsheet was also programmed to reduce the raw values to forces, displacements
etc., and to plot various parameters through each test. Understanding the information contained
within, and the structure of, the spreadsheet is therefore essential for interrogating the frame
responses.

5.1 SPREADSHEET LAYOUT

The same basic spreadsheet was used for all tests. The sequence and content of sheets within
each file is as follows:

Revisions:  Sheetinserted by AVT after all tests were completed to note any special features,
changes or malfunctions identified post test.

All subsequent changes made by BOMEL (eg. to correct for initial load offsets)
have also been logged on this sheet.

The sequence of file references from on-site records, to AVT ‘final deliverable'
files, to BOMEL output is also logged.

Raw: Sheet captured raw voltages at each scan of the logging system, automatically
inserting a new column of values. Figure 5.1 shows an example, where:
Channel: sequential channel No. in logger
Sensor type: SG-FLA 6 6mm linear strain gauge

SG-FRA 3 3mm rosette strain gauge

DT-PG 150 150mm stroke Penny & Giles displacement
transducer

DT-UM 30 Uni-measure draw wire potentiometer, etc.

Actuator load and displacement signals are in the final channels

879 and 880.

Tag No: LC1 load cell number 1

SG17 site installed linear strain gauge on Member 17

S5G35-4  fourth set of rosette strain gauges at 'foot' of frame on
Member 35

SCF30 SCF rosette at position 30 as specified by BG

ASG29  additional strain gauge numbered 29 associated with
Node 7 SCF reading.

D121 displacement transducer monitoring at Node 21
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SGB4A
Ref: 1,5

3,7

ABC

Ten,Comp

XY,z
Member: 23
Location: FrA 1E-2D

RigE1A

Max yield:  value)
Min yield: value )

Units:
Two blank columns

BOMEL &heiiseane @

surface mounted strain gauges on Member 84 near
joint (A =near, B = far)

in-plane linear strain gauges

out-of-plane fingar strain gauges

rosette gauge elements A to C clockwise, A parallel to
weld toe for SCFs and along axis of leg at frame feet
indicator for surface mounted displacement
transducers

orientation of global displacement monitoring
transducers

member number for strain gauges, node number for
transducers

members in Frame A running from Level 1 on Frame
E to Level 2 on Frame D

node of rig defined by coincidence of Frame A, Level
1 and Frame E axes

For strain gauges: Max and Min voltage recorded
across all columns for this channel - used to check
strains have not exceeded nominal yield value for
member

For displacements transducers: Max column gives
range setting and Min column gives initial position for
transducer

Volts in all cases

Data columns: Scan 'n' numbers increment automatically. Date and time entered
manually with each scan. Raw voltages below. Maximum scans
per datafile 245.

Data: Conversion sheet calculating microstrain and displacement values - rows have
one-to-one correspondence with 'Raw' sheet. Figure 5.2 shows an example:
Channel, Sensor type, Tag no, Ref,

Member:

Range:

Calibration factor:
Units:
Tension/compression:

Diff check:

Graph label:

C&36\25\071R Rev O luly 1999

All as per Raw

Measuring range in engineering units

Conversion factor from volts to engineering units
Engineering units eg microstrain, mm etc

Cell highlighted for strains outside elastic range +
1350 e

Check to highlight minimal (<20ue€) change in
reading possibly indicating faulty gauge

'564 measured' - axial force measured in Member 54 -
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label used in graph legend. '54 IP measured' - in-
pfane bending moment in Member 54 etc

Scan data: Difference between raw measurements at scan'n' and
the datum Scan 1 are used to determine the
incremental strain under applied load

Subsequent rows calculate member forces etc., as shown in Figure 5.3

In these rows the initial columns are used to indicate the calculation being

performed (eg. AXLC1 - load cell one axial force) using average of four channels

(eg. channels 1 to 4) as noted and conversion factor from load cell caiibration

test (eg. 0.562 from Table 3.1) to give force in kN.

Pred 1: Provides a matrix of nodal disptacements and member forces for
different levels of applied load from analytical predictions. These
can be plotted in combination with the measured values in
subsequent graphs

Global xyz:  Calculates global x, y and z movements of node points from three
transducers based on ‘raw' values. These 'resolved’
measurements are presented in the 'Data’ sheet.

Graphs: Subsequent sheets present pre-defined graphs. The following
examples interpret the naming scheme on the spreadsheet tabs.
Figure 5.4 presents some examples from the Loadcase 2 test and
AVT file LC2a-test xls.

N45 Disp displacements at Node 45
Global overallload deflection response from actuator
FrA TED For member forces in the top bay (Levels 1 to 2)

of Frame A between Frames E and D

FrA ED TBU Mom  moments in the upper part of the top bay
compression brace (ie. X node to Level 1) of
Frame A between Frames E and D

FrE TB Comp load  deformation response across
compression joint in top bay (Levels 1 to 2)
of Frame E

Fr E Leg For member forces in Frame E legs

Lev 2-Dia For member forces in the diamond bracing in
Level 2

Lev1-LC3XFor forces in Level 1 X braces installed for
Loadcase 3

Fr Feet axial forces calculated at base of frame legs

at connection to rig from rosette
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572 PROCEDURES FOR DATA CAPTURE

The scan numbers associated with each set of resuits uniquely define the point in the test.
Records from the actuator system were logged against scan number. The number was
displayed on the board (Figure 1.1) and used in photographic and video records.

After each scan during the test the spreadsheet file was saved out to ensure that if there were
corruption previous records would not be affected. In the event no such problems arose.

For speed and ease of file handling not all scans were saved to one spreadsheet. However, once
the data were validated post test by AVT, the scans were consolidated. In the case of some
cyclic tests the number of scans exceeded the spreadsheet size limit and two sequential files are
retained.

In general the records from the trials, during which the frame was set to the datum position and
the system functionality was tested, are separated from the test. Similarly the records from the
cutout subseqguent to the test are stored separately.

5.3  FINAL DATAFILES

An initial and final issue of the spreadsheet files was made by AVT. The final version (denoted
a or b) are provided on the project CD. The file names are as follows:

LC1a_Test  Loadcase 1 test

LC1a_Trial  Loadcase 1 trial

LC1Ca_Test Loadcase 1 cyclic test
LC1Ca_Trial Loadcase 1 cyclic trial
LC1CAb Cut Loadcase 1 cyclic A cut out
LC1CAb_Test Loadcase 1 cyclic A test
LC1CAb_Trial Loadcase 1 cyclic A trial
LC2a_Cut  Loadcase 2 cut out
LC2a_Test Loadcase 2 test

LC2a_Trial  Loadcase 2 triai

LC2Ca_Cut Loadcase 2 cyclic cut out
LC2Ca_Test1 Loadcase 2 cyclic test - part 1
LC2Ca_Test2 Loadcase 2 cyclic test - part 2
LLC2Ca_Trial Loadcase 2 cyclic trial
LC3a_Cut  Loadcase 3 cut out
LC3a_Test  Loadcase 3 test
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LC3a_Trial  Loadcase 3 triai

LC3Ca_Cut Loadcase 3 cyclic cut out
LG3Ca_Test1 Loadcase 3 cyclic test - part 1
LC3Ca_Test2 Loadcase 3 cyclic test - part 2
LC3Ca_Trial Loadcase 3 cyclic trial
LC3CAb_Test Loadcase 3 cyclic A test
LG3CAD_Trial Loadcase 3 cyclic A trial

Appendix C contains AVT's final report™® which accompanies the data files. Further explanation
of changes or reconnections highlighted within the spreadsheet are presented.

In subsequent investigation BOMEL introduced corrections for load cell offsets in the 'data’ sheet,
additional graphs to extend the presentation and calculations for SCF evaluation. In addition
minor corrections to labelling were made. Such changes are fully documented on the 'Revisions'
sheet and are traceable back to the final AVT supplied files.

These modified files form part of the deliverables on the project CD and are called up from the
relevant investigative reports.
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APPENDIX A

INSTRUMENTATION SUMMARY

Frame Test / Loadcase Nomenclature
Node and Member Numbering Schemes
Load Cell Details - C636\15\011D Rev D
Strain Gauging Details - Sheet 1 of 2 - C636\15\012D Rev B
Strain Gauging Detaiis - Sheet 2 of 2 - C636415\013D Rev B
Node 7 SCF Gauge Positions - C636\18\017D
Joint Deformation Monitoring - C636\15\016D Rev 0
Rig Node Displacement Monitoring - C636\25\075D
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FRAME TEST / LOADCASE NOMENCLATURE
LC
X y i

LC = Loadcase
X = 1, 2 or 3 indicating line of actuator oading (Line C, E or A respectively)
y = blank = static test

= C = cyclic test
z = blank for static and baseline cyclic tests

= A for alternative cyclic loading scenarios

Figure A.1to A.6 show the member and node numbering schemes adopted in each test. In general the
numbering is consistent. The principal changes are associated with the stub bracing for each loading
position and the addition of the Level 1 X bracing for the Loadcase 3, Loadcase 3CA and Loadcase 1CA
scenarios.
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1. INTRODUCTION

This report details the strain gauging, electrical testing and calibration of the 46 No. load
cells supplied to BOMEL for subsequent welding into the 3D frame.

All 46 No. load cell bodies were supplied free-issue to AVT for strain gauging at AVT’s
premises in Stockport on 8 December 1997. Following calibration by AVT at Hevilifts in
Aldridge, West Midlands, load cell Nos. 23 - 26 inclusive were delivered to AKD
Engineering in Lowestoft on 23 December and all other load cells were delivered by AVT
to AKD Engineering on 9 January 1998.

All work was performed against BOMEL purchase order No, 4787.
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2. GENERAL REQUIREMENTS

A total of 46 No. load cells are required, each with 4 No. uni-axial active strain gauges
equally spaced. 2 types of load cells are required, in lengths of 350 or 500 mm.

2.1 Strain Gauges

The strain gauging of all 46 load cells are identical, as follows:

e Strain gauges: TML FLAG-11

» Adhesive: TML CN

» Local terminal tags: M-Group CPF- 75C

¢ Extension cabling: 30 mm lengths of twisted 2 cores (7/0.2) PVC sheathed cable

2.2 Coatings

3 stage coating system:
1. ‘Bofors’ Barrier B
2. M-Group F-Coat

3. Aluminium Foil

(WS ]
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3. BRIDGE COMPLETION

All strain gauge elements were individually configured into full bridge circuits using 3 no.
dummy strain gauges per active element., The dummy gauges were bonded to an unstressed
steel block to provide automatic temperature correction.

3.1 Dummy Block General Arrangement

Strain gauge T Flying lead
LA bent and
Strain gauge soldered
FLA-6 across 2
terminals

Strain gauge
FLA-6

?tcel Block / ¥ Terminal Tags

30x 30x 6 mm M-Group CPF-100C
3.2 Steel Block
30 mm x 30 mm x 6 mm (steel type BS970 1983 080A15)

\é \/
A (] illiai

3.3 Strain Gauges

* Strain gauges: TML FLA6-11
e Adhesive: TML CN
e Local terminal tags: M-Group CPF-100C

3.4 Coatings

3 stage coating system:
1. ‘Bofors’ Barrier B
2. M-Group F-Coat
3. Aluminium Foil

3.5 Cable Attachment

No flying leads have been connected. On-site extension cables will be soldered directly
onto the terminal tags on the dummy blocks.




————
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4. TEMPORARY CABLING

To minimise the risk of accidental damage to the strain gauges, the load cells have been
supplied with no extension cables.

3m lengths of temporary 4 core cable type 16-2-4C have been soldered to the exposed
terminal tags on the bridge completion block for the purposes of electrical testing and
calibration. These temporary cables have been removed prior to delivery to BOMEL
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S. ELECTRICAL TESTING

5.1.1 Bridge Balancing

Each full bridge has been individually balanced using ‘Zeranin® wire to produce a datum
offset of <500 microstrain (in accordance with a separate AVT procedure)

5.2 Electrical Testing

Following bonding, coating with Barrier B and connection onto the bridge completion
block, all strain gauge full bridge circuits have been electrically tested and the following
results recorded:

Test Parameter Instrument Acceptance Criteria
Resistance to Ground (RTG) | GIT1300 > 2kMOhms
Datum Offset P3500, GF=2.0, FB < 500 microstrain
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6. ACCELERATED DRIFT TESTING

All strain gauges have been electrically tested to ensure excellent long term stability, using
AVT’s ‘accelerated drift test procedure’. This testing was performed after the insertion of
any balance Zeranin wire into the full bridge circuit.

6.1 Test Method:

1.

2.

8.

5.

Perform testing in a laboratory environment at constant temperature around 20°C.

Load cells must have been stored in the test environment for at least 4 hours prior to
testing to allow temperatures to stabilise.

Apply a £ 6V dc supply across each full bridge in turn, using the Farnell bench supply
Allow to stabilise for 10 minutes

Measure supply voltage (P+ to P-) using a DVM to a resolution of 2 decimal places e.g.
1198V

_ Measure Full Bridge output using S+/S- terminals of a P3500 (FB GF=2, BR Excitation

OFF)
Calculate normalised value of output: = Microstrain * 12 / excitation Voltage
Wait for a further 20 minutes

Repeat steps 5 - 7 inclusive

10.Compute difference in readings over the 20 minute period

11.Acceptance criterion is indicated difference < 10 indicated microstrain (equivalent to =

1.5 true microstrain at normal P3500 excitation of 2V)
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7. CALIBRATION

7.1 Types

There are 2 types of load cells:

AVT/3581/81

LOAD CELL PIPE S1ZE LOAD CELL LENGTH QUANTITY
Type 1 168.3 x 5.0 mm 340 mm 28
Type 2 168.3 x 5.0 mm 500 mm 18

Load cell Nos. 23 - 26 inclusive are expected to transmit higher loads have been
manufactured from a higher grade steel.

7.2 Load Ranges

LOAD CELL | LOAD CELL LD.

SHAKEDOWN LOAD CALIBRATION

LOAD
Type 1 23 - 26 inclusive 950 900
Type 2 1 - 46 inclusive, 800 750

excluding 23 - 26

7.3 Expected Strains

For E = 207,000 N/mm®, expected sensitivity = 1.88 microstrain per kN

Calibratio-n/Shakedown Load

Expected Strain Qutput

750 kN 1410
800 kN 1500
900 kN 1690
950 kN 1786
7.4 Test Rig

All load cells have been calibrated using the NAMAS calibrated 3000kN press at Hevilifts
Ltd, Brickyard Road, Aldridge, West Midlands, WS9 8TA. The NAMAS calibration
certificate for this test machine is presented in Appendix A

7.5 Data Logging

During calibration, the load cell strain gauges have been monitored using a Measurement
Group P3500, calibrated using a NAMAS traceable strain gauge indicator calibrator type
15504, set up to match the strain gauge Gauge Factor of 2.12, to read the correct strain in

the load cell,
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7.6 Calibration Procedure

Load cells were delivered to Hevilifts the day before calibration to allow load cells to
stabilise at test rig ambient temperature for at least 12 hours prior to calibration.

=

_ Position 1 Load cell in test rig, and connect 4 strain gauge circuits to data logger
2. Note datum reading at zero load

3. Apply load of 250 kN and note bending as % axial

4. 1f bending X or Y exceeds 5% axial, unload and re-position load cell in rig

5. Repeat steps 2 - 4 until bending X & Y is less than 5% axial

6. When acceptable, continue to load to Shakedown load and note strains

7 Unload to zero load and note strains

8. Re-apply Shakedown load a further 2 times, or until strain range is repeatable within 13
microstrain

9. Reduce load to zero and hold for 60 seconds, note time

10.Increase load in 6 equal increments to Calibration load, holding load constant at each
load increment for at least 30 seconds, noting time.

750 kN range Increments: 0, 125, 250, 375, 500, 625 & 750 kKN
900 kN range Increments: 0, 150, 300, 450, 600, 750 & 900 kN

11.Reduce load in 3 equal increments, holding load constant at each load increment for at
least 30 seconds, noting time.

750 kN range Increments: 750, 500,250, 0 kKN
900 kKN range  Increments: 900, 600, 300, 0 kN
12.Upload stored data to PC and import into Excel spreadsheet and graph to verify.

7.7 Calibration Results

During calibration, the measured strain results were manually input into an Excel
spreadsheet in order to compute on-line the X & Y bending strains as percentage of average
axial strain at each load increment. :

Using the ‘SLOPE’ function within Excel, the average slope of the 6 loading increments of
load versus average axial strain has been computed (expected = 1.88 microstrain  per
kN)

All electrical testing accelerated drift testing, shakedown, and calibration results per load
cell are recorded on a single spreadsheet page, included in Appendix B.
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7.7.1 Summary of Load Cell Calibration factors

Load Cell Calibration Factor
L.D, Microstrain per kN
LC 1 1.779
LC2 1.792
LC3 1.810
LC 4 [.786
LCs 1.692
LC6 1.780
LC7 1.826
LCS§ 1.795
LC9 1.778
LC10 1.785
LC 11 1.837
LC 12 1.795
LC13 1.787
1C14 1.815
LC 15 1.785
LC 16 1.806
LC 17 1.811
LC 18 1.812
LC 19 1.834
LC20 1.815
LC 21 1.795
LC22 1.831
LC 23 1.987

AVT/3581/8]1
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Load Cell Calibration Factor
LD, Microstrain per kN
LC 24 1.931
LC 25 1.959
LC 26 2.001
L.C 27 }.833
LC 28 1.789
LC 29 1.828
LC 30 1.829
LC3l1 1.925
LC 32 1.980
LC 33 1.912
LC 34 1.953
LC 35 1.937
LC 36 1.942
LC 37 1.978
LC 38 1.994
LC 39 1.809
LC 40 1.783
LC 41 1.976
LC 42 1.971
LC43 1.918
LC 44 1.982
LC45 1.93¢
LC 46 1.935
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8. HANDLING & STORAGE PRECAUTIONS

The load cells each have strain gauges and thermal compensation blocks bonded to the
outside of the pipes and should be treated as extremely delicate.

