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FOREWARD
This document is divided into two parts.
PART 1

Part 1 is the report on the structural re-analysis performed between
August 1893 and February 1994. The report contains results and
commentary on the re-analysis.

PART 2

Part 2 is the Background Document, prepared between December
1992 and January 1993 as part of the process of drafting the re-
analysis specification. [t contains background information on the
original design, construction and installation as well as details of
subsequent modifications and inspections.
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EXECUTIVE SUMMARY
GENERAL

The concrete gravity base platform MCP-01 has been re-analysed on behalf of Total O
Marine plc by a joint venture of Offshore Design Engineering Ltd and the McAlpine Design
Group. '

The originai certification for MCP-01 by Lloyds in 1975 was for 20 years, and thus the primary
objective of the re-analysis was to verify that the design life of the platform may be safely
extended by another 20 years to 2015; secondary objectives were to:

- provide a tool for integrity matters;

- provide advice on structural aspects of future plans;

- allow suitable reaction in the event of an emergency;

- develop safe and cost effective inspection philosophy;

- operate weight control system;

- perform disinvestment studies.
ACTIVITIES PERFORMED
The re-analysis was broken down into the following main activities:
a) Data Collection
A comprehensive data collection exercise was performed which invelved the assembly of
all relevant drawings and decumentation held by TOTAL, Doris and ODE into a project
library, and their registration on a dedicated database.
b) FE Model
A large 12000 element (57000 active degrees of freedom) model was built using the FE
program ANSYS (Rev. 5.0) that covered the concrete sub-structure, and the main and
manifold deck beams and columns. The model was based on the as-built drawings. Four
noded shell elements and 3 noded beam elements were used for the walls/slabs and beams/
columns respectively. Two noded spring elementis were used to model the soil. As the
overall objective was 1o provide an economic model consistent with acceptable accuracy,
it was necessary to supplement the main model with six local models consisting of 3D bricks
and plate elements: tunnel; base slab; tunnel/interior wall; lobel wall/diaphragm,; star to

circular shaft; and base slab/lobed walls. The total active DOF in these local models is
120000.

3401-A-M-002-2 ES/1
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The FE model has been validated for stiffness by comparison with site measured natural
frequentcies which have not changed significantly over a number of years. The natural
frequencies, computed with a simple 2 degree of freedom model using FE model results
and original 1975 solilestiffness, are 5-7.5% less than site measured natura! frequencies.
This is considered to be a good level of agreement and conservative from an assessment
point of view. A lower bound soil stiffness has been used in the model in order to
conservatively assess the forces in the structure.

c) l.oads

Allloads on the structure were re-calculated; these included topsides, structure deadwsight,
wind, snow & ice, wave, prestress and temperature. In particular the topsides load was re-
evaluated in relation to the consequences of demanning; and the wave loading was re-
calculated by Doris Engineering on the basis of revised environmental criteria supplied by
MAREX Ltd and the long term marine growth profile from the 1991 AURIS report.

The on-bottom weight of the structure has been regularised from 205,000t at original
installation in 1976 tc approximately 214,000t in 1994, by taking into account the addition
of topsides modtules in the late '70's and early '80's, re-appraisal of the ballast loads and
the effects of the demanning project. The total weight {dead and live) of topsides equipment
at present is estimated to be 14,700t.

Due to the reduced extreme (100 year) wave height (26.4m compared tc 28.0m}, the mud-
tine moment and shear have reduced by 23% and 7% respectively.

d) Code Checks

The finite elements were grouped into so called “Design Groups” which represented zones
of the structure with similar thicknesses and reinforcement details: 42 for the plate elements
and 87 for the beam elements. Twenty four basic loadcases were formulated and combined
to give 156 loads combinations for detailed analysis. Results for these were then filtered by
the in-house program MEP (Minimum Enveloping Program) in order to obtain for each
design group the load combinations that contained 26 key parameters {axial force, shear
force, principal stress etc). The associated sets of forces were then checked against the
relevant section properties in accordance with BS 8110 using the W. S. Atkins program
CONCRETE for both ULS and SLS conditions. Results were taken from the local models,
where the main FE model was not considered to be insufficiently accurate.

It was concluded that the sub-structure and the deck met current code requirements for both
operational and extreme conditions with a few exceptions. These were a small number of
"hot spots”, particularly in the submerged zone which do not satisfy the DEn Guidelines for
crack widths or for shear capacities {up to 20 - 30% overstiressed).

However, with respect to crack widths there is no evidence from existing offshore structures
that cracking in the submerged zone has resulted in significant corrosion of reinforcement.
Thus durability is considered to be acceptable provided that adeguate inspection is
maintainedfor a selection of areas where calculated crack widths are outwith the code limits.

3401-A-M-002-2 ES/2
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Shear capacity evaluation varies significantly between the codes of practice and the shear
stresses found would be acceptable under the Norwegian Code (NS3473) or with shear
enhancement factors. Thus it can be concluded that these areas of structure are adequate.

e} Fatigue Checks

The fatigue strength of the concrete sub-structure was reviewed in order to ensure that the
fatigue life of all parts was in excess of 40 years {1975-2015). Aninitial review was performed
in accordance with the simplified approach of the DEn Guidance Notes, but in virtually all
design groups stresses exceeded the limits. A more detailed analysis was therefore
performed using the MAREX environmental data and the fatigue option of the program
CONCRETE. This showed, that even with very conservative assumptions, only six out of
42 design groups have fatigue lives less than 100 years, the lowest being 49 years which
occurs for design group 21 (external diaphragm). Fatigue performance was thersfore
considered acceptable.

f) Boat Impact

The most credible boat impact scenario for the Jarlan Wall according to the DEn Guidelines
was determinedtobe a 11/14 MJ collision corresponding to a 5000t supply boat (bow & stern
impacts). Force/indentation characteristics for typical supply boats were taken from DNv
guidelines and the equivalent pressures applied to a non-linear local model of a typical 15m
wide x 10m deep section of the Jarlan Wall. In addition a number of hand checks were also
performed. The results indicated that apart from some local spalling there would be no
punching shear, direct shear or bending type failures to the Jarlan Wall for the 11/14MJ
collision. The local model is now available to investigate any future boat impacts.

g) Foundation Status

Factors of safety, against sliding, overturning and bearing capacity were re-calculated using
the increased cn-bottom weight and reduced wave loading. It was found that all factors of
safety were in excess of the minimum allowables with the most critical being a bearing factor
of safety of 1.83 (minimum allowable 1.5). Asummary of safety factorsis presentedin Table
ES1.

Parameter Factor of Safety
Sliding 1.88
Overturning 4.05
Bearing 1.83

Table ES1 - Foundation Stability Safety Factors

3401-A-M-002-2 ES/3
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No detailed FE analysis of the foundation soils was performed as foundation loads have not
increased significantly and no large settlements have occured since installation. [n addition
frequency monitoring has also shown the foundations to be behaving normally.

CONCLUSIONS

Overall the results of the re-analysis indicate that the Platform {deck and sub-structure) has
sufficient strength, fatigue life and foundation stability for another 20 years of operation
subject to the following:

) Durability, with respect to crack width criteria, in certain localised areas fall
short of the DEn Guidelings requirements but it is considered that provided
adequate inspection is maintained, structural integrity up to 2015 wili not be
compromised;

iy Stress levels are relatively high over some parts of the structure and thus
deterioration or damage would be particularly of concern if these parts were
affected.

Figures ES1 10 4 show areas of the structure (sub-structure and deck) that have high stress
levels, large crack widths or low fatigue lives. Diagrams showing calculated crack widths
for the sub-structure are presented in Appendix E.

It should be noted that these conclusions assume that structural deterioration, in particular
rebar and/or cable corrosion, has not occurred to any great extent.
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1.6 (INTROBDUCTION

This report presents the resulis of the structural re-analysis of MCP-01 performed on behalf
of Total Oil Marine PLC by a joint venture of Offshore Design Engineering Lid and the
M<Alpine Design Group.

The re-analysis was performed in accordance with ODE document nos. 331-S-M-002
(Specification for the Re-analysis of Concrete Structures), and 3311-8-M-001 {Background
Report on Specification for Re-analysis of Concrete Structure) and covered the concrete
sub-structure, the concrete deck beams (main and manifold), concrete manifold deck
columns and the steel tubular deck ¢olumns.

This report contains a descriptive report and commentary on the work performed during the
re-analysis project. -

The Appendix contains lists of calculation notes and available relevant documentation,
details of the FE models, and stress/code check plots.

Approximately 20 files of calculations were generated during the project and these are
availabie separately.

3401-A-M-002-2 i1
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2.0 QBJECTIVES OF RE-AMALYSIS

The original certification for MCP-01 by Lioyds in 1975 was for 20 years; however Total Oil
Marine wish to extend the platform fife by another 20 years to 2015 by gaining re-certification.

The primary objective of the re-analysis is therefore to verify that the design life of the MCP-
01 platform may be safely extended by another 20 years.

The platform was demanned at the end of 1892 and there is no overnight accommeodation
{except for emergencies). The platform is remotely controlied from St Fergus and there are
only three active gas lines; 2 no. 32" running through tunnels A, C, D and F and the 18"
Texaco pipeline (formerly the "Oxy Riser").
Secondary objectives are therefore to:

- provide a tool for integrity matters;

- provide advice on structural aspects for future plans;

- allow suitable reaction in the event of any emergency;

- develop safe and cost eftective inspection philosophies;

- operate weight control system;

- perform disinvestment studies.

3401-A-M-002-2 2/1
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8.0 DESCRIPTICN CF MGPR-01

The MCP-01 manifeld and compression platform, is located in block 14/9 halfway along the
route of the gas pipelines from the Frigg field on the UK/Norwegian dividing line in the North
Sea to the St Fergus terminal on the Scottish coast.

The concrete structure was ordered in January 1875 by Total Oil Marine from Howard-Doris,
and was built at the Skanska Doris site in Stromsad, Sweden. The structure was towed and
placed in its final location in June 1976.

The pipelines from the Frigg field to St Fergus were connected to the risers installed in the
structure in summer 1976. A third pipeline, from the Occidental field, was connected to the
external riser during the summer of 1978.

The platform location is shown in Figure 3A. The concrete structure comprises:

. A circular raft foundation, designed to transmit the structure self-weight and the
environmental forces to the sea bed. [t is composed of a slab, stiffened by a series
of walls arranged on a circumferential and radial pattern.

. A lobate structure, which supports the deck, and acted as a bouyancy unit during
the installation of the structure. This volume also contains the sand ballast,
necessary to provide stability of the structure on the sea bed. The upper part of the
lobate wall is perforated to dissipate wave energy on the Jarlan principle.

. A main deck of precast concrete beam supported from steel columns standing on
the lobate wall and the central concrete shatt, and a concrete manifold deck above
parn of the main deck.

The general arrangement of the structure is shown in Appendix A, Figure A3.

3401-A-M-002-2 31
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4.9 PFINITE ELEMENT MOBELS (FEM)
4.1 GENERAL

The detailed analysis of the MCPO1 gravity based structure (GBS) has been performed
using a finite element model containing 11328 elements and 57000 active degrees of
freedom. The model represents the base slab, antiscour wall (AW), perforated wall (PW),
exterior wall (EW), interior wall (IW}, interior diaphgram (ID), exterior diaphragm (ED), lobed
wall (LW), jarlan wall (JW), tunnels, struts, and spider beams, main deck and manifold deck
beams. The model does not include non-structural concrete, instaliation aids, riser pipes,
and crane sfabs, and pipe anchorage points. Qutline details of the mode! are shown in
Appendix B, Figure B5.

ANSYS finite element program (Revisicn 5.0) has been used to analyse the structure. In
particular, four noded shell elements have been used for walls, three noded beam elements
are used for beams (deck as well as spider beams in the substructure), two noded link
elements are used for local strut-and tie models, and two noded spring elements are used
to model the supporting soil. The element output results are explained in the following
sections.

