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Ultimate Load Capacity of an Iceberg-Loaded Gravity Base Structure
Résistance ultime d’une structure gravitaire soumise aux effets d'icebergs
Grenztragfihigkeit einer Schwergewichtsplattform unter Eisberglast

Charles J. VOS

Prof. in Constr. Techn.
Delft Univ. of Techn.
Delft, The Netherlands

Charles J. Vos was trained in
civil engineering at the Uni-
versities of Delft (The Nether-
lands) and Leeds (U.K.).
Since 1963 he has been active
in the design of heavy civil en-
gineering  structures  like
bridges, quaywalls and
concrete offshore structures.
Since 1982 he also teaches
construction technology of

Dick den Hertog, born 1958
obtained his civil engineering
degree at the University of
Technology, Delft. For one
year he participated in the de-
sign of steel jackets for the
North Sea. Since 1985 he has
been in the consulting sub-
sidiary of the HBG and in-
volved in complex and of-
fshore structures.

Dick den HERTOG
Civil Engineer
Delta Marine Consult.

Gouda, The Netherlands

concrete structures at Delft
University.

SUMMARY

The peripheral energy-absorbing wall of a concrete fixed oil production platform in an iceberg environment
has been analysed. The iceberg energy absorption is achieved by means of triangular projections, which are
supported by internal walls. The reinforcement of these projections has been determined by plane frame an-
alysis and a plastic lattice model technique. A non-linear analysis has been executed to determine the
ultimate load capacity of a projection. This has been performed with the finite element program package
DIANA.

RESUME

Le mur périphérique absorbeur d’énergie d’une plateforme fixe en béton pour la production pétroliére, de-
vant résister aux icebergs, a été analysé. L’absorbtion de I'énergie des icebergs est réalisée a I'aide de ren-
forts extérieurs triangulaires, qui sont supportés par des cloisons internes. Le dimensionnement de ces ren-
forts extérieurs a été déterminé a I’aide d’une analyse élastique bidimensionnelle, puis & I'aide d’'un modé-
le de treillis en élasto-plasticité. Une analyse non-linéaire a permis de déterminer la résistance a la rup-
ture d’un renfort extérieur. A cet effet le programme aux éléments finis DIANA a été utilisé.

ZUSAMMENFASSUNG

Die energieverzehrende dussere Wand einer festen Betonplattform fiir Olproduktion im Eisberggebiet wurde
untersucht. Die Absorption der kinetischen Energie des Eisbergs wird erreicht durch dreieckférmige Vor-
springe auf einer inneren Stitzwandkonstruktion. Fir die Bemessung wurden die Vorspriinge als ebene
Rahmen und als Fachwerk mit plastischem Materialverhalten idealisiert. Eine nichtlineare Berechnung zur
Bestimmung der Grenztragféhigkeit der Vorspriinge wurde verwendet. Die Berechnung wurde mit dem FE-
Programmpaket DIANA durchgefiihrt.
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1. INTRODUCTION

In 1985 an alternative concrete structure study for a fixed oil production plat-
form in the Hibernia field located on the Grand Banks, 200 miles off Newfound-
land, was executed by Grand Banks Constructors on behalf of Petro-Canada Inc., of
Calgary. Grand Banks Constructors is a Joint Venture comprising Northern Con-
struction Company Ltd., a subsidiary of Morrison-Knudsen Company Inc., McNamara
Construction Ltd., a subsidiary of George Wimpey Canada Ltd., and Delta Marine
Consultants a subsidiary of Hollandsche Beton Groep (HBG) from The Netherlands.

In this study, six concepts of a gravity base structure, capable of operating du-
ring heavy storms and in an iceberg region, have been designed to a preliminary
level. The benefits resulting from the six concepts were evaluated and the most
advantageous chosen for conceptual design. The selected concept was further in-
vestigated in order to optimize the main parameters e.g. height, diameter etc.
The concept development, further lay-out studies and optimizing program resulted
in a cylindrical caisson (Fig. 1). The key data of the selected concept are pre-

sented in Table 1.

Supported by computer analyses, the most effective shape of the caisson periphe-
ral wall in order to resist iceberg impact forces and to withstand stresses due
to hot oil in the storage compartments has been developed. This work resulted in
a platform with triangular projections, supported by internal walls, in order to
absorb the iceberg energy by crushing of the ice (Fig. 2).
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A separate analysis for the design of the triangular projections has been perfor-

med for two main reasons:

- the peripheral wall represents a type of structural concrete member which is
poorly covered in theory, codes and practice, It is in fact, in horizontal
cross section, a "statically indeterminate, heavily loaded, deep beam".