The strain gauged areas must not be handled during lifting of the load cells, nor must the
Joad cells be allowed to lie in their sides.

The strain gauges are very serisitive to moisture and must be stored indoors in a dry area.

During welding of the tubes into the frame, the temperature at the mid section of the load
cells must not exceed 100°C, or else the strain gauged may be permanently damaged.

11
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1 SUMMARY

This report relates to the collection of data during the testing of the 3D Frames for the
following Loadcases:

Loadcase 1 25 & 26 April 1998
Loadcase 1C 29 — 31 May 1998
Loadcase 2 20 June 1998

Loadcase 2C 19— 21 July 1998
Loadcase 3C 4 — 6 August 1998
Loadcase 3 28 & 29 August 1998
Loadcase 3C.A 23 & 24 October 1998
Loadcase 1C. A 9 & 10 November 1998

All test data was supplied to BOMEL immediately following each Loadcase, however, this
data has been subsequently been re-formatted for final presentation with this report.

This report presents the following information, which supplements the data as provided on
ZIP disk.

Section 1 presents standardised cell references for all data contained within the datafiles,
together with a pro-forma ‘worksheet’ layout for each of the datafile ‘folders’.

Sections 3 to 10 present a summary of the key information for each Loadcase Test, including
key milestone Scans (with dates and times), details of any spreadsheet highlights or
anomalies, including any channel re-assignments or deviations from the standard pro-forma.

Each Loadcase ‘Test’” Summary also includes any Pre-Test ‘Trial’ information as well as
details of the monitoring of ‘Cut-Outs’.

Section 11 presents a summary of the historical development of the master spreadsheet from
original version ‘a’ through to the most recent version ‘ab’ used during Loadcase 3 Cut-Outs
and finally to the latest versions ‘a’ and ‘b’ developed for the transfer of final data to
BOMEL.

Section 12 presents a summary of the 44 original datafiles that have been used to produce the
22 “final’ datafiles for all of the Loadcases.

Section 13 presents details of the logger excitation voltages as measured for each channel
upon completion of the final test on 10 November 1998. This information has been used to
apply corrected calibration factors to all affected channels.

Section 14 presents the method statement used for the derivation of the Global XYZ Space
transformation equations. These are required to transform the transducer x, v & z
measurements (in the axis of the individual transducers), to Global components with reference
to the 3D frame co-ordinates.
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Section 15 presents details of a number of system anomalies, which, at the time of their
discovery, had ‘Retrospective Effects’ on earlier datafile versions. Such effects include the
discovery of low sensor excitation voltages on specific logger channels. Assuming that these
voltages must always have been low since the very first measurements, then it has been
necessary to retrospectively alter calibration factors in earlier (and later) datafile versions in
order to compensate.

Finally, Section 16 presents a summary of all spreadsheet modifications that have beeﬁ
applied in order to convert the original datafiles to the ‘final’ version.

This report Revision 1 supersedes Revision 0, through the addition of information for the final
2 tests, Loadcases 3C.A and 1C.A.



2 INTRODUCTION
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2.1 Standardised Data Cell locations
COLUMN | RAW SHEET | DATA SHEET | DESCRIPTION

A CHANNEL CHANNEL Logger Input No. | - 880

B SENSOR TYPE | SENSOR TYPE | Sensor Type and Make and Model e. g
SG-FLA6 = Strain Gauge type FLA6
(6mm, single element)
SG-FRA3 = Strain Gauge type FRA3
(3mm, stacked 3 element rosette)
DT-PG150 = Displacement Transducer
type Penny & Giles 150mm range

C TAG No. TAG No. Unique Reference = sensor type
followed by Unique position No. e.g.
LC30 = Load Cell No. 30
SG8-5 = SG on Member No. 8 in
orientation 5
DT45 = Displacement Transducer on
Node 45

D REF REF Orientation Reference e.g.
1,3,50r7 for SG
X, YorXforDT

E MEMBER MEMBER BOMEL Member No.

F LOCATION LOCATION Global Location Reference e.g.
FRAME B 1C-2D is on Frame B,
between points 1C and 2D

G MAX YIELD RANGE Measuring range in Engineering Units

H MIN YIELD CALFACTOR | Conversion Factor from Volts to
Engineering Units

I UNITS UNITS Engineering Units e.g. microstrain, kN,
kNm, mm

J TENSION Any peak tensile strains > 1350
microstrain are highlighted Red

K COMP Any peak compressive strains < - 1350
microstrain are highlighted Blue

L SCAN 1 DIFF CHECK | Any SGs showing less than 20
microstrain are highlighted Yellow

M SCAN 2 GRAPH Label as it will appear on Graph Legend

LABEL
N SCAN 5 etc. SCAN 4 etc.
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2.2 Standardised Spreadsheet Formats
All final sheets in Excel™ 7.0, MS-Office™ 97, Windows™ 97/98
2.2.1 Standardised Worksheets per Folder:

Revisions Details of all revisions to convert the original sheets (as previously supplied to
BOMEL) to Final Versions

Raw Worksheet containing all raw data as imported directly from the Sunnyside
‘Scan 8000’ logger system

Data Conversions to calibrated data
Pred! Prediction Data as provided by BOMEL, used within graphs
Global XYZ Transformation of measured displacements to Global XYZ Co-ordinates

Graphs Various Graph sheets, showing measured versus predicted data
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3 LOADCASE 1 SUMMARY
3.1 Loadcase I - Pre-Test Summary

Scan | Time Date Comments Spreadsheet
No. Reference
1 17:30 25/4/98 | Datum LC1Th 1

3 20:15 Supports Removed
18 23:05 No Load at end of first day LCITh 18
19 09:35 26/4/98 | Datum at start of second day LCITh_19
ASG 54 re-assigned from Logger Ch 834 to
Ch 777 and corrected within spreadsheet
20 09:45 New Datum
29 10:44 Final Datum at end of Pre-Test LC1Th 29
3.2 Loadcase 1 - Test Summary
Scan | Time Date Comments Spreadsheet
No. Reference
1 10:44 26/4/98 | Datum (copy of Scan 29 from Pre-Test @ | LC1i_1
10:44)
12 13:23 LC25-3 & LC25-7 (Chs 98 & 100) Re-
connected
21 15:55 DT38-1 (Ch 852) Failed (dropped-off)
DT38-2 (Ch 853) Failed (dropped-off)
DT4-22 (Ch 876) Repaired (wire had been
‘snagged’ on preceding Scans)
38 18:43 Final Scan LC1i_38

3.3 Loadcase 1 — Cut-Outs

None

3.4 Re-assigned Channels

ASG 54 re-assigned from Logger Ch 834 to Ch 777.

3.5 Spreadsheet Modifications

Data sheet corrected for re-assignment of ASG 54 from Logger Ch 834 to Ch 777.




AVT/3581

4 LOADCASE 1C SUMMARY
4.1 Loadcase 1C- Pre-Test Summary

Scan | Time Date Comments Spreadsheet
No. Reference
1 14:23 29/5/98 | Datum LC1CTm_1
26 17:50 Final Pre-Test Scan LCI1Cm 0
26 17:50 Final Datum, Corrected for Datum Zero LC1Cm_0x
4.2 Loadcase 1C — Test Summary
Scan | Time Date Comments Spreadsheet
No. Reference
1 13:42 30/5/98 | Datum LC1Cn_1
30 20:58 Datum at end of first day LC1Cn_30
31 08:26 31/5/98 | Datum at start of second day
50 10:24 Last Scan before start of new spreadsheet LC1Cn_50
51 11:04 First Scan in continuation spreadsheet LC1Co_0
99 14:54 Last Scan in spreadsheet containing Scans 1 LC1Co_49
& 51 - 100)
113 DT26X Repaired
145 Last Scan in spreadsheet containing Scans | LC1Cp_46
& 100 - 145)
185 Last Scan in spreadsheet containing Scans 1 | LC1Cq_40

& 146 — 185)
Final Datum at end of Test

4.3 Loadcase 1C — Cut-Outs

None.

4.4 Re-assigned Channels

Ch 834 re-assigned to Ch 777 in Raw sheet.

4.5 Spreadsheet Modifications

Data sheet corrected for re-assignment of Ch 834 into Ch 777 in Raw sheet.

10
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5 LOADCASE 2 SUMMARY

51

None

Loadcase 2- Pre-Test Summary

5.2 Loadcase 2 — Test Summary

Scan | Time Date Comments Spreadsheet
No. Reference
1 & 1a | 10:30 20/6/98 | Datum LC20 1
4 11:35 DT42 Reset
15 12:55 SG 8-1 re-assigned from Ch 201 to Ch 477 LC2o0_15
and corrected within spreadsheet
38 17:26 DT30z (Ch 866) re-set
49 20:03 Final Scan at end of Test LC20_49
5.3 Loadcase 2 — Cut-Outs
Scan | Time Date Comments Spreadsheet
No. Reference
50 20:40 | 20/6 Datum at start of cut-outs LC20_50
53 End of Spreadsheet version ‘o’ LC20 53
54 21:20 Calibration Factor changed for SG 67-3 (Ch LC2p 54
346) to compensate for low excitation
voltage
59 22:34 Final Scan Loadcase 2 LC2p_59

5.4 Re-assigned Channels

ASG 54 re-assigned from Ch 834 to Ch 777.
SG 8-1 re-assigned from Ch 201 to Ch 477 from Scan 15 onwards.
5.5 Spreadsheet Modifications

Data sheet corrected for re-assignment of ASG 54 from Ch 834 to Ch 777.

Data sheet corrected for re-assignment of SG 8-1 from Ch 201 to Ch 477 from Scan 15

onwards.

Calibration Factor changed for SG67-3

from Scan 54.

11

(Ch 346) to compensate for low excitation voltage
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6 LOADCASE 2C SUMMARY

6.1 Loadcase 2C- Pre-Test 1 Summary
Scan | Time Date Comments Spreadsheet
No. Reference
1 17:30 19/7/98 | Datum LC2CTr |
22 18:44 End of Pre-Test 1 LC2Cr_T1
6.2 Loadcase 2C- Pre-Test 2 Summary
Scan | Time Date Comments Spreadsheet
No. Reference
1 08:47 20/7/98 | Datum LC2Cr_1
7 09:41 DT42 Re-connected
9 09:41 End of Pre-Test 2 LC2Cr 9
6.3 Loadcase 2C — Test Summary
Scan | Time Date Comments Spreadsheet
No. Reference
1 09:41 20/7/98 | Datum (= Scan 9 of Pre-Test 2) LC2C2r_1
14 10:53 LC46-3 (Ch182, Member 78) repaired
17 11:45 Additional SGs instatled SG82B (Chs 389 —
392)
SGS5-4¢ (Ch516) Repaired
58 14:11 End of first spreadsheet (Scans 1 — 58) LC2C2r_58
64 & No Data for these 2 Scans
65
65 14:31 Logger fault observed since Scan 48
(low excitation voltage on Chs 801-880, due
to capacitor failure on Logger Ch 863)
66 15:55 Logger problem fixed (Chs 850-853, 875 &
876 disconnected to avoid further problems)
109 18:36 End of spreadsheet (Scans 1 & 59 —109) LC2C2r_109
143 | 21:14 End of first day LC2C2r_143
End of spreadsheet (Scans 1 & 110 — 143)
144 | 08:51 21/7/98 | Start of second day
203 13:19 End of spreadsheet (Scans 1 & 144 —203) LC2C2r_203

12
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263 18:24 End of spreadsheet (Scans 1 & 204 — 163) LC2C2r_263
292 | 20:44 End of spreadsheet (Scans 1 & 164 —292) LC2C2r 292
Final Datum at end of Test
6.4 Loadcase 2C — Cut-Outs

Scan | Time Date Comments Spreadsheet
No. Reference
293 121:09 21/7/98 | Start of Cut-Outs

300 |21:42 End of Test Final Scan LC2C2r 300

6.5 Re-assigned Channels

ASG 54 re-assigned from Ch 834 to Ch 777.
SG 8-1 re-assigned from Ch 201 to Ch 477.

Additional SGs installed SG82B 1, 3, 5 & 7 re-assigned to Chs 389 — 392 from Scan 17
onwards (replacing unused SG84B).

6.6 Suspect/Faulty Gauges

Irretrievable loss of data for Chs 801-880 for Scan 48 —64 inclusive (due to logger fault
causing low excitation voltage for these channels).

SG 30-5 (Ch 259) Failed.
LC 30-7 Failed.
6.7 Spreadsheet Modifications

Data sheet corrected for re-assignment of ASG 54 from Ch 834 to Ch 777.
Data sheet corrected for re-assignment of SG 8-1 from Ch 201 to Ch 477.
Additional SGs installed SG82B 1,3,5 & 7 (Chs 389 - 392) from Scan 17 onwards.

Calibration Factor for SG 67-3 (Ch346) increased to account for low excitation voltage
(1.96V instead of 5.0V).

13
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7 LOADCASE 3C SUMMARY
7.1 Loadcase 3C- Pre-Test 1 Summary

Scan | Time Date Comments Spreadsheet
No. Reference
1 19:55 4/8/98 | First Scan LC3Ctu_1
2 20:14 Datum, zero load, supports removed
9 21:50 SG 58-3 (Ch330) & SG 60-1 (Ch 333)
gauges replaced
35 23:48 End of Pre-Test 1 LC3Ctu_35
7.2 Loadcase 3C- Pre-Test 2 Summary
Scan | Time Date Comments Spreadsheet
No. Reference
1 09:44 | 5/8/98 | Datum LC3Cu_l
35 12:40 Additional SG 49-1, 3, 5 & 7 & SG 51-1, 3, | LC3Cu_35
5 & 7 installed (Chs 457 — 460 and 465-468)
End of Pre-Test 2
7.3 Loadcase 3C — Test Summary
Scan | Time Date Comments Spreadsheet
No. Reference
1 13:14 5/8/98 | New Datum at start of Test LC3Cv_1
50 18:28 End of spreadsheet (Scans 1 — 50) LC3Cv_50
102 | 20:41 End of spreadsheet (Scans 1 & 51 — 102) LC3Cv_102
116 |21:43 End of first day
117 |08:20 |6/8/98 | Startof second day
155 11:33 End of spreadsheet (Scans 1 & 102 —155) LC3Cv_155
167 12:24 Equation for Axial Load from LC30 {(Row
913) modified (incorrectly) to ignore Ch 120
195 13:42 End of spreadsheet (Scans 1 & 156 —195) LC3Cv_195
210 14:36 End of spreadsheet (Scans 1 & 196 —210) LC3Cv 210
245 End of spreadsheet (Scans 1 & 211 - 245) LC3Cv_245
252 End of spreadsheet (Scans 1 & 246 —252) LC3Cv_252

Final Datum at end of Test

14
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7.4 Loadcase 3C — Cut-Quts

Scan | Time Date Comments Spreadsheet
No. Reference

253 18:42 6/8/98 | Start of Cut-Outs

265 | 20:20 Final Scan LC3Cv_265

7.5 Re-assigned Channels

ASG 54 re-assigned from Ch 834 to Ch 777

SG 8-1 re-assigned from Ch 201 to Ch 477

DT 29-X re-assigned from Ch 861 to Ch 850 prior to Pre-Test
DT 30-Y re-assigned from Ch 865 to Ch 851 prior to Pre-Test
DT 30-Z re-assigned from Ch 866 to Ch 852 prior to Pre-Test
DT 48-Y re-assigned from Ch 871 to Ch 853 prior to Pre-Test

Additional SG 49-1, 3, 5,& 7 re-assigned to Chs 457 — 460, (replacing SG 87F), from Pre-
Test Scan 35

Additional SG 51-1, 3, 5,& 7 re-assigned to Chs 465 — 468, (replacing SG 94F), from Pre-
Test Scan 35

7.6  Suspect/Faulty Gauges

SG 30-5 (Ch 259) Failed

LC 30-7 Failed

7.7 Spreadsheet Modifications

Calibration Factor for SG 67-3 (Ch346) increased to account for low excitation voltage(1.96V
instead of 5.0V)

Data sheet corrected for re-assignment of Ch 834 into Ch 777 in Raw sheet

Data sheet corrected for re-assignment of Ch 201 to Ch 477 in Raw sheet

Equation for Axial Load from LC30 (Row 913) modified to ignore failed gauge Ch 120 from
Scan 166 onwards — This was incorrect and should have averaged Rows 120 + 122 (not Rows
124 + 126)

Data sheet corrected for re-assignment of Displacement transducers DT39-1, DT39-2, DT40-
1 and DT 40-2

Additional strain gauges SG49 and 51 in Chs 457-460 and 465-468 from Test Scan 1

15
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8 LOADCASE 3 SUMMARY
8.1 Loadcase 3- Pre-Test Summary

Scan | Time Date Comments Spreadsheet
No. Reference
1 14:55 28/8/98 | Datum LC3Tw_1
5-15 Low Excitation Voltage on Chs 801 — 880
16 16:32 Chs 801- 880 OK (DT42 (Ch854) removed)
28 17:30 LC20-5 (Ch 79) and SG97-3 (Ch 402)
Repaired
29 17:40 End of Pre-Test LC3Tw_29
8.2 Loadcase 3 — Test Summary
Scan | Time Date Comments Spreadsheet
No. Reference
| 09:32 29/8/98 | Datum LC3x_1
la 09:40 New Datum LC3y 2
ASGs 61 — 64 re-assigned from Chs 841-844
to Chs 829-832
15 11:10 Equations for Axial Load LC30 modified to | LC3z_15
correctly ignore failed LC30-7 (Ch 120)
18-20 Low Excitation Voltage on Chs 401 — 480
(short circuit due to cable damage)
21 12:25 Chs 401- 480 OK (short circuit on Ch450)
26 13:01 Low Excitation Voltage on Chs 401 — 480
(short circuit due to cable damage)
27 13:11 Chs 401- 480 OK (All cable screens
disconnected to avoid further short circuits)
40 15:02 DTs 21, 22, 29 & 30 reset (see below)
50 17:23 New DT44 (Ch 877) instalied to monitor joint
deformation across Node 44
51 17:34 DT44 moved to Ch 875 LC3aa 51
60 End of first spreadsheet (Scans 1-60) LC3aa 60
64 19:18 DT21z post moved Smm in —X direction
73 20:46 Final Test LC3aa_73
End of second spreadsheet (Scans 1 & 61-73)