Considerable care was taken in the selection of elements and in the density of the mesh. The
mesh density for shell elements has been derived from a combination of various factors
mentioned below:

ay Parametric studies relating to each part of the structure in order to determine
an acceptable level of ‘localised’ modelling error. The acceptable error leve!
varies for each component of the structure depending on its importance.

b) Element aspect ratio (maximum side length divided by the minimum side
length) ‘have been kept to about 7 fo comply with the acceptance limits
cbtained from standard parametric studies for flat and curved surfaces.

¢} The tapering angle of the mesh has been limited to about 15 degrees.

d) Element volume ratio (defined as element volume to effective modulus) at the
junctions has been limited to the range 0.5 10 2.0 to achieve a gradual change
in stress resultants.

A single element has been chosen to represent the concrete slab through its thickness for
the entire structure. The shape of these slements has been controlled. Distoried elements
have beenminimised and are limited to base slab, intersection of the base slab with the lobed
wall, and at shaftintersection from star modelto circular model. However, in built shape tests
by ANSYS have been made for all elements.

3401-A-M-002-2 4/1
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4.2

b)

g)

MODELLING ASSUMPTIONS

Linear elastic analysis has been carried out, since this is considered sufficient to
assess the global forces in the structure. However, in the places where there is a
significant cracking, re-distribution may occur and generally non-linearity is inevita-
ble. The results from linear analysis are considered ¢ be conservative in such
areas. For boat impact loading a non-linear analysis is appropriate and therefore
has been carried out.

Centre ling dimensions have generally been used to model the structure. The
influence of this on the wave loading has been found to be insignificant.

Wall junctions have been modelied to get reasonable representation of the stiffness
ofthe jointin the global model. Localmodels have been usedto assess the stresses
at such areas.

All the base slab elements are assumed to be in one horizontal plane in the global
FE model. However a step change in base slab at the iobed wall inferface has been
investigated through a local model.

No support has been assumed under the central core of the GBS. This is
conservative because it gives generally higher stresses in the base slab compared
to support under the entire structure. Also, the scour zone in the outer core has not
been modelled since it is considered to be insignificant, approximately 1% of the
annular area (ref. ODE Doc¢ 87-281).

Both effects could be subject to future studies.

No temporary load conditions are analysed, which may produce locked in stresses
inthe structure. Also the effect of construction/prestressing sequence hasnoct been
considered. This may generate secondary stresses in the structure. However such
effects have been considered in the code checks by conservatively increasing the
prestress losses.

Soil has been modelled using translational and rotational springs. This is considered
o be sufficient for the assessment of structure forces. No detailed assessment of
soil stresses has been made from the FE results. However global foundation
stability has been assessed in section 7.3.

Global Analysis is notintendedtc provide accurate results at areas of obvious stress
concentrations, however a smooth transition in these areas has been achieved in
the model. Local models were used to obtain stresses in these areas.

3401-A-M-002-2 412
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4.3 GEOMETRY

Table 4.3 liststhe element thicknesses used in the FE model. These have been derived from
as built GA drawings of the structure.

Base Slab 650 to 1150mm
Antiscour Wall 750
Perforated Wall 550
Interior Wall 750
Exterior Wall 550
Interior Diaphragm 550 to 1000
Exterior Diaphragm 900 tc 1400
Lobed Walls 550
Tunnel Root 800
Tunne!l Side Walis 500
Tunnel End Wall 2500
Central Shaft
a} +0.0to +60.0m 800
b} +60.0m tc +146.0m 600
Jarlan Wali 1200
Struts/Beams
a) +65.0m 1000*1200
b) +105.0m 1000™1600
Radial Beams/Y-Beams 1000*4000

Table 4.3 - Key Dimensions in mm
4.3.1 Base slab

The base slab 102.0 m in diameter is modelled with 1284 elements. The mesh is relatively
coarse for the slab outside the the lobed wall. However the slab is spanning one way in these
areas and the local discretization error is not expected to be significant. In addition, simple
hand calculations followed by a finer mesh of the base slab have also been used to validate
the resuits from the global analysis. The base slab is assumed to be in one horizontal plane,
namely, a step change in cross section of the slab particularly at the intersection of base with
lobed wall has not been modelled. However, this has been considered in a separated
detailed model. Various parts of the base slab have thicknesses ranging from 600 mm to
1150 mm. Each node of the base slab outside the central core has been supported by a
vertical soil spring and horizontal springs in [ocations. Soil modelling details are given in
Section 4.6.

43.2 Walls

Antiscour wall, perforated wall and Jarlan wall have perforations in them. Therefore, the
modelling of these areas have been kept relatively simple by reducing the stiffness of the
walls. The reduction in the Youngs modulus of these walls depends on the ligament ratio
(defined as hole spacing divided by the hole diameter). Average or smoothed stress
resultants have been assessed by this method and therefore, the analysis is not intended
to show localised stress concentration at the openings.
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These walls have been modelled with four noded shell elements. Average area of each
element is about 8 m2. All other wails (ID,ED,IW LW, and EW) have been modslied in the
usual manner. At level 65.0m the meshing density has been increased because of a step
change in cross section of the lobed wall. Also, atthe interface of the columns with the Jarian
wall, density of the mesh has been increased to give a gradual change in stresses.

4.3.3 Central Shaft

The central shaft of diameter 9.6m (centerline) is modelied with shell elements. The
enclosed angle ofthe element has beenlimitedto about 15 degrees. The straight walis which
form a star model for the shaft have also been modelled using shell elements. Each wing
of the star is modelled with 5 elements. The transition zone between star shape of the shaft
to the circular shape has been achieved by warping the elements at the junction. However,
in order to get reasonable results, the warping factor (defined as component of the vector
from the first node to the fourth node parallet to the element normal divided by the thickness
of the elements) is limited to 0.1. However, detailed assessment of localised stresses has
been made using a local model {(see Section 11.5). The density of the mesh has been made
coarse towards the top end of the shaft because of the absence of the wave load.

4.3.4 Tunnels

The tunnels act as continuous box beams. Allthe walls of the tunnels are spanning one way.
Theretfore relatively coarse mesh has been used for these elements. At the tunnel end wall
{enclosure) the opening for the pipe has not been modelled in the global model. However,
the tunnelbehaviour has been studied using a detailed model. The detalils of the local model
have been presented in Section 11.3.

4.3.5 Struts/Radial Beams

Struts at level +65.0, and +105.0m are modeled as 3D beam elements. Although they were
originally designed as struts, the rebar/prestressing detail at the ends appears i¢ be a
moment connection. To be conservative, the joints are not modelled as pin joints in the global
FE model. The radial beams at +105.0m are modelled with 3D elements. Ten divisions have
been used to model! the spider beams. The number of divisions has been dependent on the
profile of the prestressing cables and the modelling accuracy.

4.3.6 Columns

Composite columns supporting the deck have been modelled with 3D beam elements. The
stiffness of the columns has been computed using Snell’s law of composites. The pinned
connection between the column and the Jarlan wall has been modelled using strut and tie
model. This involves linking the line elements (of the column) to the Jarlan wall shell
elements by the use of link elements as shown in Appendix B, Figure B1. The intersection
of the columns and concrete deck beams are modelled as moment transfer connections.
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4.3.7 Deckbeams

The deck beams (both main deck as well as manifold deck) have been modelled using 1100
3D beam elements. The coriginal design assumes that they are simply supported. However,
after detailed examination of the rebar and the prestressing at the connection, it was decided
to use them with moment transfer connections. The number of elements along the length
for each of these beams has been decided based on the modelling accuracy and the
prestressing profile. Massless rigid links (i.e. moment transfer connections) have been used
to connect the deck to the central shaft.

4.3.8 Junctions

The junctions ofthe typical walls shown in Appendix B, Figure B2, have been modelled using
tapered elements. A similar approach has been considered for modelling the nodes of the
structure. Although this type of modelling is not representative of the local nature of stress
concentrations, it predicts the overall global stifiness of the walls reasonably accurately. A
detailed mode! of such typical junctions has been studied using 3D brick elements in Section
11.86. The bending and membrane behaviour of the wall are modelled with tapered elements.

4.4 ELEMENT DESCRIPTION
441 Four Noded Shell Element (SHELL 63 in ANSYS)

The element has 4 nodes and each node has 6 degrees of freedom. The element is
isoparametric with extra displacement shapes. Each node can have a different thickness.
The element output contains three in-plane forces (NX,NY, and NXY}, three moments
(MX,MY, and MXY} and out-of-plane shear forces (VXZ, and VYZ}. In deriving the out-of-
plane shear forces a constant shear stress has been assumed through the thickness.
Generally, this element has been used in the global model for modelling curved as well as
straight walls/slabs. '

4.4.2 Three Noded Beam Element (BEAM 44 in ANSYS)

The element has three nodes, two nodes defining the connectivity, and third node defining
the orientation of the beam. Linear tapering of the beam can be accommodated in the
element. Each of the two connecting nodes has 8 degrees of freedom. These include three
translations and three rotations. The element cutput contains nodal forces (FX,FY, and FZ),
and nodal moments (MX, MY and MZ). Thus bending, torsional and shear behaviour could
be analysed. Shear deformations have been included. This element is mainly usedto model
the deck, struts at 65m level and radial beams at 105m level.

4.4.3 Link Element (LINK 8)
Two noded link elements have no bending capability. They act as strut/tie elements. Thus

they have one degrees of freedom for each node. The element output contains axial force
only.
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These elements are used to model the strut and tie behaviour near the deck column/iarlan
wall interface.

4.4.4 Spring Element (LINK 14}

These are two noded elements having cne degree of freedom each node. The element
output contains either reaction force or reaction moment. These are used to model the
foundation.

4.45 Fight noded Shell Element (SHELL 93)

This element is similarto SHELL 63 exceptthat it has mid-side nodes. Each node has 6 DOF.
The element output consists of axial forces, bending moments, in-plane and out-of-plane
shear forces. The out-of-plane shear stress varies linearly through the thickness. The
transverse shear stresses are assumed to be constant through the thickness. This element
was used in local models to enable to extract the results directly into the CONCRETE post-
Processor.

4.4.6 Eight Noded Brick (SOLID 73}

This efement is used in modelling the intersections particularly the node. Each of the eight
nodes has three translational degrees of freedom and three rotational degrees of freedom.
The element output consists of the forces in X, Y and Z directions.

4.4.7 Eight Noded Non-linear Reinforced Concrete Element
(SOLID 65 )

This element has 8 nodes with 3 DOF for each node. It is a non-linear element. The material
non-linearity is built into the element. The rebar (up to three directions) is modelled as a
smeared layer at its correct depth in the element. The concrete is capable of cracking in

tension, and crushing in compression. Thus the element allows plastic deformation. This
element has been used 1o model the hoat impact.

4.4.8 Eight Noded Shell (SHELL 43)
This element is similar to SHELL 63 except that it has extra shape functions.
45 MATERIAL PROPERTIES

Materials properties have been derived from the background document (Doc No: 3311-5-
M-001).

Concrete
a) Modulus of elasticity (E) 35 E6 kPa
b) Poissons Ratio 0.2
¢) Shear Modulus{G) 14.6 E6 kPa
d) Composite (steel casing} modulus 42E8 kPa
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Steel
a} Modulus of Elasticity 205E6 kPa

Reduction of Elastic constants to account for holes (based on published data for closed form
solutions):

Reductionin E Reduction in G Effective
Poisson's
Ratio
a) Antiscour Wall 0.623 0.463 0.197
b) Perforated Wall 0.412 0.1786 0.157
¢} Jarlan Wall 0.465 0.241 0.161

4.6 MODELLING OF SOIL

The soil supports for the structure have been modelled using spring elements. As shown in
Appendix B, Figure B3, the supports are provided outside the central core. Therefore, no
contact has been assumed forthe central core. A detailed assessment of the stiffness of the
soil has been carried out both using empirical rules and published data. The modulus of
elasticity of the soil has been taken as 90 MPa (average value used in original 1975 design)
and the Poissons ratic as 0.35. Static stiffness coefficients have been evaluated for a ring
foundation {(based on published data) and are summarised below:

Vertical stiffness 10430 MN/m
Translational stiffness 7740 MN/m
Rotational stiffness 18.16 £6 MNm/rad
Torsional stiffness 23.66 E6 MNm/rad

Figure B3 shows the arrangement of the linear as well as rotational springs. The vertical
springs contribute to the rocking and yawing stiffness, therefore only balance needs to be
applied as rotational springs. The translational springs contribute to the torsional stiffness
of the GBS hence the balance needs to be applied as torsional springs.