- the projections represent more than 35 percent of the structural concrete
quantity in the platform and a construction period of 16 months on the criti-
cal path.

The purpose of this analysis was to reduce the reinforcement in the projections
which are exposed to the design ice load and to arrive at recommendations for the
most effective shape and size. In order to achieve this, five steps of analysis
have been performed successively, representing conventional methods as well as
most advanced computer techniques. The five steps of analysis have been summari-
zed in chapter 2.

The paper presented describes the steps of analysis as executed by Delta Marine
Consultants, the engineering subsidiary of the HBG in order to determine the re-
inforcement of the triangular projection and its ultimate load capacity.

2. SUMMARY OF THE STEPS OF ANALYSIS

2.1 Preliminary projection sizing

Due to the shape of the projections, shear deformations cannot be neglected and
thus the slender beam theory cannot be used. For this reason, a deep beam theory
has to be used.

By application of the lower bound approach in order to determine the load capaci-
ty of a deep beam, the so-called "plastic lattice model analysis™ has been deve-
loped. This technique is used to describe a mechanism of load transfer. The the-
ory about the collapse mechanisms in deep beams has been described in detail 111].

The boundary conditions for a plastic lattice model analysis are:

= a selected static allowable distribution of stresses has to be in equilibrium
with the static and kinematic boundary conditions.

= elastic deformations are negligible compared to plastic deformations.

= only compressive stresses are present in the concrete.

- all tensile forces are carried by the steel.

- the steel has an ideal plastic behaviour.

- the ultimate load capacity of the plastic lattice model is achieved when the
stresses in one or more of the basic elements equal the allowable compressive
stress or the yield stress.

- changes in geometry, which occur prior to collapse of the structure, are neg-
lected. The equilibrium equations can be drawn up for the original dimensions
of the structure.

The basic elements in the plastic lattice model are: (Fig. 3)

- compressive struts in the concrete

- tensile elements for (prestressed) steel

~ so-called "hydrostatic joints" with bi-axial stress state

By application of the plastic lattice model analysis, the preliminary sizes of
the triangular projection have been determined.

2.2 Determination of sizes of the projection supporting walls

In order to determine the load transfer by the triangular projection and the pro-
jection supporting walls, a three—dimensional finite element model with 640 ele-
ments has been made of half the platform. The center of impact of the ice load is
situated 40.7 m above mudline, which results in the highest vertical and horizon-—
tal bending stresses (Fig. 4). The magnitude of the locad equals F=538 MN (incl.
Yf = 1.3) on half the structure.
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From the results of the elastic analysis, the sizes of the projection supporting
walls have been derived,

2.3 Preliminary design of the projection reinforcement

A two-dimensional model of one triangular projection has been analysed by using
plane frame beam elements in order to find the elastic load transfer. With the
results of the linear elastic analysis, a final plastic lattice model has been
constructed to establish the projection reinforcement under design ice loading of

5.2 MPa.

2.4 Final determination of the projection reinforcement

To check the sizing of the projection, as executed in section 2.3, a finite ele-
ment analysis with 302 linear elastic elements has been made by using the program
package DIANA. This analysis has led to some minor corrections of the reinforce-
ment., For elements with high tensile stresses under design lecading, the modulus
of elasticity for the concrete has been reduced in accordance with the element

reinforcement.

2.5 Determination of ultimate load capacity of the projection

After the analysis with linear

elastic elements, the element
mesh in the vicinity of the
ice 1load has been refined.
This part contains non-linear
elastic elements with reinfor-
cement. The ultimate load ca-
pacity of the projection has
been determined by using the
finite element package DIANA-

UNRE INFORCED CONCRETE IN
TENSION

FRACTURE ENERGY Gp
TENSILE STRENGTH f_,
CRACKBAND WIDTH h

SHEAR RETENTION FACTOR @

REINFORCED CONCRETE IN
IN TENSION

TENSION .STIFFENING
SHEAR RETENTION FACTCR /3

CONCRETE IN COMPRESSION

INTERNAL FRICTION ANGLE ¥
COHESION ¢
TENSION CUT-OFF CRITERION

UNIAXIAL COMPR. STRENGTH ..
YOUNG‘S MODULUS E.