16




8.3 Loadcase 3 — Cut-Outs
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Scan | Time Date Comments Spreadsheet
No. Reference
1 09:32 29/8/98 | Datum from Loadcase 3 LC3ab_1

2 10:13 10/9/98 | First Scan at start of cut-outs
14 12:07 Member 49 Cut
15 12:20 Member 51 Cut
19 12:43 Member 54 Cut
20 12:54 Member 46 Cut
_ 25 13:34 Member 61 Cut
33 15:40 Member 55 Cut
34 15:46 Member 53 Cut
39 16:19 Member 45 Cut
41 16:32 Final Scan LC3ab 41

8.4 Re-assigned Channels

ASG 54 re-assigned from Ch 834 to Ch 777

SG 8-1 re-assigned from Ch 201 to Ch 477

DT 39-1 re-assigned from Ch 861 to Ch 850

DT 39-2 re-assigned from Ch 865 to Ch 851

DT 40-1 re-assigned from Ch 866 to Ch 852

DT 40-2 re-assigned from Ch 871 to Ch 853

ASG61 re-assigned from Ch 841 to Ch 829 from Scan 2
ASGH62 re-assigned from Ch 842 to Ch 830

ASG63 re-assigned from Ch 843 to Ch 831

ASG64 re-assigned from Ch 844 to Ch 832

New DT44 (Ch 877) installed to monitor Joint deformation on Node 44 from Scan 50
DT44 re-assigned to Ch 875 from Scan 51

8.5 Suspect/Faulty Gauges

SG 30-5 (Ch 259) Failed
LC 30-7 Failed

17
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8.6 Spreadsheet Modifications

Calibration Factor for SG 67-3 (Ch346) increased to account for low excitation voltage
(1.96V instead of 5.0V)

Data sheet corrected for re-assignment of Ch 834 into Ch 777 in Raw sheet

Data sheet corrected for re-assignment of Ch 201 to Ch 477 in Raw sheet from Scan 15

onwards

ASGs ASG61 — 64 re-assigned from Chs 841-844 to Chs 829-832 from Scan la
Eqn. for Axial Load LC30 modified to correctly ignore Ch 120 (LC30-7) from Scan 15

8.7 Displacement Transducer Relocations

The following adjustments were made at Scan 40 to permit greater mobility of DTs during
subsequent loading:

DT22-Z
DT21-X
DT21-Z
DT30-Z
DT29-X
DT29-Z

Frame Point moved 25 mm in X direction
Frame Point moved 40 mm in -Y direction
Frame Point moved 40 mm in Y direction
Frame Point moved 40 mm in —Y direction
Frame Point moved 40 mm in Y direction

Frame Point moved 40 mm in —Y direction

18
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9 LOADCASE 3C.A SUMMARY

9.1 Loadcase 3C.A- Pre-Test Summary
Scan | Time | Date Comments Spreadsheet
No. Reference
1 09:32 | 29/8/98 | Datum Scan From Loadcase 3
2 16:32 | 22/10/98
17 08:45 | 23/10/98
23 10:30 | 23/10/98 | End of AVT Pre-Trial tests — all channels OK LC3CA Pre
Trial
1 10:38 | 23/10/98 | Datum
25 11:31
25a | 11:51 Repeat of Scan 25 with LC12-7 (Ch48) LC3CAT 25
repaired
9.2 Loadcase 3C.A — Test Summary
Scan | Time | Date Comments Spreadsheet
No. Reference
I 12:08 | 23/10/98 | Datum
83 17:30 End of first Spreadsheet (At Zero Load) LC3CA_83
84 17:49 New sheet, commencing from Scan 1 & 74
onwards
138 | 21:07 End of second Spreadsheet LC3CA_138
138 | 08:16 | 24/10/98 | New Sheet, retaining Scan 1 from 23/10/98
167 10:49 Repeat of Scan 166
187 | 12:47 End of third Spreadsheet LC3CA 187
195 14:00 New sheet, commencing from Scan 1 & 187
onwards
205 [ 15:12 End of Test LC3CA _205

9.3 Loadcase 3C.A — Cut-Outs

None
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9.4 Re-Assigned Channels
9.4.1 Strain gauges
SG95_7 re-assigned from Ch 472 into Ch 478
9.4.2 Frame C K-Joints

DT 37-1 re-assigned from Ch 850 to Ch 845
DT 37-2 re-assigned from Ch 851 to Ch 846
DT 38-1 re-assigned from Ch 852 to Ch 847
DT 38-2 re-assigned from Ch 853 to Ch 878
9.5 Re-Connected Channels

9.5.1 DTs across Frame A X Joints

DT Ref. | Across Member | Re-using Cable Disconnected | Re-Connected into
Cable No. from Ch No. Logger Channel No.
33 45-47 312 312 876
34 49-51 309 309 877
35 54-56 311 311 854
36 58-60 392 392 874

952 Re-Connected Load Cells:

LC25

LC1 LC5 LC9 LC13
LC2 LC7 LC10 LCl4
LC3 LC18 LC11 LCI5
LC4 LC19 LCI12 LCl6

9.5.3 Re-Installed Strain Gauges:

61 86
62 87
63 94
64 95

9.6 Suspect/Faulty Gauges

$G76_17
SG80_3

SG 30-5 (Ch 259) Failed

Channel 368 (Inaccessible for repair)
Channel 374 (Inaccessible for repair)

LC 30-7 Failed
9.7 Spreadsheet Modifications During Loadcase 3CA

New Graphs added for Frame A X-Joints and Frame C K-Joints from Scan 10 during Test.
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9.8 Spreadsheet Modifications carried forward from previous Tests

Data sheet corrected for re-assignment of Ch 834 into Ch 777 in Raw sheet

Data sheet corrected for re-assignment of Ch 201 to Ch 477 in Raw sheet from Scan 15
onwards

ASGs ASG6!1 — 64 re-assigned from Chs 841-844 to Chs 829-832
Eqn. for Axial Load LC30 modified to ignore Ch 120 (LC30-7)
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10 LOADCASE 1C.A SUMMARY
10.1 Loadcase 1C.A- Pre-Test Summary

Scan | Time | Date Comments Spreadsheet
No. Reference
1 12:08 | 23/10/98 | Datum from Loadcase 3C.A
2 9:29 19/11/98 | Initial Scan prior to re-setting DT22
3 9:53 All  channels working OK  Global
Displacement (Ch880) copied as new datum
into Scan 1
22 10:36 End of Trial LCICA Trnal
10.2 Loadcase 1C.A — Test Summary
Scan | Time | Date Comments Spreadsheet
No. Reference
1 12:08 | 23/10/98 | Datum from Loadcase 3C.A
2 10:48 | 9/11/98
62 15:00 End of first Spreadsheet LCICA_62
63 15:07 Start of new Spreadsheet, retaining Scan 1
115 18:07 End of second Spreadsheet LCiCA_115
116 | 18:25 Start of new Spreadsheet, retaining Scan 1
154 | 20:27 Re-Scan 153 with DT38 2 disconnected,
DT25X & DT26X reset minus =150mm
156 | 20:51 DT37_2 disconnected
159 21:.07 DT21X reset minus =~100mm, DT21Z re-
orientated to permit greater  vertical
deflections of frame
164 |21:33 Structure ‘Failed’
168 | 21:59 End of Test LCICA_168
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10.3 Loadcase 1C.A — Cut-Outs

Scan | Time | Date Comments Spreadsheet
No. Reference
169 1 08:13 | 10/11/98 | Repeat of Scan 168 = Datum at start of
cut-outs
170 9:11 Members 57, 60, 54, 55, 51, 50, 47 & 46
Cut
172 9:26 Members 61 & 63 Cut
173 9:51 Members 99, 69, 100 & 71 Cut
174 | 9:57 End of Test LCICA_Cutout

10.4 Re-Assigned Channels

10.4.1 Strain gauges

SG95_7 re-assigned from Ch 472 into Ch 478
10.4.2 Frame C K-Joints

DT 37-1 re-assigned from Ch 850 to Ch 845
DT 37-2 re-assigned from Ch 851 to Ch 846
DT 38-1 re-assigned from Ch 852 to Ch 847
DT 38-2 re-assigned from Ch 853 to Ch 878
10.5 Re-Connected Channels

10.5.1 DTs across Frame A X Joints

DT Ref. | Across Member { Re-using Cable Disconnected | Re-Connected into
Cable No. from Ch No. Logger Channel No.
33 45-47 312 312 876
34 49-51 309 309 877
35 54-56 311 311 854
36 58-60 392 392 874

10.6 Suspect/Faulty Gauges

SG76_7 Channel 368 (Inaccessible for repair)
SG80_3 Channel 374 (Inaccessible for repair)

$G 30-5 (Ch 259) Failed
LC 30-7 Failed
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10.7 Spreadsheet Modifications During Loadcase 1C.A

New Graphs added for Frame A X-Joints and Frame C K-Joints from Scan 10 during Test.
10.8 Spreadsheet Modifications carried forward from previous Tests

Data sheet corrected for re-assignment of Ch 834 into Ch 777 in Raw sheet

Data sheet corrected for re-assignment of Ch 201 to Ch 477 in Raw sheet from Scan 15
onwards

ASGs ASG61 — 64 re-assigned from Chs 841-844 to Chs 829-832
Eqn. for Axial Load LC30 modified to ignore Ch 120 (L.C30-7)
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11 SPREADSHEET REVISION RECORD

SPREADSHEET | WHERE USED MODIFICATIONS
VERSIONS
atog Not used Development versions

LCITIh Oto 18

LCI1 Pre-Test

First Issue

LIT1h_19 to 29

LC1 Pre-Test

ASGS54 Re-assigned from Ch 834 to Ch 777

LCIi_1to39 LC1 Test New Sheet for Test
Lk 1&m Not used
LCICm 0 LCIC Pre-Test Max & Min Yield detection
LC1Cm_0x LCIC Pre-Test Corrected for Datum Zero
LCICn_1to0 50 LCI1C Test New sheet for Scans 1 -50
LCiCo_11t0 49 LCI1C Test New sheet for Scans 51 - 99
LC1Cp_1to 46 LCIC Test New sheet for Scans 100 - 145
LC1Cq_1to 40 LCI1C Test New sheet for Scans 146 - 185
LC20 1to 49 LC2 Test LC2 Prediction data added
Max & Min Yield detection and
‘Difference’ calculation
LC2p_50-59 LC2 Cut-Outs Calibration Factor change for Ch 346
LC2CTr_1to 22 LC2C Pre-Test 1 LC2C Prediction data added
LC2Cr_1t09 LC2C Pre-Test 2 New sheet for Test

LC2C2r 1 to 300

LC2C Test & Cut-Outs

New sheet for Test

LC3Tu_1 to 35

LC3 Pre-Test

LC3C Prediction data added

DT39-1, DT39-2, DT40-1 and DT 40-2
(Chs 861, 865, 866 & 871) Re-assigned to
Chs 850 - 853

LC3Cu_Ito34 LC3C Test New sheet for Test

LC3Cu_35 LC3C Test Additional SG49 installed in Chs 457-460
and SGS51 installed in Chs 465-468

LC3Cv_1to 165 LC3C Test New sheet for Test

LC3Cv_166 to 265

LC3C Test & Cut-Outs

Modified Axial Force equations for LC30 to
ignore failed gauge (Ch120) - Data sheet
Row 913

LC3Tw_1 to 29

LC3 Pre-Test

LC3 Prediction data added

LC3x_1

LC3 Test

New sheet for Test

LC3y 2to 14

LC3 Test

ASGs 61 — 64 Re-assigned from Ch841-844
to Ch 829-832

25




AVT/3581

LC3z_15to 50 LC3 Test Corrected Axial Force equations for LC30
to ignore failed gauge (Chl120) - Data sheet
Row 913

LC3aa_51to73 LC3 Test DT 44 re-assigned to Ch 875

LC3ab_1 to 41

LC3 Cut-Outs

New sheet for Cut-Outs

LC?7?Aa LC1, LCIC, LC2, LC2C, | New sheet for presentation of ‘final’
LC3 & LC3C datafiles on 13 October 1998
Global XYZ added
Revision sheet added
LC??Ab LCIC.A & LC3C.A. New sheet for presentation of ‘final’

datafiles on 18 November 1998

Cal Factor corrections based upon final
logger excitation voltage measurements
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12 RE-ISSUED ‘FINAL’ DATAFILES

LOADCASE ‘FINAL’ TOTAL NO. | ORIGINAL
DESCRIPTION DATAFILE SCANS DATAFILES:
Loadcase 1 Pre-Test Trial LCla Trial 0-29 LCITh_18,LCI1Th_19,
LCITh_29
Loadcase 1 Test LCla_Test 1-38 LC1i_38
Loadcase 1C Pre-Test Trial | LC1Ca_Trial 1-18 LCICm_0,LCICm_0x
Loadcase 1C Test LC1Ca_Test 1-185 LC1Cn_50, LC1Co_49,
LC1Cp_46, LC1Cq_40,
Loadcase 2 Test LC2a Test 1-49 LC20 49
Loadcase 2 Cut-Outs LC2a_Cut I1(1&50- {LC2p 39
59)
Loadcase 2C Pre-Test Trial | LC2Ca_Trial 1-31 LC2Cr T1, LC2Cr_9,
Loadcase 2C Test LC2Ca_Testl 1-143 LC2C2r_58, LC2C2r 109,
LC2C2r 143
Loadcase 2C Test LC2Ca_Test2 | 151 (1 &144 — | LC2C2r 203,
292) LC2C2r_263,
LC2C2r_292,
Loadcase 2C Cut-Outs LC2Ca_Cut 9(1 &293- | LC2C2r 300
300)
Loadcase 3C Pre-Test Trial | LC3Ca_Trial 70 LC3CTu_35,LC3Cu 35
Loadcase 3C Test LC3Ca_Testl 133 LC3Cv_50, LC3Cv_102,
LC3Cv_155,
Loadcase 3C Test LC3Ca_Test2 | 121(1 & 134— | LC3Cv_155, LC3Cv_195,
252) LC3Cv_210, LC3Cv_245,
LC3Cv 252,
Loadcase 3C Cut-Outs LC3Ca Cut 13(1 & 253 - | LC3Cv_265
265)
Loadcase 3 Pre-Test Trial LC3a Trial 1-29 LC3Tw_29
Loadcase 3 Test LC3a_ Test 1-73 L.C3aa_60, LC3aa_73
Loadcase 3 Cut-Outs LC3a_Cut 1-41 LC3ab_41
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Loadcase 3C.A Pre-Test | LC3CAb_Trial 1-23& LC3CAT_25
Trial
1-25a

Loadcase 3C.A Test L.C3CAb_Test 1-205 LC3CA_83,LC3CA_138,
LC3CA_187, LC3CA_205,

Loadcase 1C.A Pre-Test | LCICAb_Trial 1-22 LCICA_Tnal

Trnal

Loadcase 1C.A Test LC1CAb_Test 1-168 LCICA 62,LCICA_115,
LCICA_168,

Loadcase 1C.A Cut Outs LC1CAb_Cut 169 - 174 | LC1CA_Cutout
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13 EXCITATION VOLTAGE CHECKS

Upon completion of the final test (Loadcase 1C.A Cut-Outs) on 10 November 1998,
Measurements were made to quantify the actual excitation voltages for all passive sensors

(Load Cells, Strain Gauges and Displacement Transducers). Measurements were taken using
Bodycote Ltd’s WhiteGold DVM, Serial No. 24002243,

13.1 Strain Gauge Channels

Voltages were measured for each of up to 80 channels per rack with all sensors energised (i.e
maximum rack loading).

13.2 Displacement Channels

Voltages were measured for each of the Displacement Transducer Channels 845 to 878) with
only one DT connected at a time, but with all Strain Gauges in that rack energised to try to
maximise rack loading,

For any channel with an excitation voltage of less than 5.0Volts, the measurements were
repeated for each transducer type.

Results were as follows:

Rack No. Channel Nos. Comments
I 1-80 AllS0V
2 81 - 160 All50V
3 161 - 240 Channels 161 — 184 inc. all 2.50V, Others all 5.0 V
4 241 - 320 All5S.0V
5 321 -400 Channel 346 (SG67-3) 1.85V, Others all 5.0 V
6 401 - 480 All5S.0V
7 481 - 560 All50V
8 561 - 640 All5S0V
9 641 - 720 All5.0V
10 721 - 800 All50V
11 801 - 880 All Strain Gauges 5.0 V. All DTs 5.0 V except those
listed below

29




13.3 Displacements

AVT/3581

Channel
No.

PG 150 and UM20/30
(1kOhm)

PG 250
(2 kOhm)

Comments

861

4.03V

4.12V

DT29X Compensated  for within
Loadcases LC1, LC1C, LC2, LC2C

Re-assigned to unaffected Channel for
Loadcases LC3C, LC3, LC3CA &
LCIC.A

865

4.02V

411V

DT30Y Compensated for within
Loadcases LC1, LC1C, LC2, LC2C

Re-assigned to unaffected Channel for
Loadcases LC3C, LC3, LC3CA &
LCIC.A

866

4.02V

411V

DT30Z Compensated for within
Loadcases LC1, LC1C, LC2, LC2C

Re-assigned to unaffected Channel for
Loadcases LC3C, LC3, LC3CA &
LCICA

878

4.05V

4.18V

Not Used during Loadcases LCI,
LC1C,LC2,LC2C, LC3, LC3C.