In the model there are about 760 nodes in the outer core of the base slab. Vertical spring
support has been used for all these nodes. Horizontal springs are used in NS and EW
directions at 20 nodes of the base slab as shown in the figure.

4.7 DESIGN GROUPS

The FE mode! ofthe sub-structure has been divided into 42 design groups consisting of shell/
plate elements. The number of design groups for the beams (deck beams and sub-structure
beams) is 87. Design group is defined as those set of elements containing similar
geomelrical properties, and reinforcement/prestressing characteristics. Detailed descrip-
ticn of the design groups is given in Section 7.0. The design groups exclude nodes.
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4.8 METHOD OF LOAD APPLICATION

Loads applied on the model include element loads, and nodal lcads. The element loads
mostly are used to apply the still-water condition loads , namely, hydrostatic, ballast,
prestress, and dead loads. Wave loading from diffraction analysis has been {ransferred to
the FE model! in terms of nodal loads and moments.

4.9 VALIDATION OF MODEL

The validation of the model has been carried out in two stages. Only the first stage is
described here. It includes validation/calibration of the model results with field monitored
data. Second stage involves verification of the analysis for a given set of loadings with hand
calculated results. This is included in Section 8.

4.9.1 Sway Frequencies

The sway frequencies of the structure inter alia depends mainly on the soil stiffness, and the
structure stiffness. Therefore, it is necessary to perform a coupled 3 DOF modal analysis to
determine the natural frequencies of the structure. Appendix B, Figure B4, shows the model
for dynamic analysis. The soil stiffness from Section 4.6 is used in the model. The structure
stiffiness has been obtained from parametric studies. This was achieved by running the
model with lateral forces and computing the displacement at various levels. From this
displacement the stiffness of the sub-structure, the stifiness of the deck have been
obtained. The other variables for the dynamic analysis inciude, the mass moment of inertia
of the structure (includes component from soil, structure mass, and the hydrodynamic
mass). Table 4.8.1 presents results from the 3 DOF modal analysis. Thus the computed
natural period of the structure is 0.73 Hz as against an observed average natural period of
0.75 Hz which shows very good agreement

Table 4.9.1 - Frequencies in Hertz

Effect of Added Mass
Kx = 7740x10° kN/M (soil stiffness) K, = 18.16x10° kNM/rad (soil stifiness)
K, =2110x10° KN/M {structure stiffness} J, = 400x10°tm? {mass moment of Intertia of
structure)
M, = 20000t (Deck wt)
f, (mode 1) f,(mode 2) f,{mode 3)
M, = 300,000t (weight of 0.70 0.85 2.39
M, = 250,000t structure} 0.72 0.91 2.38
M, = 200,000t 0.72 1.0 2.48
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Effect of added mass moment of lnertia

Ke Ko K, M, as above

M, =300,000t (weight of structure incl. hydrodynamic mass)

f. (mode 1) f,{mode 2) f.(mode 3)
J, =200 x 10°tm? 0.70 0.85 2.39
J, =400 x 10stm? 0.73 0.92 2.99
Effect of Sqil
K= =2180x 10° J, - =400 x 10* tm?
M, =300,000t M, = 20,0007
Case (a) K =7,740 x 10° kN/m K, = 18.16 x 10° kNM/rad
Case (b} K = 10,000 x 1038 KN/M K,.=27 x 10° kNM/rad

f, {mode 1) f,{mode 2) f,(mode 3)
Case {a) 0.70 0.85 2.39
Case (b} 0.82 1.01 2.46

The FE model has been validated for stiffness by comparison with site measured natural
frequencies which have not changed significantly over a number of years. The natural
frequencies, computed with a simple 2 degrees of freedom model using FE model resulis
and original 1975 soll stiffness, are 5 - 7.5% less than site measured natural frequencies.
This is considered to be a good level of agreement and conservative from an assessment
point of view. A lower bound soil stiffness has been used in the model in order to
conversatively assess the forces in the structure.

They also confirm that the original soil stiffness used in 1975 is satisfactory for the
assessment of forces in the structure.

4.9.2 Relative Displacement Ratios

In order to get confidence in the global stiffness of the sub-structure, a separate sst of
calculations have been prepared. For the lateral forces {both in NS and EW directions} on
the structure, the deck displacement and the base displacement in sway motion have been
compared. Typical analysis results are presented in Table 4.9.2 showing ratios (deck and
base) ranging from 10 to 12. This compares very well with average values of 8.0to 12.0
observed in monitoring. This shows that the global structure stifiness assessed from our
model , particularly the sub-structure is underestimated by 10 to 15%.
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Table 4.9.2 Relative Displacement Ratios

Loading in EW Direction (Displacements in m, rotations in radians)

X Y Z ROTX ROTY ROTZ
{a) Base 0.143E-1 0.341E-4 -0.35E-1 -0.207E-5  0.107E-7 0.488E-8
Slab Neode

{b) Deck 0.176 -0.277E-3 -0.342E-3 -0.764E-5 0.128E-2 0.130E-3
Node
{c) Top 0.124 -0.672E-4 -0.162E-4 0.109E-4 0.164E-2 -0.100E-4
of C/S
Ratio bj-x 124
{a)-x
Ratic ckx  1.22
{b)-x

Loading in NS Direction

X Y z ROTX ROTY ROTZ
(a) Base 0.26E-51 0.146E-14 0.296E-1 0.102E-2 0.9%4E-6 -0.B{1E-6
Slab Node

(b} Deck -0.37E-3 -0.187E-3  -0.318E-1 -0.89E-3 0.535E-3 -0.208E-6
Node

c) Top 0.588E-3 0.22085 0.847E-2 0.173E-2 -0.755E-5 (.265E-5
ot C/S '
Ratio bi-x 128
(a)-x
Ratio {cl-x 1.18
(b}-x

Also, for a typical lateral loading the deck displacements have been compared with the
displacements at the top of the shaft. Typical resuits are presented in Table 4.9.2. Analysis
gave a ratio of shaft displacement to deck displacement of 1.2 to 1.4. This again compares
with average observed values of 1.2 t0 1.4 {(in NS and EW).

The analysis also predicted about 36mm displacement in EW direction and about 50mm in
the NS direction for an operating wave of 15.4m height. This again compares with observed
displacement of 31mm in EW direction {2mm per one metre of wave height is quoted in the
reports. Therefore for an operating wave height of 15.4 m, the expected displacement is
31mm). This shows that the structure stiffness, the deck stiffness, and finally the soil stiffness
are satisfactory in the model.
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4.9.3 Torsional Frequency

The analysis reveals the torsional mass moment of inertia of the structure. Added tothis are
the components from the hydrodynamic mass and the ballast mass. Coupling of the soils
and structure could occur. Therefors, it was necessary to use a 2 DOF model to calculate
the coupled torsional frequency. Hand calculations showed that the total torsional mass
moment of inertia is between 200E6 and 3006 tm? The average torsional stiffness of the
structure is 4700 E6 KNm/rad. Coupled 2 DOF dynamic analysis revealsthat the first coupled
torsional frequency is between 0.71 Hz and 0.75 Hz. This compares very well with the
observed torsional frequency of 0.75 Hz.
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5.0 LOADING

All loading on the Platform was re-assessed as part of the re-analysis. This included:

Dead & Live Loads
Marine Growth

Wind

Snow & lce

Wave & Current Details
Prestress

Temperature

These were combined into 16 basic combinations that covered operational and extreme
waves for both ULS and SLS conditions.
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51 DEAD AND LIVE LOADS
5.1.1 Topsides Modules and Equipment

As part of the re-analysis, the weight (both dead and live} of all topsides modules and
equipmenthas been completely re-assessed. Inparticuiarthe effects of the change in status
of various modules on demanning have been taken into account.  Loads were re-assessed
on the basis of documentation from the criginal installation, subsequent modifications
{including the demanning project} and discussions with TOTAL personnel.

The current total dead and live load of topsides equipment were calculated to be respectively
12969t and 1722t (total 14891t). A breakdown of these figures is given in Table 5.1.1.

The equivalent weights from the 1986 weight control report, were respectively 14711t and
756t (total 15467t).

It is considered that the discrepancy is due to the effects ot demanning, rationalisation of
dead loads and the application of more representative live loads on the laydown areas.

The recalculated loads were applied to the FE model as either UDL's or point loads. Module
reactions were calculated from the revised module weights and the original reaction
distribution shown on the following drawings:

Main Deck - North Area Loads at Level 123.0 MP-5009-M4-15-01
Main Deck - South Area Loads at Level 123.0 MP-5009-M4-15-02
Main Deck - Loads on Underdeck MP-5009-M4-15-03
Main Deck - Loads at Level 133.0 MP-5009-M4-15-04

The steel-deck plating over the northern half of the deck was included with the topsides
modules and equipment. The weight of this steel decking was calculated to be approximately
2 kN/m2, which was cross checked against the weight of the individual panels as installed
and found 1o be in agreement. The 2kN/m? was then apportioned to beams in primarily the
E-W direction. The total weight of secondary deck steel applied was 644t.
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DESCRIPTION DEAD LIVE TOTAL |COMMENTS
LOAD, t |LOADt [WT, ¢t

COMPRESSION MODULE isi8 Reit] 1618 jdecomisstonad
COMPRESSION MODULE 1518 100 1618 |decomissionad
CUARTERS(ELDY & HELIDECK 1513 52 1675/ 0.5KNA2 LL on 4 Floorsiemargency only)
LOAD REPARTITION BTRUCTURE 1224 116 13322 SKNM2 LL Laydown area
GENERATORS MODULE g937 100 1037 Includes swiichgaar. nowerl2 gen), passage control room, consly, officas
SEPARATION MORULE 858 81 G396 KNMZLL

MAIN DECK SEC STEEL 1.40/0} 844 644

UTILITIES 554 40 594 [40T LL Potable waler
MANIFOLD FHASE 1 L5E 20 57 8tdecomissionad nominal LL only
MANIFCLD PHASE 2 558 20 578 as above
|INTERFACE-PIDING 361 361

MORTH FEAST LAYOOWHN 350 ISOTSKMA2 LL

EAST PEDESTAL CRANE 234 20 254 feapaciy reduced to 10T
OCCIDENTAL MODULE 148 i0g 248

WEST PEDESTAL CHANE 234 234

ﬁERM LIVING QUARTERS i92 23 215] 1L.8xN/m2 on { lloor
[SuUMP SLOP TANKS 53 142 208

DEISEL T TANK 4-6/C-0 665 iZ5 192 | reduced _roguiremen
|6-7/H- 183 8] 183

DIVING SYSTEM{PERM) i5 75 150

FLARE BOOM 145 i45

VALVE MANIFOLD SKID 122 122

EMERGENCY GEN MODULE 106 i0 116

INTERFACE -STRUCTURAL 110 11D

DEISEL OIL TAMK 3-4/C-D 40 54 94185 above

4BH-1 a1 0 ai

TELECOMS TOWER 86 86

PUMPHOUSE A 77 ¥ 7|Includes caissondriser
PUMPHOUSE B 77 77

UNDERDECK BASKET GH/4.6 49 25 74)1.5KN/M2 LLislorage only}
UMDERDECK BASKET FG/4 .8 45 25 71} 1.5KMM2 Li{stiorage onlyl
NORTH CONTAINER LAYDOWHN 70 FOIERMAAE LL

HECREATION BOOM &7 Q &7

LOCKER ROOM 40 15 55| Includes PCP mods
UNDERDECK BASKET GH/1 .4 EX] 15 461 3.5KMN/M2 LL{slorage only)
LIFEBOATSi&2 44 44

COLD STORE 27 15 42

FIRE PUMP MODULE 40 0 40

DIVING SYSTEM{MOBILE} A 9] a8
[SPARE PARTS 18 ) 5

NEW LIFEBOAT 2z 21 From Doig lifeboal cales
A-B/3-5 2 o 21

NITROGEN GENERATION 18 2 20

EAST LAYDOWN 15 5 20

BLOWDCWN CONTROL 20 Y 20

3AS CONDENSATE 20 G 20

UTILITY GAS SKID 20 O 20

WEST FLOTEL LAMDING [ ol Refer PCP waight control
EAST FLOTEL LANDING ] 2lA d the same as wes| {lotet
CENTRAL STAIRWAY ] i5

FUEL GAS PACKAGEIGEN) 15 1 16

TURBINE EXHALISTS i5 5

FUEL CAS PACKAGE{COMP) 13 1 14

FUEL GAS PACKAGE(COMP) 13 1 14
@ST AR COMPRESS0OR ROOM ig 10

LIMNDERDECK, STORAGE TANK 10 [i] ig

PILOT GAS SKID i0 ] 10| As given by TOM

TOTAL 12969 1722 14601

Table 5.1.1. - Total Dead and Live Load
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5.1.2 Sub-Structure

The volume of concrete in the sub-structure, including the central shaft to +147.8m, was re-
calculated from the as-built drawings and found to be approximately 54,000m3. which
compares well to the value of 53,400m3 given in document D5237 for the sub-structure less
the central shaft between 105 and 147.8. Assuming a dry density of reinforced concrete of
2.6t/ms3, a submerged density of 1.6t/m? and allowing for the volumes displaced by the
tunnetls and shafts, this gave a submerged wsight for the structure of 83,324t for a water
depth of 93m. A breakdown of these figures is given in Table 5.1.2.A.