NONLIN. Within this computer
program material models with
associated parameters have
been used as presented in
Table 2. For more information
regarding this subject, refe-
rence is made to [2] and [3].

REINFORCING STEEL YIELD STRESS fg,

YOUNG'S MODULUS Eg

Table 2 Parameters for modelling

3. DETERMINATION OF PROJECTION REINFORCEMENT

3.1 Plane frame analysis and plastic lattice model analysis

The triangular projection has been analysed by using the computer program STRESS
with plane frame beam elements. The influence of one adjacent projection has been
taken into account by defining springs with axial and rotational stiffness at the
support points. The ice loading of 4 MPa, present on one side, has been multi-
plied by a load coefficient ¢~ 1.3 to obtain the design loading of 5.2 MPa [4],
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Since ice load on both sides of the
projection gives lower bending mo=-
ments, this load condition has not
been analysed in detail. The computer
model of the projection, as used for
the plane frame analysis, is presented
in Fig. 5. The members of the computer
model coincide with the centre lines
of the triangular projection.

The results of the plane frame analy-
sis with linear elastic load distribu-

tion are presented in Fig. 6. By using kfgxg:wz
these results, a plastic lattice model ?;MMNWmhm
for the main part of the projection
has been drawn (Fig. 7).

Fig. 5 Plane frame model of projection

shear forces {(MN)

bending moments(MNm) / displacements{mm}

Fig. 6 Results of plane frame analysis

In the struts the allowable compressive strength of concrete f has been derived
from {4] as follows: B
- characteristic cylinder strength fCk = 48 N/mm?2

- material coefficient Xm = 1.4

- maximum resistance against bending moment £ = 0.85 * fcr
where: £ =f / Y. = 34.3 N/mm?2 ¢
cr ck m

~ maximum resistance against axial force (uniaxial compressive strength)
fc = 0.85 * 0.85 * fcr = 24.8 N/mm?2
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The uniaxial compressive strength of the concrete determines the width of the
compressive struts and the tensile elements according the formula:
w = F/fc

where : w width of strut

F = compression or tension force
fc = allowable compressive strength of concrete
The force in the tensile element F, = 6,82 MN represents the tension force in the
reinforcement. The reguired quantiEy of reinforcement has been derived from:
a = * F
] Km t/fy
where : xﬁ = material coefficient of steel = 1.15
Ft = force in tensile element
fy = yield stress of steel = 415 N/mm?2

This resulted in reinforcement of 25 mm diameter bars at 100 mm centres (@ 25~
100) and 35 mm diameter bars at 75 mm centres (@ 35-75) at the inner side of the
projection walls.,

The reinforcement at the connection point with the adjacent projection has been
determined by using the axial force of 5.6 MN (tension) and the bending moment of
16.7 MNm. The required quantity of reinforcement resulted in 35 mm and 40 mm dia-
meter bars at 75 mm centres (@ 35-75 and @ 40~75 resp.) at the outer side. Since
the compressive struts fit in the concrete structure, shear reinforcement (stirr-
ups) are not compulsory for lecad transfer. However, to achieve more ductility, a
minimum quantity of stirrups has been applied over a 2.4 m length in the walls of
the projection. (1]

3.2 Finite element linear elastic analysis

A finite element analysis has been executed by using the program package DIANA.
For this analysis three triangular projections with supporting walls have been
modelled with 302 linear elastic elements. Eight-noded plane strain elements have
been used, with nine integration points. The model has fixed supports in the in-
ternal ring whereas the supports in the external ring only have a spring with
axial stiffness. In order to simulate the adjacent projection, the support of the
projection itself has two springs with axial stiffness and one spring with rota-
tional stiffness (Fig. 8).

g G0 g pes gy
N

WPy =

axial springs X = 2608 MN/m
536 1290 forces {MN) k; = 6592 MN/m

ky = 18666 MN/m
rotation spring 1, = 12000 MNm/rad.

Fig. 7 Plastic lattice model part Fig. 8 Finite element model with boun-
of triangular projection dary conditions and design ice
(load = 5.2 MPa; b/m =1,3) loading
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Comparison of the results of the linear e¢lastic analysis with those of the

plastic lattice model resulted in the following conclusions:

= by taking into account the rotational stiffness of three adjacent triangular
projections instead of one, the reinforcement in the connection between the
projections is reduced to approx. 70%, whereas the displacement halfway along
the loaded projection wall is increased with a factor 2.5

o the tension force in the ice loaded projection wall is approx. 75% of the
tension force determined in the plastic lattice model analysis. This proves
the statement that the design method, by using a plastic lattice model, is
conservative for the determination of the ultimate load capacity of the tri-
angular projection.