DT38 2 Compensated for within
Loadcases LC3C.A and LC1C.A

879

4.02V

4.11V

Global Load is not passive therefore
has no affect
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14 GLOBAL XYZ

The measured displacements of the 6 tri-axial groups of x, y & z transducers at each of Nodes
21, 22, 29, 30, 45 & 48 have been transformed to represent true components of displacements
in the Global X, Y & Z space frame co-ordinates.

This transformation has been performed in accordance to the following specification:
14.1 Definition of Problem

Three displacement transducers meet at a point on a mobile structure, P, the other ends of
each transducer being rigidly fixed to the reference frame at points A, B & C.

At the datum condition, the 3 transducers are nominally aligned with the reference XY&Z
co-ordinates and each have a datum length, /.

However, when the fixed point, X moves in space, one or more of the 3 transducers will vary
in length by amounts 8/, such that the 3 transducer axes will no longer remain orthogonal. (At
extreme displacements, it is estimated that the axes of the transducers may typically be
misaligned from the global X, Y & Z axes by up to around 30°).

/ Y
P X
b=5L+5; Displacements are
positive in the
a=/[;+§ directions shown
®

é B

Knowns: Datum lengths of the 3 transducers /,, b, & /5
Transducer displacements in axes of transducers, 01, 87, & 63
Assumptions: All 3 transducers are aligned with X, Y & Z frame axes at datum condition
All transducers meet at a point.

Unknowns:  Displacements x, y & z which are the resolved components of 8, 5;, & &; in
the X, Y & Z frame axes.

14.2 Transformation Equations

AVT have produces a set of 3 independent quadratic transformation equations to resolve the 3
independent displacements into global X, Y & Z co-ordinates to describe the movement of a
point in space, relative to a fixed 3D reference frame.

The transformation equations have been implemented in the Global XYZ worksheet,
contained within each Final Version Loadcase spreadsheet folder.
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15 RETROSPECTIVE EFFECTS
These are details of effects observed during testing which have implications for previous
versions of datafiles.

15.1 Loadcase 2 Retro Changes

Low excitation voltage detected in SG 67-3 (Ch 346) 1.96 V instead of 5.0 V - must adjust
Cal Factor (Cell H349) in all Data spreadsheets from 400,000 to 1,020,408.2

15.2 Loadcase 3C Retro Changes

Low excitation voltage detected on Ch 861 (DT39_1) (4.23 V), Ch 865 (DT39-2) (4.03 V),
Ch 866 (DT 40-1) (4.23 V). Must apply corrected Calibration Factors for these channels for
all Loadcases.

15.3 Loadcase 3 Retro Changes

Calibration Factors for ASG 61 — 64 (Chs 841-844) are too high by a factor of 100. Must
amend Data sheet Cells H844 to H847 to 4000 for all other Loadcases (and for Loadcase 3
Pre-Test).

15.4 Loadcase 1C.A Retro Changes

Calibration Factor changes resulting from Final Voltage measurements:

Sensor Channel Cal Factor Cell Old Value New Value
Reference

SG67-3 346 Data!H349 1020408.2 1081081.1

DT37-2 846 Data!H849 -30.0 +30.0

DT38-2 878 Data!HR81 -30.0 +37.04

These changes only affect the final 2 Loadcase tests LC1C.A and LC3C.A.
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16 MODIFICATIONS TO ‘FINAL’ VERSION DATAF ILES
16.1 Loadcasel

16.1.1 Worksheet Standardised Data Locations

Data Sheet - Standardised Cell References imposed (Data Scan 2 moved from Column L to
Column N

Prediction Data sheet - Standardised Cell References imposed (6 Rows inserted (Rows 11-16)
for provision for Nodes 2 & 10

16.1.2 Input Channel Re-assignment

Data sheet highlighted (green) to notify re-assignment of ASG 54 from Logger Ch 834 to Ch
777

16.1.3 Re-allocate spreadsheet for Correct ASGs Input Locations

Channels 813-816  Channel allocation  previously ASGs 33-36 now Spares
Channels 829-832  Channel allocation previously ASGs 49-52 now Spares
Channels 837-844  Channel allocation  previously Spares now ASGs 57-64
Channels 841-844  Calibration Factor previously 400,000 now 4000

16.1.4 Calibration Factors changed to compensate for measured low excitation voltage

Channel Sensor Data Cell Ref | Compensation | Old Cal Factor | New Cal Factor
Factor

Ch 346 SG 67-3 | H349 5.00/1.96 400,000 1,020,408.2

Ch 861 DT29 X | H864 5.00/4.23 50 59.1

Ch 865 DT30-Y | H868 5.00/4.03 157.6 195.5

Ch 866 DT 30-Z | H869 5.00/4.23 50 59.1

16.2 Loadcase 1C
16.2.1 Worksheet Standardised Data Locations

Data Sheet - Standardised Cell References imposed (Data Scan 2 moved from Column L to
Column N

Prediction Data sheet - Standardised Cell References imposed (6 Rows inserted (Rows 11-16)
for provision for Nodes 2 & 10

16.2.2 Input Channel Re-assignment

Data sheet highlighted (green) to notify re-assignment of ASG 54 from Logger Ch 834 to Ch
777
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16.2.3 Re-allocate spreadsheet for Correct ASGs Input Locations

Channels 813-816
Channels 829-832
Channels 837-844
Channels 841-844

16.2.4 Calibration Factors changed to compensate for measured low excitation voltage

Channel allocation
Channel allocation

Channel allocation

Calibration Factor

previously Spares
previously 400,000

previously ASGs 33-36
previously ASGs 49-52
now ASGs 57-64
now 4000

now Spares

now Spares

Channel Sensor Data Cell Ref | Compensation | Old Cal Factor | New Cal Factor
Factor

Ch 346 SG 67-3 | H349 5.00/1.96 400,000 1,020,408.2

Ch 861 DT29 X | H364 5.00/4.23 50 59.1

Ch 865 DT30-Y | H868 5.00/4.03 157.6 195.5

Ch 866 DT 30-Z | H869 5.00/4.23 50 59.1

16.3 Loadcase 2

16.3.1 Worksheet Standardised Data Locations

Prediction Data sheet - Standardised Cell References imposed (6 Rows inserted (Rows 11-16)
for provision for Nodes 2 & 10

16.3.2 Input Channel Re-assignment

Data sheet highlighted (green) to notify re-assignment of ASG 54 from Ch 834 to Ch 777.

Data sheet highlighted (green) to notify re-assignment of SG8-1 from Ch 201 to Ch 477 from
Scan 15 onwards.

16.3.3 Re-allocate spreadsheet for Correct ASGs Input Locations

Channels 813-816
Channels 829-832
Channels 837-844
Channels 841-844

16.3.4 Calibration Factors changed to compensate for measured low excitation voltage

Channel allocation
Channel allocation

Channel allocation

Calibration Factor

previously Spares
previousty 400,000

previously ASGs 33-36
previously ASGs 49-52
now ASGs 57-64
now 4000

now Spares

now Spares

Channel Sensor Data Cell Ref | Compensation | Old Cal Factor | New Cal Factor
Factor

Ch 346 SG 67-3 | H349 5.00/1.96 400,000 1,020,408.2

Ch 861 DT29 X | H864 5.00/4.23 50 59.1

Ch 865 DT30-Y | H868 5.00/4.03 157.6 195.5

Ch 866 DT 30-Z | H869 5.00/4.23 50 59.1
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16.4 Loadcase 2C

16.4.1 Worksheet Standardised Data Locations

Prediction Data sheet - Standardised Cell References imposed (6 Rows inserted (Rows 1 1-16)
for provision for Nodes 2 & 10

16.4.2 Input Channel Re-assignment
Data sheet highlighted (green) to notify re-assignment of ASG 54 from Ch 834 to Ch 777.

Data sheet highlighted (green) to notify re-assignment of SG8-1 from Ch 201 to Ch 477.
16.4.3 Re-allocate spreadsheet for Correct ASGs Input Locations

Channels 813-816  Channe] allocation previously ASGs 33-36 now Spares
Channels 829-832  Channel allocation previously ASGs 49-52 now Spares
Channels 837-844  Channel allocation previously Spares now ASGs 57-64
Channels 841-844  Calibration Factor previously 400,000 now 4000

16.4.4 Calibration Factors changed to compensate for measured low excitation voltage

Channel Sensor Data Cell Ref | Compensation | Old Cal Factor | New Cal Factor
Factor

Ch 346 SG 67-3 | H349 5.00/1.96 400,000 1,020,408.2

Ch 861 DT29 X | HB864 5.00/4.23 50 59.1

Ch 865 DT30-Y | HR68 5.00/4.03 157.6 195.5

Ch 866 DT 30-Z | H869 5.00/4.23 50 59.1

16.4.5 Additional Strain Gauges

Additional SGs installed SG82B I, 3,5 & 7 (Chs 389 — 392) from Scan 17 onwards.
(Replacing SG84F). Datum Scan 17 copied into Column L. Changes are highlighted Yellow
in Data sheet.

16.5 Loadcase 3C
16.5.1 Input Channel Re-assignment
Data sheet highlighted (green) to notify re-assignment of ASG 54 from Ch 834 to Ch 777

Data sheet highlighted (green) to notify re-assignment of SG8-1 from Ch 201 to Ch 477.
16.5.2 Re-allocate spreadsheet for Correct ASGs Input Locations

Channels 813-816
Channels 829-832
Channels 837-844
Channels 841-844

Channel allocation  previously ASGs 33-36
previously ASGs 49-52
now ASGs 57-64

now 4000

now Spares
Channel allocation now Spares
previously Spares

previously 400,000

Channel allocation

Calibration Factor
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16.5.3 Calibration Factors changed to compensate for measured low excitation voltage

Channel Sensor Data Cell Ref | Compensation | Old Cal Factor | New Cal Factor
Factor

Ch 346 SG 67-3 | H349 5.00/1.96 400,000 1,020,408.2

16.5.4 Additional Strain Gauges
Data sheet highlighted (Yellow) to indicate additional SG 49-1, 3, 5,& 7 re-assigned to Chs
457 - 460, (replacing SG 87F), from Test Scan 1.

Data sheet highlighted (Yellow) to indicate additional SG 51-1, 3, 5,& 7 re-assigned to Chs
465 — 468, (replacing SG 94F), from Test Scan 1.

16.5.5 Re-Assigned Displacement Transducers

Global XYZ sheet highlighted (Green) to indicate re-assigned displacement transducer inputs,
as follows:

DT 29-X re-assigned from Ch 861 to Ch 850

DT 30-Y re-assigned from Ch 865 to Ch 851

DT 30-Z re-assigned from Ch 866 to Ch 852

DT 48-Y re-assigned from Ch 871 to Ch 853

16.5.6 Modified Equations for Processed Data

Calculation of Axial Load for LC30 corrected to ignore failed strain gauge L.C30-7 (Chi20).
(Highlighted Magenta in Data sheet).

16.6 Loadcase 3
16.6.1 Input Channel Re-assignment

Data sheet highlighted (green) to notify re-assignment of ASG 54 from Logger Ch 834 to Ch
777

Data sheet highlighted (green) to notify re-assignment of SG8-1 from Logger Ch 201 to Ch
477.
16.6.2 Re-allocate spreadsheet for Correct ASGs Input Locations

Channels 813-816  Channel allocation  previously ASGs 33-36 now Spares
Channels 829-832  Channel allocation  previously ASGs 49-52 now Spares
Channels 837-844  Channel allocation  previously Spares ~ now ASGs 57-64

ASGs ASG61 — 64 re-assigned from Chs 841-844 to Chs 829-832 from Scan la AND
Calibration Factor reverted to original value 400,000

16.6.3 Calibration Factors changed to compensate for measured low excitation voltage

Channel Sensor Data Cell | Compensation | Old Cal Factor | New Cal Factor
Ref. Factor

Ch 346 SG 67-3 | H349 5.00/1.96 400,000 1,020,408.2
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16.6.4 Additional Strain Gauges
Data sheet highlighted (Yellow) to indicate additional SG 49-1, 3, 5,& 7 re-assigned to Chs
457 - 460, (replacing SG 87F), from Test Scan 1.

Data sheet highlighted (Yellow) to indicate additional SG 51-1, 3, 5,& 7 re-assigned to Chs
465 — 468, (replacing SG 94F), from Test Scan 1.

16.6.5 Re-Assigned Displacement Transducers

Global XYZ sheet highlighted (Green) to indicate re-assigned displacement transducer inputs,
as follows:

DT 29-X re-assigned from Ch 861 to Ch 850

DT 30-Y re-assigned from Ch 865 to Ch 851

DT 30-Z re-assigned from Ch 866 to Ch 852

DT 48-Y re-assigned from Ch 871 to Ch 853

16.6.6 Modified Equations for Processed Data

Calculation of Axial Load for LC30 corrected to ignore failed strain gauge LC30-7 (Ch120).
(Highlighted Magenta in Data sheet).

16.7 Loadcase 3C.A - Spreadsheet Modifications to Final Version ‘b’

Calibration Factor for SG 67-3 (Ch346) increased to account for low excitation voltage
(1.85V instead of 5.0V)

Calibration Factor for DT38_2 (Ch 878) increased to account for low excitation voltage
(4.05V instead of 5.0V)

16.7.1 Changed Polarity of DTs

Ch Sensor Oid Polarity New Polarity
846 DT37 2 - +

854 DT33 + -

874 DT36 + -

876 DT33 + -

877 DT34 + -

878  DT382
Revision Notes updated.

1
+
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16.8 Loadcase 1C.A - Spreadsheet Modifications to Final Version ‘b’

Calibration Factor for SG 67-3 (Ch346) increased to account for low excitation voltage
(1.85V instead of 5.0V)

Calibration Factor for DT38 2 (Ch 878) increased to account for low excitation voltage
(4.05V instead of 5.0V)

DT22 ‘NUM’ Error from Scan 148 to end of test, Corrected in Final version b’ (Highlighted
Yellow)

16.8.1 Changed Polarity of DTs

Ch Sensor Old Polarity New Polarity
846 DT37_2 - +
854 DT33 + -
874 DT36 + -
876 DT33 + .
877 DT34 + -

878 DT38_2

[}
+

Revision Notes updated.
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FOREWORD

This report is one of a series describing different aspects of Phase [l 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 Reterence Circulation
Summary and Conclusions C636\04\478R 1
Overview report describing the project and principal findings

Background, Scope and Development C636\04\435R 1

Scene setting report summarising previous work, identified needs
and Phase IIl programme definition and development

3D Test Set Up £636\06\313R 1
Brief description of the 3D test set up and structural configuration
Material Testing Report £636\23\004R 1

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

Assessment of Locked-In Fabrication Stress C636\21\050R 1
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 C636\25\071R 1
Detailed description of all instrumentation systems used in the 3D
frame, accuracy, sign conventions etc. Data on CD in finai report

Loadcase 1 Test Report - Multiplanar K Joint Action C636\37\014R 1
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 | C636\39\011R 1
Detailed description of the Loadcase 2 static test response and
interpretation of the results and their significance

Loadcase 3 Test Report - Multipie Member Failures and 3D £636\40\021R 1
System Action

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

ERING
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Report Title

Reference

Girculation

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 LG1 static resuits

Monotonic and Cyclic testing of isolated K Jaints
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 L.G2 and LC3 static results

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

C636\24\021R

C636\38\010R

STF22 F98704
(C636\24)

C636\41\011R

C636\45\008R

1

1/2

Multiplanar SCFs

Joint BG / BOMEL report describing analytical work and
experimental measurements of multiplanar 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
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JOINT INDUSTRY TUBULAR FRAMES PROJECT - PHASE il

MULTIPLANAR JOINT STRESS CONCENTRATION FACTORS

EXECUTIVE SUMMARY

The Joint Industry Tubular Frames Project Phase [l was undertaken to provide realistic data on the
performance of 3D jacket type structures. Alongside the principal activities examining uitimate system
strength performance, the demonstration structure was instrumented to provide data on realistic stress
concentrations (SCFs) developed at multiplanar tubular joint intersections for comparison with simplified
approaches used in design.

Analytical and interpretative work was undertaken by BG plc as part of their contribution to the project.
BG worked closely with BOMEL personnel who were rasponsible for implementing the instrumentation
recommendations and data reduction. This report, prepared by BOMEL, is therefore a bridging document
between the main body of project reports and the specific investigation reported in a comparison document
by BG. It outlines the full scope of the activity and then describes the basis on which a multiplanar node
was selected for monitoring. The chosen joint (Node 7) comprised eight intersections in three planes with
K, T, N and KT configurations. Twenty four different brace/chord crown/saddle locations were selected
to monitor stress concentrations providing insight to inter-plane interactions and addressing anomalies
between prediction methods. h

This report sets out the instrumentation system instailed by AV Technology comprising 48 number 45°
rosettes from which to determine weld toe principal stresses, and some 56 additional linear strain gauges
to determine nominal axial and bending stresses. The sign conventions adopted in the experimental work
are defined and the theories underlying the data reduction are set down.

Sample results are presented for initial stages in each of the Loadcase 1, 2 and 3 tests. Comparisons are
made between the nominal load effects determined from the test and BOMEL SAFJAC and BG ABAQUS
analyses. The nominal stresses are then compared with the weid toe principal stress to give an indication
of the stress concentration factors. Direct comparison is also made between measured and predicted
levels of weld toe stress. The report highlights a number of areas which may contribute to discrepancies
from this first pass comparison. Nevertheless there is reasonable correlation between the average absolute
stress levels across all the cases considered. Where values in the test average 59N/mm?, for example,
FE analysis give some 44N/mm? and predictions using Efthymiou parametric predictions average
50N/mm?.