WATER DEPTH : 93
CONCRETE DENSITY 26
COMPONENT MIN. EL. MAX EL. |CONRC.VOL [VOL.DISPL.| DRY WT,, T SUBMERGED| SUBMERGED
M3 M2 % WT.

ANTISCOUR WALL o il 2864 2864 7446.4 100 4582,4
PERFORBATED WALL o 1 1824 1824 4742.4 1600 26184
EXTERIOR WALL Y} i 1828 1626 4747.6 100G 26216
INTERIOR WALL 5] 1 1417 1417 3684.2 100 2267.2
LOBED WALL 1.3 i5 1393 1393 3621.8 1940 2228.8
NODES 1.65 i5 1100 1100 2860 100 1760
EXTERICR DIAPHRAGMS 1] 1 5443 6443 186751.8 100 10308.8
INTERIOR DIAPHRAGMS 0 1 4809 4309 12502.4 100 7694 .4
SHAFT 1.3 68 1642 £336.5 4268.2 100 -2087.3
SHAFT 68 83 616.75 2375 1800.85 109 -774.05
BASE SLAB 0 1 §000 6900 17940 100 11040
TUNNELS 0 1 1001.6 2480 2603.9 109 112.8
LOBED WALL 15 :13 5082 5082 i3213.2 100 §131.2
NODES 15 31 14703 1470.3 822.78 100 2352.48
NODES 31 68 2960 2980 7696 100 4736
INTERIOR DIAPHRAGM 65 63 324 324 842 .4 100 5156.4
BEAMS 65 €8 560 560 1456 100 886
LOBED WALL 85 68 669 868 1739 .4 160 1076.4
LOBED WALL 68 83 4075 4075 10685 100 6520
NODES £8 83 1575 1578 4095 100 2520
LOBED WALL 93 108 2117 2117 5504.2 [t} 5504.2
NODES 22 105 758 758 18658 1] 1865.6
BEAMS 108 105 782 762 i881.2 Q 1481.2
SHAFT 83 105 296 1140 768.8 Q 769.8
PEDESTALS 105 108 200 200 520 2] 520
SHAFT 105 147.8 10594 4066 2844.4 o 2844 4

TOTAL: 53776 65534 139818 B3324

Table 5.1.2A - Sub-Structure Weight

Variation in water depth has a small effect on the submerged weight, as shown in Table
5.1.2.B, and there is only a 1140t decrease in weight as the water depth increases from
92.47m to 95.90m.

Water Depth Submerged Wt..t
92.47 83494
23.00 83324
94.00 82989
95.80 82354

Table 5.1.2B - Variation of submerged Weight with Water Depth

3401-A-M-002-2 5/4



*ode™ MCALPINE
Design Group

The dead-weight of the sub-structure was calculated automatically by ANSY S based on the
element thicknesses. This was then factored to give the appropriate submerged weight for
the water depth under consideration.

5.1.3 Ballast

The ballast was placed in the structure in two stages:

- prior to towing
- at the finai site

These ballast quantities were re-calculated using the foliowing densities:

Item Density t/m3 Ref Doc No
Wet Sand 1.60 D1077
Saturated Sand 1.80 D1077
Submerged Sand 0.88 D1161
Concrete Slab 2.38 1077

These figures gave recalculated values of 25086t for the ballast placed prior to towing and
76820t for ballast placed offshore.

However, the unsubmerged weight of sand and the concrete slab placed before installation
is quoted as 53,623t in document D1077, and the submerged weight as 30,000t and 25,800t
in documents D5237 and D1022 respectively. It was therefore decided to apply a
conservative vatue of 25,800t in the re-analysis.

The value of ballast placed offshore was calculated to be 87,285m3 equivalent o a
submerged weight of 76,820t. However the volume of sand recorded in document D1146
as being placed offshore was 91,047m3, which was established by measurement of the
elevation of the top of the ballast and allows for 10% loss through the breakwater wall from
the amount pumped. This is equivalent to a submerged weight of 80,120t assuming a
density of 0.88t/m2. 1t was therefore decided 1o apply 80,120t in the re-analysis.

Thetotal submerged weight of ballast applied in the re-analysis was 105,9201. Acomparison
of the ballast weights is shown in Table 5.1.3.

3401-A-M-002-2 5/5



*ode" AL PINE
Design Group

Document No. Re-analysis

D5237 | D1022 | D1146] Calculated Applied

TOWING BALLAST 30000 | 25800 25086 25800

OFFSHORE 86000 80120 76819 80120
BALLAST

TOTAL : [116000 | N/A N/A 101905 105920

Table 5.1.3 - Ballast Comparison

The ballast load was applied to the FE model as pressures as indicated in Figure 5.1.3. A
uniform pressure of 44¥/m? was applied to the base slab and a triangular pressure
distribution, varying linearily between 0t/m? at +50.0 and 28.4t/m2 at the base slab, was
applied to the locbated wall and the central shaft. The basic load case generated was then
factored to give the correct overall ballast weight.

No silo effects were included as the ballast was totally submerged.
5.1.4 Deck Structure
5.1.4.1 Main Deck Beams

The deadweight of the concrete deck beams was re-calculated assuming a concrete density
of 2.6t/m3. This gave a total weight of 5962t, which compared to the originally (1975)
calculated weight of 6800t. 1t was decided conservatively 1o apply the weight of 6800t. The
deck beam weight was applied to the FE model as UDL's.

5.1.4.2 Manifold Deck

The weight of the concrete manifold beams and manifold columns was re-calculated as for
the main deck beams. The calculated weight was 873t compared to the originally (1975)
calculated weight of 1000t. 1t was decided conservatively to apply a weight of 1000t. The
beam weights were applied as UDL’s and the column weights as pointloads to the FE model.

5.1.4.3 Main Deck Columns

The weight of the main deck columns was re-calculated assuming a concrete density of 2.6/
m3. This gave a total weight of 1082t, compared to the originally (1975) calculated weight
of 1400t. 1t was decided conservatively to apply a weight of 1400t. This was applied as point
loads at the relevant locations.
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5.1.5 On-Bottom Weight

The on-bottom weight correspondingto the weights calculated in Sections 5.1.1t05.1.4 was
compared to the originally specified value of 205,0001. The resulis of the comparison are
shown in Table 5.1 .4.

COMPONENT RE-ANALYSIS RE-ANALYSES CRIG, ORIG.
OF WEIGHT CALCS, CALCS.
CALCULATED| APPLIED [CALCULATED] APPLIED ref. D1161 |+ rev LOADS
WATER DEPTH 92.47 92.47 85.9 95.9 94 94
SUB-STRUCTURE 83494 86570 82354 85670
MAIN DECK BEAMS. 5962 £800 5962 6800
DECK COLUMNS 1082 1400 1082 1400
MANIFOLD 873 1000 873 1000
DECK/COLUMNS
STEEL DECK PLATING 644 644 644 644
TOWING BALLAST 25086 25800 25086 25800
SUB-TOTAL: 117141 122214 116001 121314 121007 121007

OFFSHORE BALLAST 76819 80120 76819 80120 72154 80120
TOPSIDES DEAD LOAD 12325 12325 12325 12328 4829 12325
OXY RISER 130 130 130 130 130

ON BOTTOM WT. 206415 21473¢% 205275 213889 205000 213582

NOTE :

1. Sub-structure weight is submerged weight and includes waight of concrete below
105.0m plus the whole of the central shaft.

Table 5.1.4. - Comparison of On-Bottom Weights

The comparison indicates that the applied on-bottom weights 0f 214,739t and 213,830t are
comparable to the original value of 205,000t adjusted to 213,583t to allow for overballasting
and increased topsides loading.
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5.2 MARINE GROWTH
5.2.1 Methodology

The 1891 Marine Fouling assessment by AURIS provides the latest marine growth data,
which presents current as well as predicted thicknesses for 1999.

The report states that marine growth on MCP-C1 is now tending towards a long term
equilibrium, i.e. the forecast for 1999 can be taken as the long term equilibrium values.

As soft marine growth compresses to varying degrees according to environmental condi-
tions, thicknesses are presented for both extreme and operating conditions.

The report provides data for the west face only. It was assumed that thicknesses will be
similar for other external faces. No data is presented for inside the Jarlan holes. However
it was assumed that thicknesses would be the same as for the external face. This was
considered to be conservative as marine growth is likely to be less thick inside the holes due
to the increased water velocities.

Forecast leng-term thicknesses were used in the re-analysis. Marine growth was not
considered in the original design.

5.2.2 Effect on Wave Loads

The most significant effect of marine growth on wave ioading is due to the increased drag
and restriction at the Jarlan holes.

Average marine growth thicknesses were therefore calculated for every 5 metre band of the
Jarlan wall between 105.0 and +65.00 based on the forecast 1999 values from the AURIS
report. These are presented on Table 5.2.2 for both operating and extreme conditions.

5 METRE BANDS TOTAL THICKNESS
TOP BOTTOM | OPERATIONAL| EXTREME
ABOVE ABOVE (mm) {mm)
SEABED SEABED
105 100 — 0 | 0
100 95 ) 0
95 50 44 38
90 85 45 38
85 80 47 38
80 75 53 39
75 70 65 41
70 65 76 42

Table 5.2.2. Predicted Marine Growth Thicknesses
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5.2.3. Weight of Marine Growth

It was assumed that the weight of marine growth was insiginificant compared to the overall
sub-structure deadweight. This is because the thickness of hard growth is minimal and the
more abundant soft growth has a neutral buoyancy.
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5.3 WIND
5.3.1 Methodology

The topsides wind loads on the platform have been re-assessed, using the wind speeds
given in Marex Report 1167 Volume 1 and taking into consideration any revision to the
topsides configuration.

Shape coefficients were taken from DnV Appendix B and CP3 Chapter 5.

Wind forces were calculated for each of the four cardinal directions and then vectored for
intermediate directions.

Module reactions were calculated assuming that the modules were rigid and that there were
no torsional effects, with support dimensions being taken from ODE drawings MP5009-
15.01 & 15.02.

In addition to the modules, wind loads were calculated for the concrete deck beams, the
Jarlan wall and the central shaft between the underside of the deck and the top of the Jarlan
wall.

5.3.2 Wind Speeds
The following 3 second gust wind speeds at el. +146.2m have been used for the re-analysis:

Extreme : 53.8m/s
Operating 37.7 m/s

The 3 second gust, although not relevant for large modules, has conservatively been taken.
Similarily the wind speed has been taken at el +146.2m (top of helideck).

Directionality of wind speed has also conservatively been ignored.

Wind forces for the operating case have been calculated by factoring those calculated for
the extreme case by 0.7, which corresponds to the ratio of the squares of the respective wind
speeds.