By using the results of the plastic lattice model and the finite element analy-
sis, the reinforcement in the projection has been determined (Fig., 9), by taking
into account the following con-
siderations:

- in the outer skin of the pro-
jection adjacent to the loa-
ded projection wall, a ten-
sion force is present which . ] N 235-75
cannot be neglected. A 830-200 /7

- the reinforcement in the AMAIY 4 "W%.\u ,,,,,
projection is symmetrical. i —235-75

- for practical reasons 3 dif- '
ferent bar diameters and 4
different centre to centre
distances have been selec-
ted.

- the minimum reinforcement in
the projection is @ 25-100 //,)/-\i\
horizontal and ¢ 30-200 ver-
tical.

225- 100
230-200

Fig. 9 Reinforcement in projection

4. NON~LINEAR ANALYSIS OF TRIANGULAR PROJECTION

In order to determine the ultimate load capacity of the projection, a fine ele-
ment mesh of the model in the vicinity of the ice loading has been generated
(Fig. 10). The 152 elements of the fine mesh have non-linear elastic behaviour
and they contain reinforcing steel, which has been modelled as replacing steel
plates with orthogonal properties (Fig. 11).

Fig. 10 Computer model for non- Fig. 11 Element mesh with non-linear elas-
linear analysis tic elements and reinforcing steel
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The anchorage length of the bars has not been modelled. Perfect bond was
assumed to exist between steel and concrete. The other concrete elements have
elastic material behaviour, The Young's modulus of the concrete for a part of
the external ring has been reduced to EC = 2730 N/mm2 according to [4] because
the results of the plane frame analysis as well as the results of the linear e-
lastic analysis presented in this part element stresses, which exceed the con-
crete tensile strength.

The material parameters used in the analysis for the non-linear elastic
elements, both for the concrete and the reinforcing steel have been summarized

in Table 3,

The non-linear analysis, taking in-

to account aggregate interlock and CONCRETE E. = 35000 N/mm?
using the smeared crack approach, vV o= o0.2

has been executed with the finite ¢ = 48 N/mm?

element program package DIANA-NON- rcc CAE N

LIN.The non-linear analysis has ct ’

been performed by incremental, ite- TENGIEN CUT-ERF ERLTERICN J
rative procedures, using load steps Eys = 0.00198

of appropriate magnitude. The failu- g =020

re of the triangular projection has p =30

been defined to occur if no conver- c = 13.86 N/mm?

gence is achieved after addition of

a load increment. The locading on REINFORCING < = 210000 N/nm?

the projection has been increased STEEL F = 415 N/mm2

from 0 MPa to 9.1 MPa by load steps i

of decreasing magnitude. After a to-

tal load of 9.1 MPa no convergence

has been achieved for another load Table 3 Material parameters non-linear
step due to start of yielding of the elastic elements.

reinforcement at the inner side of

the loaded projection wall. This means that the ultimate load capacity of the
triangular projection eguals 9.1 MPa. The results of the non-linear analysis of
the projection are presented for the minimum design ice loading of 5.2 MPa (Figq.
12) and for the ultimate ice loading of 9.1 MPa (Fig. 13).

CRACK STATUS

PRINCIPAL. STRESSES

Fig. 12 Results after minimum design ice loading (5.2 Mpa)
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PRINCIPAL STRESSES STRESSES IN REIMFORCEMENT

> TENSILE STRESS
> B COMPRESSIVE STRESS

CRACK STATUS

DISPLACEMENTS

Fig. 13 Results after ultimate ice loading (9.1 MPa)

5. DISCUSSION OF RESULTS

The ultimate ice loading, equal to 9.1 MPa as computed in the non-linear elastic
analysis, represents a load coefficient ¥_ = 2.28 on the ice crushing strength of
4 MPa, This exceeds the minimum required foad coefficient Y_ = 1.3 with a factor
m = 1.75. Although the plastic lattice model analysis is atgawer bound approach
for the ultimate load capacity of a structure, it is preferred to predict the ul-
timate load capacity of a structure as accurately as possible. However, other
studies on behaviour of deep beams have demonstrated that the ratio between pre-
dicted load capacity by using the plastic lattice model analysis and load at fai-
lure as found .in laboratory model tests varies considerably [51.