Co36\18\018R Rev O August 1999 Page 0.9 of 0.10




BOMEL 53Eese QJ/

Whilst encouraging, further investigation is required as reported in the companion 8G report to help
interpret and generalise the findings. The BG report describes in detail the criteria for node selection. The
underpinning finite element analyses using ABAQUS and USFOS comparisons are presented, together with
a detailed description of the calculations using industry standard parametric formulae for both planar and
multiptanar SCF predictions. In addition to complete structurat analyses, the findings from component
calculations are presented in which the contribution from individual brace loads to stress levels at other
intersections were investigated. These and the comparison between measured and predicted values from
this report provide the basis for assessing the significance and ability for industry to determine realistic
SCFs at multiplanar joints in jacket structures.

The volume of data gathered is enormous and the quality is shown in this report to be exceptional. The
extension of the Frames Project Phase I programme to encompass eight instead of the planned four tests
has enabled twice as much data to be gathered at no extra cost, although the data interpretation falls
beyond the present scope.

In addition the BG work included finite element analysis of two other multipianar nodes, determination of
SCFs and comparison with conventional parametric predictions. The SINTEF tests in support of the
Loadcase 1 cyclic scenarios also captured SCF data for a similar geometry. In addition to addressing the
specific scope within the project the work has resulted in a large body of data for future use to expand
industry understanding of multiplanar influences on stress concentrations and fatigue performance.
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1. INTRODUCTION

1.1 BACKGROUND

Phase Hl of the Joint Industry Tubular Frames Project was established to examine the ultimate
response characteristics of jacket type offshore structures. In order to provide a realistic
demonstration of the behaviour, a large scale 3D structure was built and tested under multiple
loading scenarios. To date offshore design practice in terms of both strength and fatigue has
been based on results of idealised companent tests® 2. Only recently have these been
supplemented with data on 2D frame responses™ 9. The Frames Project 3D facility therefore
provided a unique opportunity to investigate many aspects of 'real’ structural behaviour.

Offshore structures are designed to withstand ultimate and fatigue limit states. Although survival
of extreme events may be crucial to life safety, degradation due to fatigue may have significant
economic and operational consequences. During the early years of North Sea oil and gas
production some fatigue damage was experienced requiring a number of structural repairs and
changes to engineering practice. However with fuller recognition of fatigue loading mechanisms
and improved design methods based on extensive faboratory tests®, these problems have now
largely been eliminated. Nevertheless with an ageing population of offshore platforms there has
been renewed attention on fatigue. In particular it now appears that fatigue performance is better
than anticipated and there is interest in quantifying the influence of factors which are not
accounted for in current methods.

For example, the stress concentrations around welded intersections which precipitate fatigue
damage are usually determined from parametric formulae for joints in a plane. Figure 1.1
illustrates the local development of stresses up to the weld toe of tubular joint intersections.

The influence of out-of-plane braces, either stiffening the chord or modifying the local loadpaths,
is rarely considered. Some research effort has been directed at determining multiplanar effects
both with experimental and analytical investigations and to develop formulae for general
application. However, these are not used routinely in practice.

On this basis the Frames Project Participants agreed that the 3D tests structure should be
instrumented to provide data on stress concentration factors (SCFs) at selected muitipianar joint
intersections. The data could be gathered readily in the course of the structural collapse tests
by expanding the logging equipment. The 3D tests provided an unprecedented opportunity to
gather realistic SCF data at complex jacket type nodes with representative combinations of axial
loads and moments in the bracing and chord.
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Figure 1.1 Development of stress concentrations at the weld toe of nodal joints"™*
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1.2 SCF STUDY SCOPE

The principal objective of this aspect of the Frames Project Phase il programme was:

° to benchmark industry practices for evaluating SCFs at muitipianar nodes using
representative data from the 3D frame tests.

The work involved a number of distinct activities:

1. Development of a premise with procedures for undertaking the work.

2. Prediction of SCFs using parametric formulae and finite element analysis.

3. Selection of a node and weld toe locations for detailed examination.

4, Specification of instrumentation for recording SCFs and nominal stresses.

3. Data acquisition and data reduction.

6. Comparison of measured and predicted SCFs with supplementary analysis, as
appropriate.

7. Reporting.

It was agreed that BG plc would undertake a significant part of the work by way of a contribution
to the project. This report is therefore a bridging document between the main body of BOMEL
reports describing the 3D test programme and the finite element analysis and SCF benchmarking
undertaken and reported in a stand alone volume by 8G®. The work proceeded on the basis of
an initial specification prepared by BOMEL® and an agreed workplan set out by BG™.

Section 2 outlines the basis for the joint selection and the extent of analysis performed by BG.
The translation of the monitoring recommendations into the instrumentation scheme and
reduction of test data, for which BOMEL was responsible, is detailed in Section 3. Section 4
then provides some initial comparisons which are developed further in the BG report®.
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2. JOINT SELECTION

2.1 BASIS FOR JOINT SELECTION

The benchmarking of SCF predictions at muitiplanar nodes was to be undertaken in the context
of the series of collapse tests of the 3D frame. The bracing arrangements within the frame and
the node and member referencing schemes are shown in Figure 2.1. Figure 2.2 shows the three
axes for loading the structure. At the outset three ultimate strength tests were planned, one for
each axis as shown; an additional cyclic test was to be performed on Line C for the ‘Loadcase
1' configuration. Extensive component failures were anticipated in the vicinity of ioading and
elsewhere in the structure as the loads redistributed. Between tests it was planned to cutout and
reinstate components where failure had occurred. This consideration was one of several factors
influencing the node selection for SCF monitoring purposes. Considerations inciuded:

] geometries and non-dimensional geometric parameters should be representative of
jacket structures
. gaps between braces should be sufficient for meaningful SCFs to be recorded using

strain gauges located in accordance with "HSE' recommendations®

L multipianar influences due to out-of-plane braces and loads should be significant so
that the effects could be distinguished from scatter in planar data

. SCF instrumentation should be targeted at locations which were not expected to
require repair or reinstatement following component failures in the ultimate strength
tests; in this way SCF data for three different loading regimes (Loadcases 1, 2 and 3)
could be gathered

L] the chosen locations should experience different patterns of loading for the three
loadcases

. the potential for comparison with previous component test data (eg. Lloyd’s
multipianar acrylic nodes'® / Frames Project Phase | planar joint data®) should be
considered.
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Figure 2. 1(b)" Node numbenng scheme (Node 44 only present in LCS LC3CA and LC1CA tests)
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Figure 2.2(c) Loadcase 3 test configurations (LC3}
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2.2 PRELIMINARY INVESTIGATIONS

During the early stages of the project when the prospect of monitoring SCFs was being
considered, BOMEL prepared a briefing note for Participants"” which is included here in
Appendix A. Three candidate nodes were identified (see Figure 2.1):

° Node 7 - eight brace mutltiplanar leg node - K (T) (N) KT
. Node 11 - five brace corner node - K (T) K
. Node 40 - four brace node K (K).

BG rescreened the options and concluded that these nodes offered the best potential. Cost
precluded complete instrumentation and so further investigation was required to select one of
the three candidate nodes and to identify key sites for instrumentation.

2.3  DETAILED INVESTIGATIONS

2.3.1  FE Analysis

Finite element (FE) models of all three nodes were developed by BG using ABAQUS 8-naded,
thick shell reduced integration elements as shown in Figures 2.3 to 2.5. Analyses were
performed for single brace loading of isolated nodes and the shell modeis were introduced to a
30 beam mode! of the test structure and reaction rig.

Stress concentration levels at all four crown and saddle positions to the chordside and braceside
of each intersection were determined (eight locations total). Based on HSE recommendations®,
principal stresses were calculated and extrapolated to the mid-surface intersections. Coacting
axial and bending stresses in each brace were also determined. Uplift of the reaction rig was
allowed for to provide direct comparison with the test. Modelling was efastic, enabling values
to be factored for different load levels early in each test.

Comparative USFOS analyses were also undertaken to validate the global and local responses
and to assess the 'elastic' limit.

2.3.2 Parametric SCF Assessment

For each node and loading configuration, SCFs were calculated at all eight sites using simple and
multiplanar influence function approaches due to Efthymiou™”, Lioyd's Register® and Kellog".
The results are detailed in Reference 5 and Appendix B.
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Figure 2.3(a) Node 7 - BG FE model - eight braces in three planes

Figure 2.3(b) Node 7 - BG mesh - detail
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Figure 2.4 Node 11 - BG FE model
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Figure 2.5 Node 40 - BG FE model
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2.3.3 Evaluation

In order to compare the findings, BG devised a scoring system to reflect the stated selection
criteria. It was considered to be important from a practical standpoint for SCF monitoring to
focus on locations where the stress may be the highest for the intersection and would therefore
govern in design. This followed particularly from the project emphasis on a demonstration to
validate offshore practice rather than academic research. Furthermore it was important to use
the test opportunity to resolve significant discrepancies between the calculation methods
employed. The scoring system involved, for each of the eight locations around every intersection
on ail three nodes, identifying:

(a) the number of approaches indicating the location gives the maximum stress from the
intersection (ie. the hot spot)

(b) the number of instances where FE and parametric methods differ

(c) whether the stress ievel exceeds 50 N/mm? in order that the effects may be considered

significant (1 - yes, 0 - no).

For each intersection the 'scores' for (a) and (b} were added and multiplied by (c). The
cumulative totals for all intersections at each node and across the three primary loadcases were
then determined. Some engineering judgement was also required to ensure a useful mix of
brace/chord and crown/saddle positions was involved across different geometry classifications.

Careful study of the results in this way® led to the recommendation that Node 7, the complex
multibrace node at the top centre of the frame as viewed in Figure 2.2, be investigated.

‘Other' factors inffuencing the selection of Node 7 included the fact that the joint experiences
significant unbalanced loading. This is another common feature of real structures inadequately
covered in laboratory research®™. Table 2.1 summarises the axial and bending stresses
determined by BG analytically. The varying stress pattern between each loadcase is clearly
evident, as is the imbalance in certain cases for K brace pairs.

The planar joint definitions are:

. K - Braces 24 and 27

. T - Brace 91

° N - Braces 72 and 74

. KT - Braces 17, 11 and 22

't should be noted that the brace moments are given for the interface between beam and shell
glements within each incoming brace member, not at the intersection, nevertheless the
comparison is instructive.
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Table 2.1 Node 7 - BG analytical comparison between nominal brace stresses in Loadcases
1, 2 and 3 (ABAQUS sign convention)

Brace { Loadcase 1 Applied Load 800KN Loadcase 2 Applied Load 800kN | Loadcase 3 Applied Load 1750kN
Nominal brace stress (N/mm?) Nominal brace stress (N/mm?) Nominal brace stress {N/mm?)
Axial IPB orB Axial IPB 0P8 Axial IPB oprB
" -15 5.3 -6.2 -6.5 6.2 4.2 -4.3 -13.3 0.8
17 21.0 -3.8 -0.1 -48.5 0.7 6.2 51.7 -5.6 -3.3
22 -37.3 -0.9 -4.6 5.0 6.8 7.8 -46.3 -5.8 1.8
24 -78.4 7.4 0.4 31.2 -4.4 7.8 -34.3 39 4.7
27 398 11.3 -12.8 -20.8 -4.8 247 33.7 2.2 4.3
72 -104.2 2.7 -4.5 28.0 -76 -0.9 337 27 -2.0
74 25.5 -10.9 6.3 22.1 2.3 -24.7 -194 6.6 1.9
91 220 -5.9 -8.3 -64.4 -0.2 -20.3 0.1 5.0 4.5

C6346\18\0718R Rev O August 1999

Containing the SCF instrumentation within the budgets agreed, it was aiso possible for the
coverage of SCF equations at Node 7 to be comprehensive as shown in Table 2.2. Figure 2.6

indicates the datum clock position on the brace footprints for reference.

Table 2.2 Node 7 - Summary of proposed gauge locations

CC - Chord crown 0°, 90°, 180°, 270° angular separation
CS - Chord saddie
BC - Brace crown
BS - Brace saddle

Brace GGO C¢S90 CC180 | CGS270 BCO BS90 BC180 BS270
11 X X X X X
17 X X X
22 X X
24 X X
27 X X
72 X X
74 X X X X
91 X X X X
By Joint Type
CC cs BC BS
K 1 3 3 2
T 1 1 1 1
KT outer 1 3 1 1
KT centre 1 2 1 1
Key:
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Figure 2.6 Node 7 developed - datum clock positions on the brace footprints

The node selection was endorsed by Project Participants and the instrumentation scheme was
developed as described in Section 3.

2.3.4  Future Investigations

it is important to note that, although not ali cases could be examined experimentaily within the
programme, the body of analytical results is in itself informative and valuable for future
investigations. [n addition, the SINTEF iaboratory tests which supported the 3D frame test
programme® included SCF monitoring at planar and multiplanar K joints of a similar
configuration to Node 40.
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3. INSTRUMENTATION

3.1 GENERAL

The 3D structure was instrumented by AV Technology under contract to BOMEL Limited. The
system comprised strain gauges and displacement transducers to deduce the member forces
and global movements of the structure as it was loaded to failure in each test. All the
instrumentation was connected to a central logging system providing output directly to a
Microsoft Excel spreadsheet for data reduction and interpretation. Reference 13 provides a
detailed description of all the 3D frame instrumentation. Key features relevant to the SCF
monitoring system are described below.

3.2  SCF MONITORING INSTRUMENTATION

The general instrumentation was supplemented with additional gauges in the vicinity of Node 7
in order to capture comprehensive data on the SCFs.

Appendix C contains instrumentation fayout drawings covering the 48 number 45° rosettes from
which to determine weld toe principal stresses, and 56 additional linear strain gauges (ASGs)
to determine nominal axial and bending stresses. In particular:

° Drawing C636\18\017D in Appendix C (also provided as Figure 3.1) shows the layout
of 48 number 45° rosette type gauges from which to extrapolate stresses acting at the
24 nominated weld toe locations. Where the gauges are shown ‘within the footprint'
they are positioned on the braceside of the intersection. Tiny TML FRA-3-11-1L strain
gauges were used in order that the rosettes could be affixed at the precise locations.

. Detail 6 on Drawing C636\15\013D shows the additional linear strain gauges (ASGs)
positioned some three and six brace diameters from the brace chord intersections.
The gauges were TML WFLA-6-11-1L pre-encapsulated pre-wired strain gauges. At
each location four orthogonal gauges enable axial and bending stress components to
be determined. Extrapofation from the ASGs and/or using data from other monitoring
points along the member enabled moments at the intersections to be determined.

The rosette strain gauges were positioned in accordance with 'HSE' recommendations® at the
limits of the linear region shown in Figure 1.1 and defined in Figure 3.2. With nominal diameter
/ thickness properties for the chord and braces of 455.7 / 12.7mm and 168.3 / 4.5mm, the
gauge positions indicated on Figure 3.1 were determined.

Ca36\18\018R Rev O August 1999 Page 3.1 of 3.11
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Figure 3.2 HSE® definitions of regions of strain linearity

Together the above instrumentation systems enabled comprehensive data on nominal brace and
weld toe stresses to be determined.

Figures 3.3 and 3.4 show opposite views of Node 7 once instrumentation was complete. Each
gauge element was provided with dummy gauges to give complete compensation for thermal
effects. The complexity and congestion of the instrumentation is evident.

Figure 3.3 SCF instrumentation of Node 7 - viewed from Frame C towards E
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Figure 3.4 SCF instrumentation of Node 7 - viewed from Frame E towards C

Figure 3.5 shows a view up onto Node 7 on completion of the Loadcase 3 test. Some indication
of local repairs can be seen in the singeing of the paint. These were effected after the Loadcase
1 test during which Brace 72 had buckled. Originally it had been planned to halt the test before
Brace 72 was effected, however in the event it was decided to develop the full sequence of load
redistribution.  Reinstatement of Brace 72 meant that rosette gauges 11, 12, 37 and 38
associated with Brace 72, and 45 and 46 on Brace 74 had to be reinstalled. Similarly additional
linear strain gauges on Brace 72 were replaced. All other gauges were adequately protected and
performed completely satisfactorily in subsequent tests.
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Figure 3.5 Node 7 after Loadcase 3 test

3.3  SIGN CONVENTION

A considerable complexity in generating 3D frame data and making analytical comparisons is
the need for consistent sign conventions. For interpreting the SCF data some translation is
required before comparisons between measured results and different analytical predictions can
be made. Key elements of the different schemes are as follows:

. SCF rosettes - For consistency with rosettes eisewhere on the structure (but contrary
in some instances to BG sketches) all SCF rosettes were oriented with Gauge Element
'A' parallel to the weld toe. Elements 'B' and 'C' were oriented through clockwise
angles of 45° and 90° respectively. The configuration is shown in Figure 3.1.

) Linear strain gauges (ASGs) - For consistency with the instrumentation scheme
throughout the structure, the four linear gauges at each measuring location were
designated '1', '3', '5' and '7* where 1 and 5 are in the plane of bracing and 3 and 7 are
out-of-plane. The axis convention is detailed in Reference 13 but Figure 3.6 shows the
resulting positions for each brace at Node 7. The convention is that measured strains
€,-€; and e;-¢; give positive moments. The BG sketches for ASGs were based on
analysis (with its own sign conventions) and gave an alternative numbering sequence.
Table 3.1 presents the cross correlation between ASG reference numbers and the 1,
3, 5, 7 test designation.
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o Analysis - In the following sections comparison is made between analytical predictions
and test results. BG ABAQUS and BOMEL SAFJAC analyses adopt different
conventions. Figure 3.7 shows the positive orientation for in-plane and out-of-piane
moments in BOMEL and BG analyses in comparison with the test convention. In all
cases axial forces are considered positive in tension, and for clarity are not included.
Table 3.2 confirm the conversion to transiate each analysis into the test convention.