Extreme and operating wind speeds {one minute gust) at +10m above sea level used in the
original design were 53m/s and 36m/s respectively.

5.3.3 Results

The wind loads calculated for each component are shown in Table 5.3.3 for each of the four
cardinal directions. The maximum wind force calculated was 587 tonnes for an easterly wind
and represents less than 0.9% of the extreme wave base shear. Thus the omission of wind
forces in the original sub-structure design would appear to be justified.
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Table 5.3.3 - Wind Load Summary
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5.4 SNOW & ICE

The Depariment of Energy guidance notes give maximum extreme values of snow and ice
loads. However, they state that maximum accumulations of snow and ice for 50 year return
periods are very difficult to predict.

In view of this and the fact that maximum loads were expected to be low compared to overall
dead loads, it was decided to apply the loading as a UDL over the whole deck area.

The maximum thickness of wet snow was taken as 200mm with a density of 100 kg/m8,
giving a UDL of 0.2 kN/m2- This was conservatively increased to 0.5kN/m2 1o allow for any
accumulations on vertical surfaces.

The UDL representing the snow and ice was then applied as equivalent line loads to the
concrete deck beams, giving a total snow and ice load of 187 tonnes.

Snow and ice loads on the top of the Jarlan wall were ignored.
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55 WAVE AND CURRENT LOADING
5.5.1 Background

The hydrodynamic force induced by waves on a fixed structure is usually considered as the
sum of the drag force and the diffraction force. However for structures whose diameter is
large relative to the wave length, the diffraction force can represent up to 95% of the total
wave force. Inthese cases, calculation of the hydrodynamic force is carried out by means
of diffraction analysis, using computer programs such as DIODORE.

In the case of MCP-01, although overall the ditfraction force is dominating, the drag force
ofthe Jarlan wall cannot be neglected. Calculation of the latter requires specialist techniques
and for MCP-01 an in-house computer program called LAHOULA was used.

In addition, as the meshing used for the FE model was very different to that defined to
compute the hydrodynamic forces, it was necessary to use the interface program DIOFEC
to transtorm the hydrodynamic pressures into forces to be applied to the nodes of the FE
model.

The methodology is described in detail in Section 5.5.3.
5.5.2 Design Criteria

With reference to MAREX report No. 1167 the following criteria ware selected for the re-
analysis.

5.5.2.1 Sea Levels

The maximum and minimum seawater fevel for different environmental conditions given by
MAREX were as follows: '

Condition SWL
100 year maximum 95.92
HAT 95.26
LAT 93.00
100 year minimum 92.47

Maximum and minimum seawater levels for the re-analysis were therefore conservatively
taken as follows for both extreme and operating conditions:

Condition SWL
maximum 95.92m
minimum 92.47m
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5.5.2.2 Wave Height and Periods

For the extreme (storm) condition, corresponding to a return period of 100 years, the
following wave height and periods were taken:

Tmax  Inarange between 13.5 sec to 18.1 sec

For the operating condition, corresponding to a return period of one month, the following
wave height and periods were taken:

}-{max = 15-5m
Tmax  inarange from 10.3 sec t013.8 sec

It should be noted that the operating wave characteristics were extrapolated from data given
in the MAREX repornt.

5.5.2.3 Wave Incidences

The hydrodynamic analysis was performed for 7 wave incidences (30°, 1209,
2109°,300°,3150,3300,3459). Directionality of wave height was conservatively ignored.

Wave incidence definition is shown in Figure 5.5.2.3.

Figure 5.5.2.3 - Wave Incidences
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5.5.2.4 Phase Angles

[n order to find the most critical phase angle for each wave type, it was decided that
hydrodynamic pressures would be calculated at 15° phase angle intervals.

Phase angle definition is shown in Figure 5.5.2.4.

FPLATRCHFRS CEMTRELINE

Figure 5.5.2.4 - Phase Angle Definition
5.5.3 -Methodclogy
5.5.3.1 Outline

Hydrodynamically the platform was considered to comprise of 5 parts:

Part Location

1. the lower part up to 15m above sea bed;

2. the lobated wall from level +15m to the lower level of the Jarlan wall +
65.0m;

3. the Jarlan wali;

4. the central shaft within the lobated wall;

5. radial beams and deck columns.
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The hydrodynamic forces were determined by DIODORE for parts 1 and 2, by LAHOULA
for part 3, by McCamy-Fuchs formulation for part 4 using a reduced wave height, and by
HOULJACK for part 5. The methodology is illustrated diagramatically in Figure 5.5.3.A. with
full details for each part being given in Sections 5.5.3.2 10 5.5.3.5.

ANSYS
WaVE DATA f MARINE MODEL
GROWTH DATA
] PROGAAM
PAFEC
MODEL
I BY HAND
DIODORE MODEL LAHOULA MODEL McCAMY MODEL HOULJACK MOBEL
-LOWER STRUCTURE - JARLAN WALL - SHAFT - BEAMS & COLUMNS
[ GIOLORE I LAHOULA | MCAMY [ noumck
PRESSURE PRESSURE Rgoggggtgxwe FORCESAIE TRE FORCESAE TRE
£ LENGTH
ELOS FIELDS INSIDE JARLAN WALL HEIGHT
| MODIFIED DIOFEC (1) l MOMFIED DICFEC (2)
FAFEC PAFEC
NODAL LOADS NODAL LOADS

l 1

ANSYS NODAL LOAD FILES

(1) DIGFEC maditied 1o cakoulale forces at given phase angles {2} DIOFEC modiied to convert LAHOULA cutput inlo PAFEC input

Figure 5.5.3.A - Wave Loading Methodology

The objective of the hydrodynamic analysis was to calculate the maximum hydrodynamic
forces acting on the sub-structure that covered variations in:

. water depths;
. wave heights;
. wave periods;
N phase angles;

. wave ingcidences.
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5.5.3.2 Lower part of the platform and lobated wall (Parts 1 and 2)

Hydrodynamic forces on the lower part of the platform and the lobated wail were calculated
by applying regular Airy’s waves to a DIODORE model.

This model was characterised by the following two maijor features:

the perforated wall and the anti-scour wall were replaced by solid walls:

a “dummy” horizontal slab {roof) enclosed the space between the anti-scour
wall and the lobated wall at level +15m.

These features were necessary due to the impossibility of representing in DIODORE a
perforated wall and the difficulty of representing satisfactorily the pressure distribution within

the complex and small region (relative to wave lengths) located at the base of the structure
between the anti-scour wall, and the lobated wall.

Details of the DIODORE model are shown in Figure 5.5.3.2.
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Figure 5.5.3.2 - DIODORE Model
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It should be noted that the Jarlan wall above 65m was modeiled to take into account its
influence on the structure below and that no hydrodynamic forces were cailculated for the
exterior diaphragms or the lobated wall between 0 and +15m, as forces on these elements
are considered to be small compared to total forces.

DIODORE was run for a 1 metre wave amplitude for both maximum and minimum water
tevels and forarange of periods (10.3t0 18.1 seconds) that covered minimum and maximum
periods for both operating and extreme conditions.

The hydrodynamic pressures were then factored for the relevant wave height, and realf
imaginary parts combined appropriately to give hydrodynamic pressures at 15¢ phase angle
increments.

Finally, hydrodynamic pressures for selected wave cases were transferred to the FE model
using DIOFEC, with pressures onthe roof at level +15m being transferred to the correspond-
ing nodes on the base slab in the FE mode!.

5.5.3.3 Jarlan Wall {Part 3)
The pressure distribution around the Jarlan wall was computed by applying regular Airy's
waves to a LAHOULA model. The model consisted of an equivalent cylinder of 60m

diameter with an infinite height.

LAHOULA computes wave kinematics, water elevations and pressure distribution around
a porous vertical cylinder. The methodology can be summarised as follows:

. both incident wave field and diffracted wave field are written in polar co-
ordinates {Bessel's series expansions);

+  outof the ¢cylinder, the potential is assumed to be the sum of the incident flow
and a part of a diffracted wave flow;

+ within the cylinder the potential is expressed in a series expansion similar to
incident potential one, with unknown complex transmission co-efficients;

+  the mean flux through the perforated wall is equal to zero;

. the wave kinematics around two cylindrical surfaces, iccated respectively at
a small distance from the outer and inner face of the Jarlan wall, are related
by a non-linear damping equation taking into account the energy losses due
to friction in the holes, jet mixing and viscous damping;

. the non-linear equations are linearized and solved by a least square method,
s0 all reflection and transmission co-efficients are determinead.

The program was calibrated against the original model test results from 1875.

3401-A-M-002-2 5/18



~ode" Mo ALPINE
Design Group

Forthere-analysis of MCP-01, the following thicknesses of marine growth in the Jarlan holes
have been taken:

Storm condition 30mm
Operating condition 42mm

As the modslis a cylinder, the same resultant is expected whatever the wave incidence, and
therefore only one wave incidence has been considerad. The analysis was therefore
performed for:

. 2 water depths;

. 2 wave heights;

. 8 wave periods (10.3, 11.8, 12.6, 13.8, 15.0, 18.5, 18.1 seconds);

+ 24 phase angies.

A specially developed version of the DIOFEC program was then used to transform the
pressure into nodal forces and moments for application to the FE modsl.

5.5.3.4 Central Shaft (Part 4)
The horizontal force per unit length of shaft was computed according to McCamy-Fuch’s
formulation, using the in-house program MCAMY, for regular Airy’s waves with a reduced

wave height in order to take into account the protective effect of the Jarlan wall.

Reduced wave heights corresponding to both extreme and operating waves were calculated
as follows from the LAHOULA results:

Hmax Reduced Height
26.4m 25.5m
15.5m 15.1m

it should be noted that as the space between the lobated wall and the shaft is filled with sand
up to level +50m, no hydrodynamic pressure was calculated below this level.

The horizontal force at each level was then distributed by hand to the corresponding nodes
of the FE model.

The analysis was only performed for the selected wave cases as the calculated forces only
represented a small proportion of the overall wave force.
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5.5.3.5 Radial Beams and Deck Columns (Part 5)

The hydrodynamic forces applied to the radial beams and deck columns were computed
using the in-house computer program HOULJACK for regular Airy's waves. HOULJACK
determines the water particle velocity and then applies Morrisons equation to calculate the
force on the member.

It was assumed that the deck columns were subjected to the full wave height whilst the radial
and strut beams inside the Jarlan wall were only subjected to the reduced wave heights as
detailed in Section 5.5.3.4.
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5.5.4 Selection of Critical Cases

The various combinations of wave height, period, phase and water depth analysed
hydrodynamically are shown in Table 5.5.4

WAVE WAVE WATER PERIOD PHASE DIRECTION
TYPE HT LEVEL
Extreme 26.4 895.9¢ 13.8 -185 15 300
15.0 -1560 30 315
i6.5 -135 45 330
18.1 -i20 60 345
-105 75 30
-§0 90 120
-75 105 210
-60 120
-45 135 {7 No.)
-30 150
-15 165
0 180
26.4 92.47 13.8 -165 i5 300
16.0 -180 30 315
16.5 -135 45 330
18.1 -120 60 3458
-105 75 30
-80 90 i2¢
-75 105 210
-60 129
-45 135 {7 No.)
-3¢ 150
-15 165
0 180
Opsrational 15.56 895.90 10.3 -165 15 300
11.8 -150 30 315
12.6 -185 45 330
13.8 -120 60 345
-105 75 30
-80 90 120
-75 105 210
-60 120
-45 135 {7 No.)
-30 150
-15 165
0 180
15.5 92.47 10.3 -165 15 300
11.8 -i50 30 315
i2.6 -135 45 330
13.8 -120 60 345
-105 75 30
-80 g0 120
~75 105 210
-60 120
-45 135 {7 No
-30 150
-15 165
¢ 180

BOLD indicates wave cases selected for application te FE model

Table 5.5.4 - Summary of Diodore/Lahoula Runs for Wave Case Pre-Selection
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From these combinations, it was necessary to select the most unfavourable for application
to the FE model according to the following criteria:

. maximum base shear;
. maximum overturning moment;
. maximum pressure on Jarlan wall;

Due to the slight non-symmetric nature of the structure, it was decided to select wave
incidences of 300, 315 and 330 degrees. Equivalent incidences in other quadrants were not
considered necessary as the C of G of the Topsides was found to be very central.