In order to explain the above mentioned factor m two items have been further

investigated:
- the magnitude of the material coefficient of concrete
- the influence of the plane frame model on the tensile force in the inner side

of the wall and the lay-out of the compressive struts,

5.1 Material coefficient of concrete

In order to determine the required projection reinforcement by using the plastic
lattice model analysis, the ice crushing strength of 4 MPa has been multiplied by
a load coefficient )Y, = 1.3. The allowable compressive strength in the concrete
struts £ = 24.8 N/mmg has been calculated by taking into account a material co-
efficienf Y. = l.4. This resulted into a force in the tensile element of 6.82 MN,
which resulted in reinforcement of @ 35-75 and @ 25-100.
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In the non-linear analysis of the triangular projection, the uniaxial compressive

strength of the concrete f -
strength, without taking in€6 account a
material coefficient., To check the in-
fluence of the material coefficient
on the reguired reinforcement in the
projection, as determined by applica-
tion of the plastic lattice model ana-
lysis, a model has been drawn for

= 1.3 and ¥ = 1.0 (Fig. 14). This
means that in the concrete struts the
allowable compressive strength equals
f = 34.7 N/mm?. From the plastic lat-
tfce model it can be derived that the
tensile force in the reinforcing steel
has been reduced with approx. 10% to
6.10 MN. This means that, by using the
same material coefficient Xm for con-
crete in the plastic lattice analysis
model and in the non-linear analysis,
the factor m will be reduced to approx.

has been taken equal to the characteristic cylinder

forces {MN)

Fig., 14 Plastic lattice model part of
triangular projection
{locad = 5.2 MPa, Xm =1)

1.58.
5.2 Plane frame model of proijection

Comparison of the compressive struts in the plastic lattice model as presented in
Fig. 7 with the principal stresses as presented in Fig. 12, shows that the maxi-
mum bending moment in the loaded projection wall is achieved in different loca-
tions. This is probably an explanation for the high load capacity of the triangu-
lar projection as found in the non-linear analysis. In order to get the direction
of the compressive struts in the plastic lattice model similar to the direction
of the principal stresses, two other plane frame models of the projection have
been made. For these computer models, the distance d of the maximum bending mo-
ment to the connection joint and the tension force F, in the tensile element of
the loaded projection wall have been determined (Fig. 15).

g=56,205m

/' Fi= 6,60 MN

Fig. 15 Alternatives plane frame model of triangular projection

By comparing the results as presented in Fig. 15 with the plane frame analysis as
described in section 3.1, it is demonstrated that the direction of the compressi-
ve struts in the loaded projection wall is hardly dependant on the plane frame
model of the projection, and it is still different from the direction of the
principal stresses as found in the non-linear analysis. The differences of the
force F, in the tensile element for both alternatives are well within 10% of the
value Ft = 6.82 MN, as found in section 3.1l.
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5.3 Internal shape of the projection

From the direction of the principal
stresses as presented in figures 12
and 13, it is clear that the internal
corners of the triangular projection
cause stress concentrations, which are
critical for failure if compressive
stresses are not present in all direc-

tions. In order to avoid spots with t:::::j

!
| :
stress concentrations, it is recommen- r_ﬂf—~ithﬁf_“ﬁ¥*_

ded to re-shape the internal of the

projection (Fig. 16). Fig. 16 Recommended shape of projec—
tion internal

6. CONCLUSIONS

With regard to the determination of the required reinforcement in the triangular
projection of the peripheral wall of an iceberg resistant offshore structure and
with regard to the determination of its ultimate load capacity, as presented in
this paper, the following conclusions have been drawn:

The modelling of the triangular projection for the plane frame analysis has
little influence on the direction of the compressive struts and the reguired
quantity of reinforcement as determined in the plastic lattice model analy-
sis.

The sizing of the projection by using the plastic lattice model technique is
conservative for the determination of the ultimate load capacity of the pro-
jection, which exceeds the design load with a factor 1.58.

As the concrete compressive struts fit in the projection walls, as presented
in the plastic lattice model analysis, shear reinforcement (stirrups) is not
necessary. This has been proved in the non-linear analysis. However, to
achieve ductility of the structure it is recommended to apply the minimum
quantity of stirrups in the projection walls.

The failure of the triangular projection is induced by yielding of the rein-
forcing steel at the inner side of the loaded projection wall.
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