Table 3.1 Position of linear gauges on braces at Node 7

Distance from Strain gauge designation (ASG - uno)
chord face
Brace Gauges . .
intersection | yn-piane | Out-of-plane | In-plane | Out-of-plane
(mm) 1 3 5 7
1 ASG 505 55 54 53 56
Strain gauge 11 1258 SG1 SG3 SG5 SG7
17 ASG 1010 57 58 59 60
ASG 505 61 62 63 64
22 | ASG 1010 41 44 43 42
ASG 505 45 48 47 46
24 | ASG 1010 11 12 9 10
ASG 505 15 16 13 14
27 ASG 1010 3 2 1 4
ASG 505 7 6 5 ]
72 ASG 1010 27 26 25 28
Load celt 1474 LCH tC3 LG5 LG7
74 ASG 420 37 40 39 38
Strain gauge 74 658 SG1 5G3 5GS5 SG7
o1 ASG 900 20 17 18 19
ASG 505 24 21 22 23
Note: Reference Appendix C Drawing C636\15\013D and Figure 3.5.
Gauge: Load cell or strain gauge indicates data gathered from main instrumentation system
LC1 etc: In the context of this table refers to load cell strain measurements at positions 1, 3,5, 7
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Figure 3.7 Comparison between analysis and test positive moment conventions.
Axial tension positive in all cases

C5836\18\018R Rev O August 1999 fage 3.8 of 3.11




BOMEL &iosene Q:)/

Table 3.2 Conversion from analysis to test sign conventions

Analysis / Mode
Brace BOMEL - SAFJAC BG - ABAQUS
iPB OPB IPB 0P8
1 -1 1 1 1
17 -1 -1 -1 1
22 1 i 1 1
24 1 1 1 -1
27 -1 -1 -1 -1
72 -1 -1 -1 -1
74 -1 1 -1 -1
91 -1 -1 -1 -1

in the above it is also worthy of note that for the 'plan’ brace 91, in-plane moments with respect
to the X bracing are acting out-of-plane with respect to the chord at Node 7.

In the discussion of results which follows, all data are presented in accordance with the test
conventions. The analytical resuits have been converted in accordance with the above.

3.4  SCF DATA REDUCTION

The convention for rosette strain gauging and SCF data reduction adopted is presented below.

In ali instances at Node 7 the SCF gauges are positioned with Element ‘A’ parallel to the weld toe,
Element ‘B' oriented through clockwise angle of 45° and Element 'C* at 90° (ie. perpendicular to
the weld toe). The raw strains (e,, €, and ¢,) are interpreted through Mohr's circle and
translated into stresses, where the maximum {more positive) and minimum principal stresses
o, and o, are given by:

g, E [(ea + € ﬁ 5 3
= = + €, -€) + (e ~-¢€
% 2|(-v (1ﬂv)‘/(b J (e el
where ¢ = Young's modulus = 210 x 10° N/mm?
and v = Poisson's Ratio = 0.3.
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The clockwise rotation from the line of action of the principal stress to the axis perpendicular to
the weld toe, shown in Figure 3.8, is calculated from 8, where:

e - €

8 =05 tan-! Fib____f_.:fﬁ]

However care is needed with respect to sign:

° Calculating 8, associated with the maximum (more positive) principal stress:
ife,>e, then 6, = 8
fe.<e,and2¢,> ¢, + €, then B, = 8 + 90°
fe,<e,and2¢, <€, + €, then 6, = 6 - 90°

. Calculating 8, for the minimum principal stress:
Ife1>0 92=91'900
Ife, <0 6, =86, + 90°

9 clockwise

9, positive

8, negative as drawn

Figure 3.8 Sign convention for SCFs calculated in tests (-90° < 8 < 90°)

The extrapolation to the weld toe is based on results for the pairs of SCF gauges with due
account for the distances from the weld toe detailed in Figure 3.1. Conventional practice® is to
extrapolate principal stresses taking the larger absolute principal stress at the gauge closer to
the weld and the corresponding principal stress at the other gauge. However, this gives some
ambiguity in the line of action of the weld toe stress. In simple loading cases, particularly in the
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absence of chord load, weld toe stresses will be predominantly perpendicular to the weld toe.
Whether strain components or the resulting principal values were extrapolated would make little
difference to the resuits. In the more general case of the multiplanar node in the test structure,
where there was significant modification to the stress field due to out-of-plane braces and the
presence of chord loads, quite significant angular differences between principal stresses at the
two gauge positions were found.

Extrapolation of principal stresses has no physical basis and therefore the more rigorous
approach of extrapolating the strain components and then calculating the principal stress was
adopted. The line of action of the principal stress was automatically defined. Comparisons
show that the differences between the approaches were small, on average, nevertheless the work
has highlighted concerns about the way hot spot determination is approached, particularly in FE
analysis.

3.5 NOMINAL STRESS REDUCTION

In calculating bending stresses values were calculated at the interface between the brace
footprint and the face of the chord. It is recognised that this differs from conventional analysis
of jacket type structures where moments are generally determined at the intersection of
centrelines. The approach is however in accordance with experimental investigations® as it is
conservative to determine SCFs based on the lower 'surface' moments and then apply these in
design in conjunction with centreline moments. The distinction is less important when
comparing absolute stress values nevertheless the need for consistency is recognised in the
subsequent 'SCF' evaluations.
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PRESENTATION OF RESULTS

SAMPLED RESULTS

Spreadsheet programs have been developed by BOMEL to draw in raw data pertinent to each of
the 24 number SCF monitoring locations for all scans of the instrumentation system through any
of the eight 3D frame tests. The eight tests invoived various combinations of monotonic and
cyclic loading applied in the three loading configurations shown in Figure 2.2. All the tests
provide valuable SCF data as the pattern of brace loads at Node 7 varies with different failure
scenarios at other locations in the structure. Nevertheless, as envisaged in the original SCF
workscope, attention in this report focuses only on results for the three primary static collapse
loadcases: LC1, 2 and 3.

These tests involved respectively 38, 49 and 73 scans of the instrumentation with different levels
of applied load and different combinations of component forces as members failed. in order to
provide comparison with 'elastic' analytical predictions the results are extracted for Scans early
in each test. Figures 4.1 to 4.3 present global response plots for the LC1, 2 and 3 tests, further
details are presented in the relevant test reports listed in the Foreword. The SCF data presented
in this section relate to Scans 9, 11 and 9 in the three tests and it can be seen from the figures
that in each case these are within the linear response region.

GLOBAL RESPONSE
ACTUATOR

g
(-]

ACTUATOR LOAD {ui)
8

oo WY 400 00 00 ooa 100 1400
Glabal Displacement {mm)

Loadcass 1 - Test

Figure 4.1 Loadcase 1 - Global response and numbered scan positions
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CONSULTANTS
GLOBAL RESPONSE
ACTUATOR
14000
e ©
12000
1000G
g
= BOOQ
3 ;
§ 1.
5 s00 et
"
™
"
«
-

500 1000 106 2000 28500 0040
Gicbal Displacement imm}

Loadcase I - Tuat

Figure 4.2 Loadcase 2 - Global response and numbered scan positions

GLOBAL RESPONSE
20000 ACTUATOR
25000
20000

ACTUATOR LOAD {aN)
o

g

W

0gQ
00 oo 15040 200 590

Giabal Displacemant (mm)

Loadcass 3 - Tast

Figure 4.3 Loadcase 3 - Global response and numbered scan positions
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Full results for all scans are presented on the project CD and can be provided to Participants at
the draft report stage upon request. However in extracting the resuits the data have been
reviewed to ensure that they are representative. In particuiar checks have been made to ensure:

. no gauge element is at the limit of its range or appears not to be functioning

* that the angle of principal stresses follows a consistent pattern at each location and
that discrepancies between ‘near and 'far' rosette gauge output can be explained

. that nominal axial stress levels from linear strain gauges are consistent at different

positions on the same member and that there is reasonable correlation with pre-
calibrated load cells at distant points on a member

] that the sense and magnitude or moments seems reasonable when adjacent linear
gauge sets on individual members are considered.

On this basis it was confirmed that the data presented in the foliowing tables are representative.
As with other parts of the investigation this scrutiny also indicated that the quality and accuracy
of the data acquisition system was excellent.

Particular observations from this examination however did highlight some important aspects:

. Although maximum principal stresses generally act within a narrow zone perpendicular
to the weld toe, for the plan braces - particularly when moments were high and axial
forces low - the line of action was more oblique.

] If the moments are extrapolated from distant gauges towards the Node 7 intersection
they do not generally coincide with values from the additional strain gauges (ASGs)
at three and six diameters from the intersection. This indicates secondary influences
due to local joint flexibility may be significant requiring care to ensure primary and
secondary effects are separated.

Table 4.1 presents a reminder of the 24 locations for measuring weid toe stress concentrations
as shown in Figure 3.1.

Tables 4.2 to 4.4 present resuits for all 24 locations at the nominated scans in each test. The
raw data from the SCF rosettes are presented in the sequence A, B, C as discussed in Section
3.3. Simitarly the linear strain gauge data for determining nominal stresses are presented in the
sequence 1, 3, 5, 7 in accordance with the test convention. Maximum principal stresses are
based on the extrapolation of strain components discussed in Section 3.4. The nominal axiat and
bending stresses are given consistent with the test convention in Section 3.3 (tension positive;
bending 1-8 and 3-7 positive). In-plane or out-of-plane bending values are given corresponding
to the SCF monitoring location (ie. IPB - crown; OPB - saddle). Where available, comparative
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values from load cells are given together with an indication of the ratio of moments calculated
at the centrelines or chord surface. Finally the nominal stresses pertinent to the SCF location are
extracted; as before axial stress is positive for tension but bending stresses are re-signed to be
positive if they are relatively tensile on the line of stress monitoring.

Table 4.1 Twenty-four locations for stress monitoring

Location 1: Member 27 saddle position (C) \ Strain Gauge Rosettes one and two (C590)

Location 2: Member 24 crown position (B} \ Strain Gauge Rosettes three and four {(BCO}

Location 3: Member 91 crown position (C) \ Strain Gauge Rosettes five and six (CCO)

Location 4: Member 91 saddle position (C) \ Strain Gauge Rosettes seven and eight (CS270)

Location 5: Member 91 saddle position (B) \ Strain Gauge Rosettes nine and ten (BS270)

Location 6: Member 72 saddle position (C) \ Strain Gauge Rosettes eleven and tweive (CS270)

Location 7: Member 74 crown position {C) \ Strain Gauge Rosettes thirteen and fourteen (CC180)
Location 8: Member 74 saddle position (B) \ Strain Gauge Rosettes fifteen and sixteen (3590)

Location 9: Member 22 saddie position (C) \ Strain Gauge Rosettes seventeen and eighteen {C590)
Location 10: Member 22 saddle position (B} \ Strain Gauge Rosettes ninteen and twenty (BS90)

Location 11: Member 11 saddle position (C) \ Strain Gauge Rosettes twenty one and twenty two (CSS0)
Location 12: Member 11 crown position {C} \ Strain Gauge Rosettes twenty three and twenty four (CC180)
Location 13: Member 17 crown position (C) \ Strain Gauge Rosettes twenty five and twenty six (CCO)
Location 14; Member 17 crown position {B) \ Strain Gauge Rosettes twenty sevan and twenty eight (BCO)
Location 15: Member 11 crown position (B) \ Strain Gauge Rosettes twenty nine and thirty (BC180)
Location 16: Member 11 saddle position (B) \ Strain Gauge Rosettes thirty one and thirty two (BS270)
Location 17: Member 91 crown position (B} \ Strain Gauge Rosattes thirty three and thirty four (BCQ)
Location 18: Member 74 saddle position (C) \ Strain Gauge Rosettes thirty five and thirty six (CS90)
Location 19: Member 72 saddle position (B) \ Strain Gauge Rosettes thirty seven and thirty eight (BS270)
Location 20: Member 11 saddle position (C) \ Strain Gauge Rosettes thirty nine and forty (CS270)
Location 21: Member 27 crown position (B) \ Strain Gauge Rosettes forty one and forty two (BCO)
Location 22: Member 24 saddle position {C) \ Strain Gauge Rosettes forty three and forty four (CS90)
Location 23: Member 74 crown position (B) \ Strain Gauge Rosettes forty five and forty six (BCO)
Location 24: Member 17 saddle posiotion (C) \ Strain Gauge Rosettes forty seven and forty eight (CS270)
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4.2 COMPARISON OF RESULTS

Appendix D provides a series of plots comparing measured and predicted values,

4.2.1 Nominal Forces and Moments

The first three graphs in Appendix D compare the measured forces and moments for all eight
braces at Node 7 with calculated values from BOMEL's SAFJAC benchmark analysis and BG's
ABAQUS analysis including a shell model of Node 7 in the skeletal frame. The graphs are plotted
to the same scale as a basis for comparison.

Load levels within the analysis have been converted pro-rata to the test level on the basis of
elastic assumptions. The analysis output has aiso been factored to account for the different sign
conventions as detailed in Table 3.2.

The sign of the axial forces is consistent in all cases although the magnitudes do differ stightly.
At the scan levels selected the absolute stress levels are however small and it may be expected
that differences due to different support conditions etc., may be relatively significant.
Nevertheless the pattern of axial load is similar from all approaches.

Inthe case of moments the differences are somewhat greater and the direction of bending varies.
There is no consistent polarity at specific locations confirming these are real differences rather
than incorrect interpretation of sign conventions. However, the definition of mements is different
in the three cases:

. test values are extrapotated to the face of chord
. SAFJAC values assume 'rigid' joints and are determined at centreline intersection
. BG mode! includes a shell representation of the node but moments are extracted in the

member at the interface between shell and beam elements.

The comparison is therefore not pursued further at this stage but is does appear the braces in
the test experienced relatively high moments due perhaps to secondary bending. Potential
explanations are the joint flexibility and the fact that as-built out-of-straightness imperfections
are neglected in the analysis.

4.2.2 Nominal and Principal Stresses

The central three graphs in Appendix D give a pictorial comparison of the nominal and
corresponding principal stress levels acting at the 24 stress monitoring locations of interest.
Again the scales are consistent for comparison. The considerable stress raising effects are
evident. The relative contribution due to axial forces and moments from the corresponding and
nearby braces is examined in Reference 5.
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4.2.3 Measured and Predicted Principal Stresses

The final three figures in Appendix D provide a valid comparison between the principal stress
levels at the 24 measurement locations for corresponding levels of applied load to the 3D
structure. There is a slight discrepancy in that the BG analysis extrapolated principal stresses
whereas the BOMEL test interpretation first extrapolated strain components. Nevertheless
BOMEL investigations show the approaches agreed within 1%, on average, for the particular test
cases in the figures.

Comparison is also made with parametric SCF predictions made by BG® using Efthymiou's
influence function method with or without multiplanar effects"". It should be noted that the
Efthymiou predictions were based on nominal data extracted from the BG analysis (Table 2.1)
and there are some reservations regarding the position of the moments as noted above.

The findings are to be subject to detailed scrutiny and physical interpretation. Nevertheless an
initia and very important observation is that the correlation between measured and FE values is
quite reasonable.

Comparisons can be made relatively considering the ratio of measured to predicted values and
averaging these. Results are aggregated for all 24 locations and three selected test scans:

. Test/FE : average = 1.12
] Test / Efthymiou planar prediction: average = 0.88
° Test / Efthymiou muitiplanar prediction:  average = 0.97

However in some cases the signs differ or Jarge relative but small absolute differences distort
the statistics. A more meaningful comparison is perhaps between average absolute principal
stress levels:

° Test average = 58.8 N/mm?
) FE average = 442 N/fmm?
) Efthymiou planar average = 49.3 N/mm?
. Efthymiou multiplanar average = 50.5 N/mm?

Again the generalisation is deceptive in that the planar and muitiplanar Efthymiou predictions
differ significantly in some instances apparentiy being reflected in the resuits in some cases (eg.
Loadcase 2 Location 9) but not in others {eg. Loadcase 3 Location 9).

These basic results are developed and explained further in Reference 5.
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APPENDIX A

BRIEFING NOTE ON SCFs FOR MULTIPLANAR JOINTS WITHIN
THE FRAMES IlI PROJECT TEST PROGRAMME

(BOMEL Reference C636\04\017U - 11 pages)

(Note: Brace referencing scheme superseded)
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BRIEFING NOTE ON:

STRESS CONCENTRATION FACTORS FOR MULTIPLANAR JOINTS
WITHIN THE FRAMES Il TEST PROGRAMME

1.

INTRODUCTION

The purpose of this briefing note is to discuss the potential SCF data that could be obtained from
the 3D Frames IIl test.

Some project funding has been allocated for the purchase and piacement of strain gauges. These
gauges will primarily be used to measure nominal stresses in members and joints, thus enabling
both member loading and the onset of plasticity to be monitored. However, additional funds can be
used to purchase further gauges, thereby enabling stresses to be measured near to tubular
intersections, particularly on multiplanar connections where little SCF data has been published.

This briefing note reviews the nodal configurations on the Frames It test and following an appraisal
of existing multiplanar SCF data gives recommendations on the nodes preferred for concentration
of strain gauges.