With respectto period, it was decided that only the longest period for each wave height would
be used, as it was found that the longest gave rise to the most critical load combinations.

The critical phase angle(s) for each wave height, water depth and incidence combination
with respect to maximum base shear and overturning moment were then determined. it was
found that a phase angle of -60° was the most critical for both criteria as illustrated in Figure
5.5.4A, which shows the variation of overturning moment with phase angle for extreme
wave, incidence 300° and water depth 95.9m. This equates to the phase angle of 300° used
in the original analysis of 1975.
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Figure 5.5.4A - Variation of O/T Moment with Phase Angle

The critical phase angle(s) for each wave height, water depth and incidence combination
with respect to maximum pressure on the lobated wall were then determined. 1t was found
that a phase angle of -60° was the most critical as shown in Table 5.6.4D for an extreme wave
of 26.4m and water depth of 95.9m.
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Phase Angle Max Pressure {(kN/m2)
0 50
30 ig8
60 -32
8¢ -55
120 -81
150 -54
180 -34
210 -14
240 31
27¢ 62
300 B8O
330 75

Table 5.5.4D - Lobated Wall Pressures

The critical phase angle(s) for the deck columns and radial/strut beams were determined
with respect to the force resultant for the extreme wave at maximum water depth, with a
period of 18.1 seconds and an incidence angle of 3000. It was found that a phase angle of
-15° was the most critical. No selection was performed for the operating wave as the deck
columns and radial / strut beams were not wetted in this case.
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5.5.5 Resulis Summary

The results from the individual hydrodynamic analyses were combined to give giobal
overturning moments and base shears for the 18 selected wave cases as shown in Table
555.A :

It can be seen that the wave incidence has minimal effect, but that increasing water depth
marginally decreases base shear due to a higher proportion of the wave over-topping the
breakwater wall.

CASE No. |WAVEHT. |WATERLEVEL (PERIOD [PHASE [INCIDENCE {BASE SHEAR [O/T MOMENT
(M) M) (SEC} | (DEG) (DEG) (N (T™)
1 264 95.9 18.1 -60 300 6.52E+04 2.48E+06
2 26.4 85.8 18.1 -15 300 3.53E+04 1.68E+06
3 264 C95.8 18.1 -6C 315 8.52E+04 2.48E+06
4 26.4 95.8 i8.1 -15 315 3.53E+04 1.68E+06
5 26.4 85.8 18.1 -60 330 6.52E+04 2.49E406
6 26.4 gb.9 18.1 -15 330 3.53E+04 1.69E+086
7 26.4 92.47 18.1 60 300 6.68E+04 2 40E+06
8 26.4 92.47 18.14 -15 300 3.73E+04 1.78E+086
g 26.4 92.47 18.1 60 315 8.66E4+04 2.40E+06
10 26.4 8247 18.1 -15 315 3.73E+04 1.78E+06
i1 264 82.47 18.1 -60 330 8.66E+04 2.40E+06
12 264 g247 18.1 -15 330 3.73E+04 1.78E+086
13 15.5 859 13.8 -60 300 3.25E+04 1.34E406
14 16.5 895.9 138 -8¢ 315 3.25E+04 1.39E+06
15 15.5 g5.9 138 -60 330 3.25E+04 1.34E+086
18 i5.5 92.47 138 -60 300 3.37E+04 1.32E+08
17 15.5 9247 13.8 -60 315 337404 1.32E+086
18 15.5 92 47 138 60 330 3.37E+04 1.32E+06

Table 5.5.5A - Wave Load Summary

The results were also compared with the 1975 analysis and model tests as shown in Table
5.56.5B. It was noted that extreme overturning moment had decreased by 23% and the
extreme base shear by 7%. The ¢corresponding figures for the operational wave were 20%
and 4.5% respectively.
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EXTREME OPERATIONAL
ORIGINAL{ MODEL | RE-ANAL | ORIGINAL| MODEL } RE-ANAL
TEST TEST
Hmax, m 29 23 26.4 18 i8 15.5
Period, seq 18 16 18.1 12.5 12.5 13.8
Phasa, degrees] 300 300 -80 300 300 -GO
Water depth, m 97.1 971 95.9 97.1 97 .1 95.9
incidencel 300
tlarlan wall:
Fh1,T| 1.97E+04 1.74E+04 9.34E+03 B.79E+03
M1, Ty 1.71E+08 1.48E+086 8.20E+05 7.48E4+05
LLW:
Fh2, T} 4.07E4+04 3.02E+04 | 2.00E+04 1.61E+04
M2, T 1.52E+06 1.25E+06 8.50E+05 6.89E+05
fCentral shaft:
Fh3, { 3.41E+03 1.65E+03 1.80E4+03 1.11E+03
M3, T 3.00E+05 1.43E+05 1.10E+05 9.14E+04
[Antiscour wall:
Fhd, 7| 5.67E+03 1.48E+04 | 2.15E+03 5.94E+03
M4, Tm 4.50E+04 1, 11E+05 1.60E+04 4. 49E+04
[Roof:
Fvb,T] -1.95E+04 -1.71E+04 | -7.30E+03 -5,65E+03
M5,Tm| -4.40E+05 -B.77E+05 | -1.60E+05 -2 58E405
Total Horiz. force, T|6.92E+04]6.76E+04|6.41E+04|3.33E+04|2.80E+04] 3.19E4 |
[Total Vert. force, T -1.95E+04 -1.71E+04 | -7.30E+03 -5.85E+03
Totat o/t moment, Tm |3 . 13E+06]3.15E+06|2.42E+06]1.64E+06]1.50E+06|1.32E+06

Table 5.5.5B - Comparison with 1975 Resuits

5.5.6 Current

The effect of current on the structure was allowed for by applying a factor to the
hydrodynamic pressures calculated by DIODORE for the selected wave cases. DIODORE
onlycalculatesthe inertia forces and ignores any drag effects. Thereforetotake into account
the loads induced by current and drag, the horizontal component of water particle velocity
has to be calculated and added to the current velocity so as to determine an equivalent drag
force {composed of current and wave effects). A factor, by which to adjust the DIODORE
inertia loads, is then calculated as (drag load + inertia load) / {inertia load).

The factor for the MCP-01 re-analysis was based on the 100 year current profile which was
taken as varying between O m/s on the seabed and 1.57 m/s at e1.495.9m. Arange of wave
periods (13.510 18.1 sec) were analysed and an average wave particle velocity determined.
The 100 year factor was calculated to be 1.05, which was then conservatively appliedto the
operating condition as well.
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5.6 PRE-STRESS

The post-tensioned pre-stressing cables on MCP-01 consist of 12 or 24 no. 15.2mm strands
(12T15 or 24T15) with a minimum breaking strength of 25.4t per strand (nominal area
143mmz2). This is equivalent o a stress of 178 kg/mm?2 {1742 N/mm?2).

The originally specified jack pressures corresponded to cable forces of 2491 (12T15) or 484t
(24T15), with the equivalent stress in the steel being 145 kg/mm? (1422 N/mm2),

Prestressing forces in the deck beams were modelled as a series of UDL's with balancing
end forces and moments based on an average tendon profile.

Prestressing forces in the sub-structure were modelled as equivalent UDL’s that generated
the relevant section forces.

FFor both cases, average losses due to creep, friction etc., were calculated from the original
design calculations. Forthe 12T15 cables, forces of 174.3t (30% loss) and 180t (27.7% loss)
were taken for the deck beams and sub-structure respectively. Forthe 24T15 cables inthe
sub-structure a force of 350t was taken, corresponding to a 27.7.% loss. These have been
checked against site measurements and are considered acceptable.

Losses weretaken as being constant alongthe members as it was considered that this would
result in @ maximum error of about +/- 5% at any particular section. This was thought to be
smallwhen compared with the uncertainty of the actual estimate of losses, especially creep.

Prestress loads in the deck beams were calculated using a customised spreadsheet that
calculated average tendon profiles, UDL’s based on radius of curvature and end forces
based on anchorage angles.
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5.7 TEMPERATURE DIFFERENTIALS

In order to represent the potential thermal gradient between the inside and outside of the
central shaft, a temperature difference of 100C was specified between the outer and inner
faces. This corresponded to a minimum seawater temperature of 5°C and a maximum
internal shatft tarmpature of 15°C.

5.8 COMBINATIONS

The basic load cases described in Sections 5.1 {0 5.7 were combined into the load
combinations as summarised in Table 5.8. The combinations and load factors are based
upon those in the DEn Guidance Notes.

lLoad Condition ULS SLS
Load Combination | 1 |2 |3 |4 {56 |6 |7 |8 {9 [10]11}12]13(14
[Load Type:

|L3ub-8tructure Dead 1.2(1.21t1.211.2(1.2]|0.2]1.2]|0.8]1.2{0.¢|1.2|0.9)1.0|1.0
"DeckDead 1.211.211.211.211.2]10.9[1.2]0.2]1.2]0.9|1.210.9|1.0]|1.0
"Live* 16|16|16|1.8]1.21 - [1.2] - {1.2] - {12} - {10110
"HydrostaticLAT 0.9] - [0.9] - |0.8]0.9] - - |0.89]0.9} - -~ [1.0] -
|HydrostaticHAT - {1.2] - ]1.23 - { - J1.2]1.2} - - [1.2]1.2} - (1.0
Prestress 1.1]1.110.9908 1.1 |1.1§1.1]1.1]0.9[(0.9]0.910.9|1.0(1.0
Wave/Wind Operating 11.4|1.4]1.4)1.4] - - - - - - - - {1.01.0
[[Wavem.’ind Extreme -4 -1 -] - |12l1.4}1.211.4)1.2]1.4]1.2]1.4] -
"NoofWaveOases 6 6|66 |12i12]12]12]12]12]12]l12[ 6 {6

* includes snow and ice loads

Table 5.8 - Load Combination Summary

For each of the 16 load combinations, there were either 6 or 12 associated wave cases
depending on whether one or two phase angles were investigated. This gave a total of 132
load combinations to be analysed, which are detailed in Appendix C1.
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8.0 AMNMALYSIS VERIFICATION AND QUTRYUT
6.1 GENERAL

Simple hand calculations have been carried out for a typical wave load combination and the
predicted computer results have been compared. This gives us a degree of confidence in
the behaviour of each of the structural element. Principal stresses have been taken as a
means of comparison for this purpose.

Moreover, global equilibrium and the local equilibrium of the entire structure for each of the
load applied has been internally calculated by ANSYS. Reactions have been compared with
the applied loads andthe out-of-balance if any has been noted. In addition to in-house quality
procedures {McA Quality Procedures DP 14 and MS023), other checks such as ill-condition-
ing, data errors as described in CIRIA report (TN 133} have also been carried out.

Also, the deck model on it self has been analyzed. A pinned connection has been assumed
at the base of the columns for this type of analysis as shown in Appendix D, Figure D1. The
objective of the model is to calculate reactions and check the equlibrium of the deck. Also,
the results have been compared with hand calculations. The stiffness of the deck has also
been assessed by applying lateral forces.
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6.2 REACTION SUMMARIES

The global analysis of the model has been carried out for six still water condition loadings
and 18 basic wave/wind loading conditions. This was necessary to keep the input/output files
to a manageable size. Also, the advantage of this method is that we can easily verify each
basic load set for equilibrium. Loads from the analysis of the 18 basic wave/wind loading
conditions are summarized in Table 8.2A and 6.2B. The original is at the centre of the
platform and the centre line of the base slab.

These loads compare very well with the applied loading. The out-of-balance is small except
for the case of prestressing (+/- 5%). The out of balance for prestressing has been
investigated and is considered acceptable (+/- 10% of applied load).