NODAL JOINTS ON 3D FRAME Ill TEST

In addition to the brace inclination in-plane (B), braces lie about the chord member and are
described in terms of their out-of-plane angle (), see Figure 1. For each node, the joint
configuration in each plane is identified with those in the 0° and 180° plane indicated in standard
format while braces lying between 0° and 180° are indicated within parentheses. Figure 1 gives the
general arangement of the Frames Ill test. The 38 nodes comprising the Frames lif test have been
labelled on Figure 2 and are detailed in Table 1.

relerence brace, i

nen-plonar broce, §

Figure 1 Definition of out-of-plane braces
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Table 1 Ciassification of Frames [l Nodal Jaints
Node No. Joint Classification
Loadcase 1 & 2 Loadcase 3
1 N (KT) N (T) (KT)
2 KAT) (K)
3 Y (Y)
4 X
5 X
6 N (T) KT N{TMKT
7 K1) (N) KT
8 Y{")y
9 K
10 X
1 K
12 X
13 KT (N)
14 KT (N)
15 Y (Y)
16 X
17 X
18 X
19 K {K)
20 K (K)
21 K (K)
22 KK
23 N (KT) N (T} (KT)
24 K (T) (K)
25 Y {Y)
26 X
27 X
28 NN NTMMN
29 KA(T) (N) KT
30 Y)Y
K K
32 X
33 K
34 X
35 N (N)
36 KT (N)
37 Y (Y)
38 - X
Note:
T is a single perpendicular brace
Y is a single inclined brace
X is a cross brace where one of the members is classified as a chord member
K is two inclined braces
N is & perpendicular and an inclined brace
KT is two inclined braces with a single perpendicular central brace

CEI6NDANI70U Rev O April 1994
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The frequency of each type of node is given in Table 2 with symmetric configurations equated
ie. KT(T} = T(KT).

Table 2 Nodal Configurations in the Frames Ilf Test Specimen

Pianes Loadcase 1 & 2 Loadcase 3

Configuration No of Nodes Configuration No of Nodes

Single plane X 11 X 12

K 4 K 4

Two planes Y (Y) 4 Y (Y) 4

K (K) 4 K (K) 4

N (N) 1 N (N) 1

KT (N) 5 KT (N) 3

Three planes Y)Y 2 Y{Y)Y 2

N{T)N 1 N(MN 0

N (T) KT 1 N (T) KT 2

K(T) (K) 2 K (T) (K) 2

Four planes K(T) (N) KT 2 K (T) {N) KT 2

N (T) (T) KT 0 N (T (T)KT 1

NM{MN 0 N(TH(T)N 1

TOTAL 37 TOTAL 38

Following an appraisat of existing SCF data for multiplanar joints in Section 3, recommendations are
given in Section 4 of the nodes for which strain gauging would appear most beneficial.

3. APPRAISAL OF EXISTING SCF DATA

BOMEL have recently completed a detailed review of test data and empirical formulae for both single
and multiplanar tubular joints within the scope of Phase 4 of the Tubular Joints Group's activities -
"Design and Reassessment of Tubular Joints for Offshore Structures. Chapter 4: Stress
Concentration Factors and Local Joint Flexibility", C6060R08.01, Rev A, September 1993. This
document hightights the lack of data on multiplanar joints, with only three test programmes reported
using steel joints.

Tests by Dijkstra on T(T) joints showed that for the 8 = 0.5 configuration adopted the presence of
the out-of-plane brace had little effect if unioaded, but significantly influenced the in-plane brace SCF
once loading was applied.

Wimpey modelied a node for Occidental which consisted of an overlapped KT joint in-piane and an
untoaded T brace out-of-plane. Therefare, the results of this node give little guidance on multiplanar
effects, although it was noted that maximum stresses on this joint often occurred on the braceside
away from the traditional hot-spot stress locations (ie. the saddle and crown).

C636M\04NT70U Rev O April 1996 Page 4 of F1
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Mitri, Scola et al contrasted T joints with T(T) joints, where the out-of-plane brace was inclined at
60°, 90° or 120° to the in-plane brace, for a range of B and y value. Again for some configurations
the maximum stress occurred between the saddie and crown positions.

The most systematic series of multiplanar SCF tests was performed by Lloyd's Register using smali
scale acrylic models. in this test series one K and two KT joint configurations were investigated with
identical brace configurations in the 0° 0° and 90°; 0° and 180° and 0°, 90° and 180° planes. The
K Joints configuration is illustrated in Figure 3. Stresses in each brace were recorded following
application of unit axial and out-of-plane bending load to each brace in turn. More complex load
patterns were investigated on the assumption of superposition of the linear stresses. This
assumption held for this test programme since only stresses perpendicular to the weld toe were
considered even though, in general, the maximum principal stress is employed to determine joint
fatigue life. A further restriction in this test series was that only the chord saddle was strain gauged,
see Figure 3.

Other test programmes using either acrylic models, photoelastic models or more increasingly finite
element analyses have been rather limited in their scope, with emphasis being placed on either
perpendicular braces or on benchmarking an FE program to one specific nodat configuration under
simple brace loading.

The most significant advance in the determination of SCFs in multiplanar joints came in 1988 with
the publication by Efthymiou of influence function equations for axial load. Subsequently, Lloyd's
Register have extended these to out-of-plane loading. Efthymiou validated his equations against the
Lloyd's Register acrylic model tests but recognised the limitations in these test specimens, described
above. For the nodes selected in the Frame (Il modet, consideration should be given to correlating
results to the Lioyd's Register tests and to avoiding over-complex nodes where braces may have
little or na gap between them.

PREFERRED NODES IN FRAMES TEST

In Section 2 it was noted that of the 38 nodes on the Frames Ill model there were thirteen different
nodai types, although each node type may vary in terms of chord and brace configuration. There
appears liftle to be gained from strain gauging the single ptanar X and K joints for which a significant
amount of data exists.

The first node proposed (No. 19) has two planes ¢ = 0° (K) and ¢ = 90° (K). This node is simitar
to the Lloyd’s Register K configuration illustrated in Figure 2 with y = 24, although the two planes
differ in terms of the brace angle and gap. The second node (No. 24) has three planes ¢ = 0° (K),
¢ = 45° (T) and ¢ = 90° (K). This node is alsc similar to the Lloyd’s Register K joint configuration
with all inclined braces identical having © = 45°, although the y value is lower at y = 14. The
other significant differences are the larger gap between in-plane braces and the T brace in the ¢ =
45° plane. The third node (No. 29) has four planes ¢ = 0° (K), ¢ = 45° (T}, ¢ = 90° (T) and ¢
= 180° (KT). This node is very complex with K, T and KT joints included and covers the effect of
out-of-plane braces on planes with ¢ > 90°.

CE36NOMNIT70U Rev O April 1996 Page 5 of 11
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4.1 NODE 19 - K (K)

This node is located on Level 1 at the intersection of Level 1 and Frame D. The chord member has
dimensions 0 = 273mmand T = 5.9mm (ie. v = 23.1). This y value is rather high for most UK
offshore platforms but is more representative of GoM and Far Eastern structures, and aiso
corresponds to the Lloyd's multiplanar test with y = 24. On Level 1 (0°) the K joint is symmetrical
with d = 168mm (B = 0.615), t = 4.5mm (1 = 0.76), 6 = 45° and g/D = 35.4/273 = 0.13. In
Frame D (90°) the K joint is symmetrical with ¢ = 168mm and t = 4.5mm as for the other K joint.
However the brace angle 8 = 64° and g/D = 86.1/273 = 0.315.

This joint is illustrated in Figure 4 on which it can be seen that the gap between out-of-plane braces
is around 30mm. Overall, this joint is similar to the Lloyd's K joint specimen but will allow different
brace angles and gaps to be assessed. The symmetry of the joint about the centre-line of the node
will assist in the interpretation of results and the validation of the influence function approach. For
these K joints, the recommended strain gauge locations for linear extrapolation to the individual
braces is possible although due to the relatively smalt gap a nonlinear stress distribution is more
likely.

428.8

214.4

NN
NN

Out-of-plane (mm)
o
<

I

-214.4

_4288 L L | 1 1 | 1 |
-500 -400 -300 -200 -100 0 100 200 300 400 500
In-plane {(mm)

Figure 4 Node 19 : Brace Layout
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4.2 NODE 24 - K (T) (K)

This node is located on Level 2 at the intersection of Frame B and Frame E. The chord member has
dimensions D = 355.7mm and T = 12.7mm (ie. y = 14, which is typical of North Sea offshore
structures). in Frame B (0°) the K joint is symmetric with d = 168mm (B = 0.47), t = 8mm (T =
0.63), 8 = 45°and /D = 270/355.7 = 0.76. In Frame E (90°) the K joint is identical to Frame B
(0°). InLevel 2, a T brace lies at ¢ = 45° to Frame B with dimensions ¢ = 139.7mm (B = 0.39),
t = 5.4mm (v = 0.425).

The relationships between these five braces is illustrated in Figure 5. It can be seen that the gap
between the K braces is relatively large at 270mm (10.6"), and consequently the influence between
these braces will be less than for a smaller gap. This gap has been specified to allow the T brace
to be clear of the other brace members. The symmetry of the node in both directions and the
relatively large gap between braces (>100mm) wilt allow comprehensive strain gauging and the
potential to fully interpret the SCF results. Braces in three planes can be investigated with the highly
loaded T brace having an equal influence on ail four inclined braces.
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Figure 5 Node 2 : Brace Layout
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This node is located on Level 2 at the intersection of Frame B and Frame D. The chord member has
can dimensions D = 457mm and T = 12.7mm (y = 18). In Frame B {0°) the K joint has d =
168mm (B = 0.37), t = 8mm (v = 0.63), 6 = 45° and g/D = 219.4/457 = 0.48. In Frame B
(180°) the KT joint also has d = 168mm (B = 0.37} and t = 8mm (v = 0.63) for all braces. The
brace angles are 6 = 45°/90°/45° with g,/0 = 3,/0 = 25.7/457 = 0.156, ie. the gap between the
weld togs of the outer braces is the same as that for the K joint in the ¢ = 0° plane. On Levei 2
(45°) the Tjointhas d = 139.7mm (B = 0.31) and t = 5.4mm (v = 0.425), while the T joint on
Level 2in Frame D has d = 168mm (B = 0.37) and t = 8mm (v = 0.63) in accordance with the
braces in the 0° and 180° planes.

NODE 29 - K (T) {N) KT

This joint is illustrated in Figure 6 on which it can be seen that the out-of-plane gap is around 40mm
between the braces in the 0°, 45° and 90° planes. Strain gauges at the saddle would need to be
placed around 4-5mm and 20mm from the chord saddle for linear extrapolation and thus the gap
is just large enough for extrapolation in fine with the recommended method. However, it should be
noted that there is likely to be a nonlinear stress distribution in this region due to the complex stress
interaction between braces. This node will provide a substantial amount of data but the cost will be
both financial in terms of strain gauging and possibly technical with individual influence effects
between braces significantly more difficult to determine than the other two nodes presented.
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5. STRAIN GAUGE PLACEMENT

As noted in Section 3, the location of the maximum SCF, even under relative simple loading
conditions, can occur well away from the saddle and crown lacations where strain gauges tend to
be concentrated. For all three loadcases in the Frames Il test there will be components of axial load
and both out-of-plane and in-plane bending on each brace. Therefore the location of maximum
stress will probably vary for each loadcase and will be difficult to predict with accuracy.  Since the
strain gauges are very sensitive it would not be feasible to move the gauges between loadcases.

At this stage it is envisaged that strain gauges would need to be placed around the full brace/chord
intersection on both the chord and brace, for all joints on the node. The complexity of the lpading
waould require gauges every 22.5° around the intersection, with three-gauge rosettes employed to
allow maximum principal stresses to be determined.

Therefore, for each brace the following gauges may be required:

16 locations around brace/chord intersection

X 6 gauges per location (3-gauge rosettes)

X 2 members (chord and brace)

+ {8x2) nominal stress gauges away from the intersection
208

In addition the chord member may require 8x2 nominal stress gauges either side of the node, ie.
32 gauges.

Therefore, for the three preferred nodes described in Section 4 the strain gauge requirement would

be:

* Node 19 864 gauges
. Node 24 1072 gauges
] Node 29 1488 gauges

(NB. Further analysis of these nodes may lead to some reduction in these requirements).
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SUMMARY AND CONCLUSIONS

In this briefing note the complex multiplanar joints on the Frames Il test specimens have been
assessed in terms of potential for recording stress concentration factors. It has been noted that little
data exist, from steel joints in particular, on SCFs for multiplanar joints.  Although, with the
publication by Efthymiou of influence function equations, the design and reassessment of complex
multiplanar joints is becoming increasingly used to justify extended fatigue design lives.

Three nodes have been identified that will allow: detailed investigation of multiplanar joint under
complex loading, comparisons with existing data from multiplanar joints, validation of the Efthymiou
influence function approach, consideration of the validity of superposition of maximum principal
stresses, and quantification of the difference between single and multiplanar design approaches.
The complexity of the joints and applied loading means that in excess of 200 strain gauges may be
required on each brace leading to a cost of between £30,000 and £60,000 per node, subject to
finalising the cost of gauge purchase, placement and interpretation.

Comment on this briefing note is sought from the sponsors.
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APPENDIX B

BG COMPARISON OF WELD TOE STRESS PREDICTIONS
- LOADCASES 1, 2 AND 3

(BOMEL References Incoming Document file C636\18:
11354 and 12127 for Node 7 - 5 pages
9266 for Node 40 - 3 pages
9314 for Node 11 - 3 pages)

{Note: The 'Total SCFs' presented compare the weld toe stresses with nominal axial and in-plane
plus out-of-plane bending stresses in the associated brace. In general, in-plane bending stresses
are not considered to influence saddle nor do out-of-plane bending stresses affect crown SCFs.
The ‘Total SCFs' should therefore be viewed with caution. The assessment of final resuits is
more discerning in this respect)
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Joint 7, {Load Caved 1
Location| FE [TOTAL Koltogg TOTAL TOTAL] o %EMh TOTAL TOTAL] o %Licyd'sTOTAL TOoT
acCF planar SCF |m-planer| SCF plensr | SCF [m-planer| SCF plenar m-planar WAL =%
CCo 118 | 3.1 97 25 97 25 |8 | 118 3.1 154 40 [ 31 { 127 | 33 120 I
S 50 08 | 25 29 248 99 28 3 130 34 92 24 4 1125} 33 [] 18 | -2
CC1a0 | 54 K 8 15 8 15 13 [T 2.2 120 30 (122 % 235 58 23 [ &2 |
C5270_ | 50 | 1.5 5] 14 3 i4d [ -10 3 1.8 4 A 31 |72 [ 1.9 52 3 |12
BCO 120 | 343 101 28 101 28 _[-18 | 138 3.8 149 39 [ 24 | 120 | a1 14 30 | 8
BS90_ [ 118 | 3.0 104 2.7 104 27 |16 | 144 3.3 5] 24_-20 ) 136 | 3.5 77 48 | B
BC 180 | 24 | 0.8 57 15 57 15 (i3 | 78 2.0 88 23 [268 [ 78 | 2.0 72 1.9_| 200
B3 370 | 42 | 1.1 54 1.4 54 14 [ 29 73 (K 30 08 |30 | 65 | 1.7 107 28 | 188
CCo 168 1 24 163 23 | 83 |23 | -2 | 208 | 28 | <175 | 25 | 8 [ -222 | 3. 215 0 |3
CS 80 217 | ad -149 21 -149 2.1 (-3 242 3.4 -2 33 229 | 33 - 3.7 19
CC80 | 95 | 13 137 [ 137 D |44 | -t83 | 28 | 15 22 180 | 201 | 2.8 | -194 2.7 |04
CS270 _|-189 | 27 =151 1 151 31 (<20 | 244 | 35 238 | 34 |28 [20 | 33 | 298 | 32 |19
BC ¢ 77 | 25 -170 4 | 170 A4 |4 | 238 [ 3.3 223 | 32 |26 | 2041 29 | -197 | 28 | 1
BS 399 | 32 L1855 ¥ B 2 [92 | %60 | 37 257 | 4 12 | 238 | 3.4 29| 40 |2
BC180 |83 | 08 141 3. 141 20 |124 | -195 | 28 | -183 | 2.8 (101 | 176 | 2.5 170 | o4 {i8&
BS 270 {-196 | 2.8 167 F 157 | 22 |-20 | 262 | 37 | 263 | 3. 34| 240 | 3.4 282 | 40 | &
CCa 80 | 7.7 70 9.0 70 9.0 | 7 89 8.9 4 55 | .20 | 82 | 108 82 108 | 37
CS 90 91 417 44 5.7 44 57 | 81 ) 12.8 ) 128 | # | 120 [ 164 | 10 | 154 | 3%
CC 180 | 17 | 2.2 [T 1.3 49 .3 (187 | 47 8.0 20 28 |8 | 50 7.0 5a 7.8_| 348
C3270_1132 | 17.0 74 74 .8 | 164 | 21.1 184 1211 | 24 | 1068 | 240 | 188 | 24.0 | 4t
BCO 38 | 4f 81 . &1 i 78 9.8 [ 85 |13 | 86 4 65 84 [ 7%
BS 80 40 F k=) 4 33 43 [ A7 1 1261163 | 128 | 182 | 218 | 100 | 14.1 108 [ 14.1 [ 173 |
Iacj 80| 14 [ 1.t ] 4, 3 4 172 | _ 48 5.9 35 45 [140 | 38 | 4.9 38 48 (188 |
B3 270_| 109 | 14.0 (] 85 66 85 |46 | 206 | 266 | 208 | 285 | &8 | 179 | 230 179|201 | 64
T2_lcCo 1251 1.1 127 (K] KF7 1. F) -208 I 203 18 _| & | -37% 4 265 | 24 | 118
CS90 | 85 | 0. 114 10 | -ti4 18 |3 158 Y 58 [ 1.4 | &6 |-100 | 09 &7 08 | -2
CC 180 |-105 | 0. 17 i AT 1.1 21 203 8 187 18 | 87 | 208 4 264 | 24 [ 181
270 | -78 | 0. 130 E 30| 12 i 472 5 | _-150 14 | 100 | -109 | 1.0 30 03 _|-140
BC O 558 1.4 -186 188 KT 285 | 2.4 | 242 7 | 88 | -340 | 3. 331 a0 112
BS90_ | -76 { 0.7 72 5 [ 72| 15 |127 | -108 18 | 224 | 20 | 196 | -170 } 12 -85 | 1.7 |14
BC 180__[-120 | 1.1 178 8 | 178 1.8 | 41 | 251 23 | 27 2 8 [ 337 1 3. 37 [ 28 |10
BS270 | -7a | 0.7 190 1.7 | -190 1.7 180 { 214 1.0 | 228 20| 208 | 188 | 1.7 201 1.8 [ 178 |
cCo 124 | 5.9 ) 42 97 48 -2z | 136 85 190 9.1 [ 83 | 105 ] 100 48 | -1%
CS90_ | 141 | 6.7 a0 38 29 43 (37 | 139 a8 35 168 [ 149 | 170 K] 208 29 | &
CCiN0_| 54 | 28 49 2.4 58 28 |-207 | b4 5 4 71 |-3F4 | & | 3 58 28 |27
270 | 91 | 4.4 58 28 [ 32 .o 91 43 s 145 (238 | 122 | 5.8 180 78 1 78
BCY 115 | 55 79 38 26 41 |28 | 153 3 F 786 | 91 | 4.4 85 41 | -28
BS90 | 123 | 53 70 33 77 37 {97 | 154 7.4 193 2 | 87 | 105 186 80 | st
BC180 |33 | -1.8 36 17 43 2.1 _(-332 | 06 4.8 145 [ 53 4 X 34 1.6 204
BSZ270 | 45 | 22 45 2.3 52 25 | 18 (3 45 133 64 (198 | 55 4 135 85 (201
| 22 [CCO B8 | 2. 73 1.7 73 1.7 _{-17 | -100 3 82 22 | 8 [-127 | 30 | 12 ]
CS90 | 87 | 24 £3 1.5 & 15 |27 | -108 32 0.7 &3 | 22 58 12 110
CC 180 |48 | 1. 70 18 70 & (48[ a7 2 89 2t _| 88 | -125 | 29 | -120 18 1180
5270 | 08 | 2. ) 10 B0 S |18 | 133 | 3 02 [ 45 |98 | 115 | 27 [ 147 | 3.4 | 80
BC 87 | 20 -78 N | -8 B [-18 | 128 | 28 [ -iot o4 | 18 | 127 | Ad 12 g 140
90 |-100 [ 23 5 51 8 S T 421 130 | 20 37 |-11 | 95 | 2 X[ 7 |8 |
BC180 | 28 | 0.7 73 1.7 73 7 _[ee | 2 2.8 08 )2 [ 244 | 123 | 24 118 A |38
270 |88 | 2 &3 1.9 & € [ 158 |37 | 298 |53 |18 (120 | 2.8 | {4 A #
) 2 1 -18 5 0.4 49 3T [ 3 435 13 10 |43 | 8 [ 05 [ D5 | -74
CS00 [ 54 | 42 -15 2 [ # |63 |2 | 28 | 47 37 |42 | D4 [ 26 | -164 | 80 [
80 | 55 | 42 14 ] 48 52 183 | 18 1. =) 08 |88 [ 15 [ t.1 15 K]
CB2T0_| 44 | 34 AT 38 17 [ 13 =K 25 19 {44 | 13 {10 | 44 3410
8C o - I ) 7 05 38 TIRE 8 Y 18 13 |34 3 1 08 [ 08 |-
8590 | 43 | 3.3 13 ¥ 8 47 |4 | 33 |25 | # |63 (e | 33 128 | 33 | 25 |23 |
BCI80 | 34 | 28 14 1.9 58 45 | 11 -18 12 ] o8 [-H -8 |12 -18 iZ 1 -8
20|33 | 25 0.7 ) 28 |10 4 13 A1 31 |23 | & [ 1.8 14 L1 [144
CCo 30 | 18 Y] X 47 8| 87 8 38 [ 37 [t | 79 _| 48 74 43 [ 145
CS 90 45 | 28 40 ; i) iy [av( fo 3.4 33 19 [-28 | 50 [ 2 2| 24 |-193
CC180 | 10 | 0.8 33 f n 20 1233 ] 53 3.1 52 30 1417 | 68 [ A [<] 37 528
CS270 | 17 | -i.0 40 4 40 4 -3 | & KK 40 i3 |39 | 60 | 21 18|08 | 8
B8CH 48 | 2. 49  § 49 g | 7 (7] 52 35 | % | 79 | 48 75 id | 83
85 90 29 | 1.7 42 4 2 4 | 3 78 4} kY] 21 |28 | &1 t 30 72 42 | 149
BC160 | 6 | 0.4 M 20 M 20 (473 | 68 4.0 T 23 |88 | 65 | 3.8 61 K] [EM
BS270 ! 31 | -1.8 42 25 [F] 25 |-28 | 78 4.8 46 27 |-3481 51 | 3.0 73 43 |-538
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Jokn 7, Load Caee 3 I T
Brece _Locetionl FE_|TOTAL Alpha Kallogg TOTAL TOTAL «HsE'm TOTAL TOTAL d-%l.loyd'i‘l'OTM. TOTAL
SCF planar SCF_|m-planar| SCF planer | SCF [m-pisner| SCF planer m-planar | 8CF
” cC o 72 | 18 (] 17 &8 17 | 8 ) 32 %0 22 [ 28 | 97 | 2.4 a1 23
C590 | 89 | 2.2 57 1.4 57 14 | 38 76 1.8 82 20 | B | 74 | 1.8 o7 .
CC 180 | 37 0.9 81 t.5 §1 1.5 &4 a2 20 83 21 124 []] 2.4 [.5] 3,
C5270 | 65 | 16 72 78 72 18 | 11 % 24 101 35 |88 | 92 | 2. [ K
BCo 78 | 19 T 8 7 18 | 8 [ 2.4 ) 24 | 26 | 88 | 22 (4]
BS00 | 88 | 21 59 15 50 15 | 32 80 2.6 81 20 | 4 ]| 73 F) 109 2.7
BC 180 | 23 | 0.8 a3 5 [x] 18 [ 173 [ 2.1 ] 37 [ard | ® | 20 75 .5
BS270 | 12 | 1.8 75 T8 75 19 § 104 78 104 28 |44 | 57 | 24 132 a3
Y CCO__ | 54 8 73 FX] 73 2.1 13 <] X 2 28 | 44 | -101 | 28 85 7
CS90 | b4 | 2.7 4 FX] T4 21 | -n 9 T. 92 8 | 3 | 95 X 71 0
CC 180 | 04 ] 50 1.7 59 7 | 12 K X & 23 [T [ @0 .8 ] .4
CSZM0 |47 | 13 57 [ 57 1.8 H -77 2.2 72 20 [ 82 | .78 X 52 L
BC 0 78 | 2.9 78 2 70 2.3 3 104 29 104 39 |3 | w3 | 28 87 2.5
BS990 | 91 | 2.8 7 2 7T 24 18 | _-107 F K] 05 30 | % |-100 1 38 | .13 | 3
180 | 23 | 0.7 81 3 A1 1. T84 5] 2.4 ] 24 (280 | .78 | 22 73 2.1
BS270 | 48 | 13 54 7 54 1.7 | 28 81 23 &1 23 |78 | 14 | 21 190§ ad
7] CCO0__ |13 | 14 ] 03 ] 09 | -4 B .0 3 A3 [ | & -0 9 KN
ICS90 _| 49 | 5.1 B 1] [ 0.8 | 117 18 1.8 18 18 _(-\7 1 19 | 20 9 2.0
ICC186 | 18 | 1.9 [ 0 [ .0 A8 10 1.0 8 068 {88 | 10 1.0 10 1.1
CS2/0 | 14 | 15 E) 08 3 03 | 188 a7 14 -7 N7 (20| -7 | a7 18
BG O 4 | 04 ] D 3 1.0 _| 138 -3 1.3 14 a5 (28 [ 11|12 | -1 i3 182
%0 | 38 | 40 [ [X s 09 | -8 2 = 24 |0 | 20 | 20 20 2.1 |48
BC180 | 9 | 09 10 14 10 1.0 " 13 14 12 FRENE-NEE 12 12 | 2
2/ | 1 | 1A 9 09 ] 08 |-t | A 237 21 22 |2 18 | -i.0 -18 1.9 265 |
2 CCOo 49 4 44 3 “ 13 ] 58 1.7 [ 9 |9 [ 90 | 28 ] 28 1 ®
ICS90 | 12 | 03 4 E 5] 3 | 209 [ 15 80 23 |80 | 28 | 08 36 10 _|-98
ICC 180 | 44 3 35 1 36 8 | a1 [*] 1.8 [T 8 |38 [ 88 | 25 84 24 | %0
[C3270 |78 | 22 E 1.1 36 0| 147 o 13 79 23 |-204 | 24 [} 20 [-1e
BCO (5 |18 [ 1 34 is | = 7 22 [*3 19 P2 | 117 | 3.4 110 3z | w7
[ 850 |29 | 08 <] i3 83 1.8 | 318 [ 1. [ 7.7 _|-303 | 55 | 1.8 [T} 1.9 [328
acisb | 31 | 0§ 53 18 53 T8 | 13 [ 18 4] 75 | & | 109 | 32 ToZ 30 228
BS270 | 48 | 1.4 55 18 [ 18 | 14 57 14 57 T8 [ W8 | 48 | 1.4 5 1.7 | 5 |
74 CCO0__1-73 | 68 04 [T 1 [X. -3 -100_| 9.3 1 84 | 8 | 77 | 74 T3 68 | o
[CS90_| s | 88 40 ¥ 55 [ -2 0 7.4 1 0.1 [-107 | -t04 | 48 5 39 [ 0
CC 180 | 33 | 3.1 40 33 47 a4 | a2 75 [X) &5 81 | ® | 51 | 47 47 44 | 43 |
ICS 370 | 40 | 45 56 [ 62 5. F1i 3 1) 13 12 | -13 | -198 | 110 | 111 | 103 | 128
BC 0 54 | 50 57 53 ) 5. 18 12| 104 | 102 5 | 5 | 88 | 8.1 41 58 | 12
BS90 | -76 | 7.0 40 (¥ <45 42 | 40 36 [X B4 .0 |18 | &3 | B0 | -114 ] 108 | 80
}__ac 180 [ -19 | 1.8 31 28 26 34 0 77 7 A7 2 1284 | 35 | 3.2 30 28 | &7
BS270 | 69 | 55 47 44 53 49 { -10 | 104 | @ 2 4 (3@ [ 89 [ o4 130 {120 [120
2 EC0_ 1103 ] 2.0 20 24 -89 2. 4 | 139 .3 125 25 | 21 | -170 | 3.4 150 32 | 54
- C500_|-122 | 24 52 2 7] 8 | 28 | -138 .7 10 02 | 42 | -t15 | 23 A1 22 | &
CC 180 | 50 0 78 1 T8 ] 122 4 07 21 _| 114 | -153 | 34 142 _{ 28 | 184
CS270 | -17 3 5 14 6 1. 11 125 X3 211 42 |174 [ 108 | 2 2 8 [0
BCG  |-114 | 23 104 Z 104 Z ) 88| a.7 132 I8 | 46 [ 171 | 3.4 180 2 | A
l‘as 0|17 | 27 o8 1 08 19 [ -8 | 18| 3% -10 .2 |48 [-118 | 23 168 13 | 41 |
BGC100 | a1 | 08 &1 18 a1 18 {180 | -i158 | : 100 0 [ 284 | 149 | 3.0 139 '8 | 348
}W 2 | 18 0 13 0 1.8 ] 168 | 33 250 .Y |6 | -108 | 21 155 X [
" [cCo 48 | 29 3 &7 | @ 5.5 | 08 14 1 13 08 |72 | 4 | 08 14 08 |12
5 | -6 =T 8| _-186 3| %00 | 28 4 2 13 [ 8| 28 | +2 7 04 | 53 |
ICC 180 | 44 | 2 3 1 Si90_ 1113 | 3 ] Px 30 23 |91 ) 99 | 22 ) 23 [ -2
IC3270 | 18 | 0 13 T 168 1100 (e 32 i, 1 3.0 2 |18 -7 A_ -1
0 [ &4 | 21 i8 A8 | -113 1.7 |88 | 20 | 12 1 X EE 2 |92 | 20 |12 |84
9 _|-18 . 37 THNE] 24 A 37 27 | WF | 24 | 14 24 14_| &%
180 | 55 | 34 K] X 18 | 04 | #00 2 23 ] 27 |- | & 42 25 |34 |
B3270 | 10_| 098 -1 140 | 83 |-180 | 30 y 11 05 |8 |30 | 18| %0 18 |-908
17 CCO0__ [ 128 | 3. 100 I 100 25 ) 18 152 33 142 33" 87 | 44 176 I3 F 14
C390 | 195 | [ 22 [ =) 22 | 28 141 33 124 9 | - 20 | 2. 107 35 | -14
CC 180 | 57 E ] 1 | % ), [ 3% 32 125 9 (199 | 71 | Al 180 3.7 [
CS270 {111 | 2.8 105 z 106 5 | 8 60 A7 154 2. N [ 1% |32 44 34 _| %0
BC 0 32 ¢ A 114 ¥] 114 17 | -14 fov] 47 148 X 2 {8 | id 177 |
BS90 | 132 | : %8 . ) 3 | 37 | m | A 133 3. 1112 | 29 8 | 40 | 38 |
BC1% [ a7 | (] 2 2 2 |14 | 72| 4 118 | 28 [Zt8 | 167 { 39 57 | 37 |397 |
leSz70 (116 | 2 100 108 s 1 4 26| 4l 180 | 40 | 4 | 14t | 33 B3| 44 | 82
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Phone: 01509 282845

- FAX: 01509 283080
| BG Technology o
marc.nunn@bgtech.co.uk
e — —— E———

® e
BOMEL ENgiesning @ me

07 SEP 1338 To: Keith McDonald/Helen Bolt
(23S @Fax: 01628 777877
tnc. Doc. No. ‘ From; Marc Nunn
To WS \ A U\ Date: Monday, September 7, 1998 @ 2:40
Re: Frames Project
— Pages: 2, including this
R
With reference to your fax sent today, here is the information you
require for the joint that was instrumented (joint 7). The brace numbers are
consistent with the numbering system used in the benchmarking exercise.
Load Case ] :
Applied load to loading beam = 800kN
Stress (MPa)
brace Axial OPB iPB
27 39.8 <128 11.3
24 784 04 7.4
91 220 83 59
72 -104.2 45 27
74 255 63 -10.9
. 2 373 46 08
~d " 5 €2 53
17 21.0 0.1 38

Load Case 2 :
Applied load to loading beam = 800KN

Stress (MPa)
brace Axial OPB iPB
27 -20.8 24.7 4.8
24 312 78 4.4
g1 64,4 -20.3 . 02
72 280 05 -78
74 22.1 247 23
22 5.0 7.8 6.8
11 £5 42 82
17 485 62 07
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Load Case 3 :
Applied load to loading beam = 1750kN
Stress (MPa)
brace Axial oFB IPB
27 337 43 22
24 343 47 38
81 0.1 45 5.0
72 337 20 27
74 -19.4 19 6.6
22 -46.3 1.8 58
1 43 0.8 -133
N 17 517 33 56

| am currently working on a report of the analysis work that we have
performed to date. | have also been working under the assumption that we
would be doing a small amount of re-analysis work to use the actual member
stresses as inputs to the finite element model and parametric equations in
order to accurately assess each of the methods of SCF prediction.

Interestingly, | have recentty discovered an interesting thing about the
Efthymiou equations. It appears that Mike Efthymiou, when producing his
equations, attempted to take into account hot spot stresses at the 45°
positions by including these results in the 90° positions. This has never been
documented anywhere, however (and | only found out about this through
discussions with one of Mike's ex-colleagues). As a result of this, | would
) expect the Efthymiou equations to over-predict the SCF in some instances.

If you need further information, please get in touch.

Regards,

Ve
gra
Marc Nunn

Senior Engineer
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APPENDIX C

INSTRUMENTATION LAYOUT DETAILS

Load cell details - C636\11\011D

Strain gauging details - sheet 1 of 2 - C636\15\012D
Strain gauging details - sheet 2 of 2 - C636\15\013D
Node 7 SCF gauge positions - C636\18\017D
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APPENDIX D

COMPARISON OF RESULTS

Comparison of test and predicted nominal stresses - C636\43\027W (3 pages)
Comparison between nominal and principal stresses in tests - C636\431028W (3 pages)
Comparison between measured and predicted principal stresses - C636\431029W (3 pages)

Comparison for Loadcase 1 at Scan 9
Comparison for Loadcase 2 at Scan 11
Comparison for Loadcase 3 at Scan 9
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APPENDIX E

DETAILED RESULTS
(Supplied to BG plc only at draft report stage - available to other Participants on request)

Force comparisons - C636\43\027W xls sheet Sheet 1 + plots (4 pages)
Nominal and extrapolated comparisons - C636\43\028W .xis sheet Data + plots {4 pages)
Comparison between principal stresses - C636\43\029W.xls sheet Data + plots (4 pages)
Loadcase 1 SCF data - C636\43\012W-a-1.xIs

- Brace stress summary (2 pages)

- Locations 1 to 24 (48 pages)
Loadcase 2 SCF data - C636\43\012W-a-2.xis

- Brace stress summary (2 pages)

- Location 1 to 24 (48 pages)
Loadcase 3 SCF data - C636\43\012W-a-3.xis

- Brace stress summary (2 pages)

- Location 1 to 24 (76 pages)
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