Direction| Phase | Water Fx (EW) Fy (NS) Fz (VERT) |
Depth x 106 kN x 106 kN kN
300 -60 LAT -0.2764 -0.1564 59216
315 -60 LAT 0.2243 -0.2218 59243
330 -60 CAT 0.1594 -0.2723 58097
300 60 HAT 0.2636 -0.1504 55385
315 -60 HAT -0.2158 -0.2133 55393
330 -60 HAT -0.1533 -0.2618 55448

Table 6.2A - Reaction Summary for Operaticnal Wave Loading

Direction] Phase | Water Fx (EW) Fy (NS) Fz (VERT)

Depth x 106 kN x 10% kN x 105 kN
300 15 LAT -0.1736 0.3088 0.2886
300 -60 T LAT -0.3137 0.5505 0.1746
315 15 LAT -0.2537 0.2569 0.2892
315 -60 LAT -0.4449 0.4504 0.1745
330 15 LAT -0.3127 0.1817 0.2895
330 -50 LAT -0.5959 0.3196 0.1746
300 15 HAT -0.7108 0.6172 0.4601
300 -80 HAT -0.3069 0.5398 0.1673
315 15 HAT -0.2424 0.2457 0.2841
315 -60 HAT -0.4352 0.4386 0.1664
330 15 HAT -0.2754 0.2035 0.2844
330 -60 HAT ~0.5341 0.3105 0.1644

Table 6.2B - Reaction Summary for Extreme Wave Loading

Moreover, from *deck only’ analysis the reactions for different load cases are summarized
inthe Table 6.3C. Theseresults are computer with a load factor of 1.0 for SLS computations.
Total bending moment and anial force resulting from dead, live, equipment, snow/ice and
wind have been presented in the table. These loads again compare fairly well with the
applied loading on the deck.
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Fx (EW) kN | Fy (NS) kN |Fz (VERT) kN
Dead Load 0 0 87003
Equipment Load 100 -10 124900
Live l.oad 0 0 17705
Wind East 2577 -2298 1449
Wind North 105 1663 -1817
Wind South -119 -1673 -1617
Wind West +2251 2298 -1368
Snow & Ice 0 0 2023
Prestress -385 -226 -791

Table 6.2C - Reaction Summary for “Deck Only" Analysis

6.3 TYPICAL RESULTS

The results for a particular combination have been plotted in terms of principal stresses.
These are shown in Appendix D, Figures D2 to D12 for various parts of the structure. The
stresses are in kPa and 51, S2 and S3 correspond 1o the three principal stresses. Typically
one ofthem is zero or near zero for each of the elements. These results reveal the ‘hotspots’.
These include the intersection of walls, nodes, and tunnel opening, and sudden change of
cross-sectional areas. The results from the global analysis are however not-applicable in
these areas because of modelling errors. A method has been demonstrated in the following
sections to deal with such areas. A summary of average stress is presented in Table 68.3A.
These results show that the stresses are within acceptable limits except at the points of
obvious stress concentrations. The hand calculated resuits have been computed from
various strut/tie models and closed form solutions for pansls.

Away from localized hot-spots, hand calculated results agree very well with FE results. This
shows that the behaviour of each of the structural component has been captured fairly well
in the model.

Base Slab Max Principal Stress MPa | Design Condition

FE Hand Calc.

[nner Core -10.0 -10.0 Ballast & Hydrostatic
3.0 1.0 I

Outer Core -11.0 -21.0 Wave Pressure
4.5 2.8

Antiscour Wall -19.0 -22.0 Wave Pressure

Exterior Diaphragm -28.0 -34.6 Wave Pressure
6.0 8.0

interior Wall -22.0 -22.0 Wave Pressure

|_.obed Wall -18.0 -24.0 Wave Pressure

Jarlan Wall -5.0 -70.0 Wave Pressure

Central Shatft -9.0 -85 Wave Pressure

Table 6.3A - Typical Stresses in Elements

{Compressive Stresses Negative)
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The results from ‘deck only’ analysis have been presented in the form of bending moment
and shear force, axial force diagrams presented in Appendix D, Figures D3 to D17. Typical
results are summarised in Table 6.3B. These resuits are computed with a load factor of
1.0 for SL.8 computations. Total Bending moment and axial force resulting from dead, live,
equipment, snow/ice and wind have been presented in the table. From the results, given
in the table, it can be concluded that the beams are more or iess in compression.

Main Deck Totai P (kN) Top Fibre Bottom Fibre
Beams M (kNm) Stresses MPa | Stresses MPa
4Gl 10364 -2G724 -8.0 5.4
E1-4 to £4-8 7711 -44585 -14.0 -10.0
BFI 4187 ~37155 -12.0 -9.0
G4-7 35665 -44600 -22.0 0.0
7AD 35300 -5200 -16.0 -3.0 |

Table 6.3B - Typical Moments and Stresses in Deck
(Compressive Stresses Negative)
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7.0 CODE CHEGKS
7.1 METHODOLOGY
7.1.1 Design Groups

The plate and beam elements used in the ANSYS mode! to represent the sub-structure and
the deck were grouped together into so called “Design Groups”, which represented zones
of the structure with similar thicknesses and reinforcement details. This gave a total of 129
design groups: 42 for the sub-structure and 87 for the deck and sub-structure beams. The
location of the design groups is shown in Appendix E, Figures E1 & E2.

For each design group, section details, including thickness, reinforcement and prestressing
cable areas and cover etc, were abstracted from the as-built drawings. For groups where
details varied, values which would give the minimum resistance were taken.

712 MEP

The forces and moments output from ANSYS for the 132 load combinations, described in
Section 5.8, were filtered by the in-house developed software MEP (Minimum/maximum
Enveloping Program} in order to obtain for each design group, the critical load combinations
that contained the minimum or maximum of one or more of the following 13 parameters:

Nyx (in-plane force)
Nyy (in-plane force)
Nyy {(in-plane force)
Mix {in-plane moment)
My (in-plane moment)
Mxy {in-plane moment)

Nj (principal force)
Na (principal force)
M (principal moment)

M2 {principal moment)

Viy {transverse shear)
Vyz {transverse shear

o7 {principal skin stress + face)
o) (principal skin stress - face)
Vv (principal transverse shear)

Thus for each design group there was a maximum of 26 critical combinations to check for
both ULS and SLS conditions.
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7.1.3 CONCRETE Program

The critical load combinations for each design group were checked against the relevant
section details in accordance with BS8110 using the W.S. Atkins Program CONCRETE.

The CONCRETE program has been developed to efficiently check concrete structures
against codes of practice and industry guidelines. The program can analyse prestressed
and reinforced concrete slabs, plates and shells with symmetric and/or asymmetric
reinforcements, subjected to either unaxial or multi-axial stress fields.

Two methods are available to solve a loaded slab for concrete fibre strains and reinforce-
ment steel stresses, the strip method and the layered method.

The simpler BS8110 strip method can be usedwhere the loads are primarily in one direction
and there is no significant in-plane shear or torsion.

The more sophisticated finite layered method is capable of solving concrete slabs under
a general state of stress.

Both methods allow the user to define reinforcement and prestressing tendons at any depth
and angle for each section under analysis.

The pattern of loading on any unit width of slab/plate or shell can comprise axial loads,
bending moments and out of plane shear. In general the loading is represented by the
following eight load components:

Nx - Axial load per unit width in the X-direction;

Ny - Axial load per unit width in the Y-direction;

Nxy - In plane shear force per unit width of slab;

Mx - Bending moment per unit width about the Y-axis;

My - Bending moment per unit width about the X-axis;

My - Torsional moment per unit width of slab;

Nyz - Out of plane shear force per unit width acting on the X-Z plane
of slab.

Nyz - Out of plane shear force per unit width acting on the Y-Z plane
of slab.

The above forces for the unit width of slab are shown diagrammatically in Figure 7.1.3.
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Mxy
Z
X Y
NOTE
) Tensile forces are positive
if) Positive moments cause tensile stresses in bottorn fibres

Figure 7.1.3 - Forces/Moment Description
7.14 Key Results Description

The key ULS results extracted from the CONCRETE results were concrete, shear,
reinforcement and prestress utilisation ratios, and the key SLS resuits extracted were
concrete utilisation and crack width.

Concrete utilisation (ULS) is the extreme fibre compressive strain in the concrete
compared to the crushing strain expressed as a percentage.

Concrete utilisation {SLS) is the extreme fibre compressive stress in the concrete
compared to the allowable expressed as a percentage.

Shear utilisation (ULS) is the applied force at a section comparedto the available capacity
expressed as a percentage.

Reinforcement utilisation (ULS) is the maximum strain in the reinforcement compared to
the yield strain expressed as a percentage.

Prestress utilisation {ULS) is the maximum strain in the cables taking into account the
initial prestressing force and the additional strain from the cable acting as reinforcement,
compared fo the yield strain expressed as a percentage.
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Crack width (SL.S) is a theoretical maximum concrete crack width calculated forthe applied
forces and moments.

Two values of concrete cube strength (fcu) were taken - 80 MPa and 75 MPa. 60 MPa
corresponds to the 28 day cube strength from tests made during the original construction
and 75 MPa corresponds to the 60 MPa with a 1.25 ageing factor applied, which seems will
be justified in view of some recent measured cable strengths in the rangs of 90 - 110 MPa.
For further discussion on cube strength reference should be made to Section 6.1 of the
Background Document in Part 2.

The results tabulated in Section 7.2 are maximum values per design group and for most
cases the average values are considerably lower.

Where a local model has been developed, the results have been extracted from that local
model.

Full code check results for each design group are given in Files 8 to 12 of the Calculation
Notes.

7.2.3 SAND Program

SCALE suite (Structural Calculation Ensemble) of SAND package developed by Fitzroy
Computers in U.K. has been used for assessment of Torson to BS 8110 in deck beams. 1t
is a simple spread-sheet type of software used in design of structural elements, mainly
beams.
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7.2 RESULTS SUMMARY

7.21 Deck Beams and Columns

7.2.1.1 ULS Resulis

The ULS results for the beams and columns are summarised in Table 7.2.1.1.

Bending and initial shear checks to BS8110 for the deck beams and manifold deck columns
have been performed using the strip option in CONCRETE and concrete strengths (fou) of
80 and 75 MPa.

The maximum concrete utilisation ratio for the strut/radial beams of 111% occurs for the
design group 82 {strut beam at +103.0m) with fcu + 80 MPa but reduces to 89% if fcu is
increased to 75 MPa.

The maximum concrete utilisation ratio for the deck beams is 126% for design group 25 with
feu = + 60 MPa but reduces to 101% if fcu is increased to 75 MPa.

Inparallel combined shear andtorsion checks to BS8110were performed using the program
SAND. Six design groups (15, 16, 31, 34, 40, 41) failed this initial check and required more
detailed hand checks, the results of which indicated satisfactory performance.

The steel encased main deck columns were checked using both ACI (1870) and BS 5400
part 5. The maximum interaction ratio calculated according to AC] was 0.053 and the
utilization ratio derived from BS 5400 was 33%.

Plots of utilisation ratios are presented in Appendix E, Figures E8 to E11 derived from BS
5400 was 33%.
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DG LOCATION fou = 60 § feu =75 | fcu = 60 fcu = 60 fcu = GO COMMENTS/STATUS
Cone, cone. Shear Column ShearfTorsion
il % Lt % Ut % inleraction
Ratio %

1 13.6/6.8 116 93 22 BYA, OK OK

2 HE 4 38 30 B A O OK

3 H7.g 26 21 12 MA O OK

4 H4.6/8.7 117 94 55 WA 9138 OK

5 G1.4 28 23 34 NfA O OK

3] G7.10 35 28 33 N/A O OK

7 G4.6/G6.7 40 32 26 NA OK oK

8 Fl.4 i2 10 a8 NiA OK oK

] F4.6 34 27 23 NNYA Sl OK
i0 8.7 51 41 30 NIA OK CK
i1 F7.10 44 35 27 WA OK OK
12 E1.4 33 26 44 WA OK OK
13 E7.10 48 38 35 A OK O
14 E4 6/E8.7 117 84 50 NA OK Ok,
15 2.4 32 26 28 N/A OK with further checks OK
15 D7.9 34 27 28 MNIA O with futhar checks OK
17 D4.6/6.7 47 a8 38 /A K Ol
18 4.7 22 18 26 NfA OK K
i9 [oF L) 20 16 13 A O, OK
20 B3.4 G2 74 22 NIA OK O
21 B7.8 30 24 15 M OK OK
22 B4.7 68 54 33 A QK LS
23 A34 80 72 17 NAA oK OK
24 A7 8 G 29 23 N/A OK OK
25 Ad.6IAB.T 126 101 42 NIA Ok OK
26 G 34 27 i2 NA QK O
27 10G4 14 11 i2 WA QK QK
28 20.G 49 39 19 WA Ok CK
29 90.G 34 27 15 NA QK OK
jls] 3A.D 35 28 70 NA CK Ol
31 440 o2 74 46 NFA O with furthar checks Ok
32 4D.F 31 25 43 MNA OK O
33 4F.G 39 31 24 A QK o
34 4. 37 30 106 NIA OK with further checks OK
as 5A.C 34 27 61 NA OK OX
36 BA.B 18 14 29 A QK OK
37 £8.0 20 72 54 NA OK oK
38 8D.E 69 55 83 /A OK OK {Shear checked by hand}
39 SE.H 26 21 46 NFA DK QK
40 SH.I 16 13 30 A CK with fusther checks oK
41 7AD 74 55 G8 NA OK with fuher checks OK
42 7D.G 83 &6 41 NA OK OK
43 7G.1 32 26 1G5 N/A QR QK
44 8A.D 21 17 7 N/A DK OK
45 oE 16 13 8 NFA QK OK
46 9F.G 28 2e 12 N/A [9]18 O
47 SE.F 32 26 15 NA OK OK
48 | COLUMN 1800 N/A NIA NYA 0.67 /A, OK
49 | COLUMN 1600 N/A N/A N/A 0.8 N/A QK
50| COLUMN 1600 N/A NA NA 4.1 N/A OK
5% COLUMN 1800 NiA N/A NIA 4.1 NAA QK
62 COLUMN 1600 M/A HNIA N/A 0.9 MSA QK
53| COLUMN 1800 N/A NiA N/A 5.3 NfA OK
54 COLUMN 1600 NfA NfA N/A 0.7 NFA QK
55| COLUMN 1600 NFA A NIA 3.6 NFA OK
56 | COLUMN 1808 NIA NYA NYA 1.9 N/A OK
57 | COLUMN 2000 NfA NA N/A 1.1 NfA OK
58 | COLUMN 2000 NJA NiA N/A 1.5 N/A OK
59 | COLUMN 2000 MIA NYA NIA 4.1 N/A OK
60 | COLUMN 2000 MNIA WA MNIA 1 MIA OK
81 COLUMN 2000 MYA NIA NIA 2.3 MAA OK

Table 7.2.1.1 - Beams & Columns ULS Condition 1/2

Continued Next Page
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3] LOCATION feu = 60 | fou =75 | fou = 60 ] fou = 60 fcu = 6O COMMENTS/STATUS
Conc. Conce. Shaar Column ShearfTorsion
Ulil. % LHil. % UtH % Interaction
Ratio %
82 D'z-9 O N/A OK oK
63 E'2-9 43 34 38 M/A OK QK
64 11-D'E 8 5 4 N/A OK OK
65 13-D'E 34 27 i1 MA K OK
56 168-D'E 6 5 4 NA o] OK
67 18-D'E 51 41 i4 NA [l oK
68 8-D'E 15 12 9 DA CK OK
89 | MANIFOLD COL. 6 5 1 MN/A oK OK
74 | MANIFOLD COL. 14 11 8 NA OK QK
71 | MANIFOLD COLL. 13 10 7 N/A OK oK
72 | MANIFOLD COL. 21 17 9 N/A OK OK
73 { MANIFOLD COL. 14 11 0 M/A OK OK
74 | MANIFOLD COL. 42 34 16 N/A OK OK
75 | MANIFOLD COL. NIA NIA NIA N/A NfA Not a ecolumn/beam
76 | MANIFOLD COL. ] 5 2 N/A QK K
77 Hadial 103 69 55 32 MIA OK OK
78 Radial 103 69 55 32 MNIA CK OK
78 Hadial 103 64 51 31 MNAA OK OK
80 Hadial 103 63 50 30 NA OK OK
81 Struts 103 55 44 20 N/A oK OK
82 Struts 103 111 89 20 N/A CK oK
83 Struts 103 87 70 20 NA QR OK
B84 Struts 103 54 43 65 A OK Further checks required
85 Struts 65 101 81 18 NA CK OK
86 Struts 65 43 34 16 N/A OK OK
87 Struts £5 21 17 10 N/A CK CK
MAXIMUM 126 101 106 53

Table 7.2.1.1 - Beams & Columns ULS Condition 2/2

7.2.1.2 SLS Results

The SLS results for the beams and columns are summarised in Table 7.2.1.2.

SLS checksto BS8110have been performed on all beams and manifold deck columns using
the strip option in CONCRETE for concrete strengths of 60 and 75 MPa. The generally
advantageous effects of tension stiffening have been included.

No SLS checks have been performed on the main deck columns as they are steel encased.

Crack widths are within the allowable value for the atmospheric zone of 0.1mm with the
exception of the manifold deck beam D’2-9, {0.13 mm).

The maximum overall concrete utilisation ratio of 129% occurs for manifold deck beam D'2-
9, {dg 62), and strut beams (dg 84) with fcu = 60 MPa but reduces to 103% if fou is increased
to 75 MPa.
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DG LOCATION fcu=60MPa fcu=75MPa COMMENTS/STATUS
Crack Conc. Crack Cong. '
Width Utit. % Width Utl. %
i 13.6/6.8 0.07 106 0.07 84 810K
2 H2.4 0 78 0 82.4|0K
3 H7.9 0 78 0 62.4|OK
4 H4.6/8.7 4] 104 0 83.2/0K
5 G1.4 0 88 0 70.41CK
6 G7.10 0 88 o 70.4|0OK
7 Gid.6/G6.7 0 88 it 70.4|0K
8 F1.4 0 88 0 70.4|0OK
9 F4.6 4] 88 0 70.4|0K
10 8.7 0 88 0 70.4|10K
i F7.10 G 28 0 70.4|0K
{2 Eid 0 88 0 70.4|0OK
13 E7.10 0 88 0 70.4}0K
14 E4.6/E6.7 0.05 119 0.05 95.2(CK
i5b D2.4 0.03 98 0.03 78.4|0K
16 D7.9 0.03 a8 0.03 78.4|0K
17 D4.8/6.7 0.02 101 0.02 80.8|0K
18 C4.7 0 58 0 78.4|OK
ig C7.8 G 88 0 78.4]0K
20 B3.4 0 g8 0 78.410K
21 B7.8 0 98 4] 78.4|0K
22 B4.7 0 98 C 78.4[CK
23 A3.4 0 98 C 78.4|0K
24 A7.B 0 a8 0 78.4|0K
25 Ad BIAB.T 0 88 0 78.4{0K
26 1G4 0 g8 0 78.4|10K
27 10G. 0 a8 4] 78.4|0OK
28 2D.G ] a8 0 78.4]OK
29 6D.G 0 S8 0 78.4|0K
30 3A.D G 98 G 78.4{0OK
31 4A.D G a8 ¥ 78.4|0K
32 40.F C 116 0 g2.8[0OK
a3 4F.G 0 106 0 84.8;0K
34 4.1 0 96 C 76.8{0K
35 5A.C 0 06 C 76.8|0K
36 6A.B 0 96 Q0 76.8|0K
37 88.D 0 a6 0 76.8{0K
38 6D.E 0 96 0 76.8|0OK
38 6EH ¢] g6 0 76.8|0OK
43 6H.1 0 56 0 76.8|0K
41 7A.D o 86 0 76.8!10K
42 70.G 0 116 €] 92,8]0K
43 7G| 0 84 0 67.2{0K
44 8A.D ¢ B4 0 67.2|0OK
45 9D.E o 84 0 67.2|10K
46 9F.G 0 84 0 67.2]CK
47 SE.F G B4 0 67.210K
48 COLUMN 1800 N/A NiA N/A N/A  [Columns are steel encased
49 COLUMN 1600 N/A NIA NfA N/A Columns are steel encased
50 COLUMN 1600 N/A NFA N/A iN/A Columns are stes| ancased
51 COLUMN 18600 NIA NFA N/A N/A Columns are stesl encased
52 COLUMN 1600 N/A NIA N/A N/A  [OK {Columns are stesl sncased)
53 COLUMN 1608] N/A N/A N/A N/A  JOK {Columns are stesl sncased)

Table 7.2.1.2 - Beams & Columns SLS Condition 1/2
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BG LOCATION |tcu=60MPa fcu=75MPa COMMENTS/STATUS

Crack | Conc. Crack [ Conc. '

Width Util. % Width Util. %
54 COLUMN 1600|  N/A N/A INFA N/A ~ |OK {Columns are steel encased)
55 CCLUMN 1600 N/A N/A NFA N/A 10K {Columns are stes! encasad)
56 COLUMN 1800} N/A N/A N/A N/A ~ 3OK {Columns are stesl encased)
57 COLUMN 2000] N/A NFA NA N/A _ |OK {Columns are steel encased)
58 COLUMN 20001  N/A N/A N/A N/A__ |OK {Columns are stesl ancased)
59 COLUMN 2000 N/A N/A N/A N/A (0K {Columns are stea| encased)
60 COLUMN 2000 N/A N/A N/A N/A  LOK (Columns are steel encased)
61 COLUMN 2000 N/A iN/A N/A N/A - [OK (Columns are steel encased)
62 D'2-g 0.13 129 0.13 103.2| Accept
63 E'2-8 0 80 0 64|0K
64 11-D'E 0 60 G 48{0K
85 13-D'E 0 77 C 61.6|0K
66 16-D'E O 60 0 4810K
67 18-D'E 0 84 Y 67.2;0K
68 6-D'E 0 67 0 £3.8/0K
69 MANIFOLD COL. 0 8 0 8.4/0K
70 MANIFOLD COL. Y i5 0 120K
71 MANIFOLD COL. 0 22 0 17.6|CK
72 MANIFOLD COL. 0.02 23 0.02 18.4|CK
73 MANIFOLD COL. 0.03 15 0.03 12|0K
74 MANIFOLD COL. 0.02 40 0.02 32|0K
75 MANIFOLD COL.IN/A N/A N/A N/A Not a column
78 MANIFOLD COL. 0 i5 0 12]0K
77 Radial 103 0 70 Q 58]0K
78 Radial 103 0 70 o 5610K
79 Hadial 103 0 70 0 5610K
80 Hadial 103 G 70 0 58|0K
81 Struts 103 0] 103 0.30}7 82{Accept
82 Struts 103 ¥ 101 4] 81|Accept
83 Struts 103 C 102 0 821 Accept
84 Struts 103 G 129 0 103.2}Accept
85 Struts 65 “0.13 g4 0.13 75.21CK
86 Struls 65 0.13 g4 0.13 75.2|CK
87 Struts 65 0.13 94 0.13 75.2|0K

MAXIMUM 0.30 129 0,30 103.2

Table 7.2.1.2 - Beams & Columns SLS Condition 2/2

7.2.2 Sub-Structure

For all code checking on the sub-structure, the generally advantageous effects of tension
stiffening have been included and the effects of water pressure acting within a crack ignored.

Because of relatively low percentages and high surface areas of reinforcement in the
structure, the use of tension stiffening in the concrete is considered acceptable.
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It is also believed that the pore pressures in concrete (particufarly sub-merged zone) have
reached a steady state condition whereby water penetration depths equal to half to quarter
thickness of the structural member have now been reached. Therefore, water pressure in
the cracks will be counteracted by internal pore water pressure and hence further opening
of the cracks is not possible. [t is therefore considered appropriate not to include water
pressure in the cracks for the structure.

Results, where possible, have been taken from the main model using the MEP routine.
However, for some groups this was considered to give erroneous results as the modelling
contained non-representative "hot spots"”, which were then picked up by the MEPprogram
and presented as the results for that group. This was remedied by either taking the results
from the relevant local model for that design group or by conducting an element by element
code check omitting the MEPstage. This then allowed extreme results to be discarded.
Full details of the local models are presented in Section 11.0.

7.2.2.1 ULS Results (Sub Struct