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Application of the LRFD methodology in the design of offshore structures
1. Introduction

The offshore industry is in con-
stant evolution, adapting to the chal-
lenges posed by new oil and gas fields
and the interests of society. Discoveries

in deep and ultra-deep waters have
driven the preference for FPSO units,
especially in fields located far from the
coast. Figure 1 shows the composition of

the global FPSO market, where it can be
observed that Brazil is the global leader
in this sector.
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hull. Figure 2 shows a typical scheme
of an FPSO.

Figure 2 - Typical arrangement of an FPSO- Hull x Topsides (Authors, 2024).

The high concentration of CO, in
the pre-salt fields, associated with strong
pressure from society to reduce GHG
(Greenhouse Gases) emissions, are the

2/11

main factors contributing to the increased
complexity of primary processing plants
installed on SPU (Stationary Production
Units) (Soares, 2023). As a result, the
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weight of the primary processing plant
installed on SPU has shown quadratic
growth over the past decades, as illus-
trated in Figure 3.
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Figure 3 - Growth of topsides operational weight (Adapted from Open Water Energy newsletter, 2023).

The availability of credit for fossil
fuel exploration projects has been fac-
ing increasing restrictions due to the
impact of climate targets according to
the Paris Agreement (2015) and ESG
(Environmental, Social and Gover-
nance). As a result, financial institutions
are increasingly focusing on investing
in renewable energy and low-carbon
technologies. Consequently, to remain
economically viable, there is a growing
need to invest in engineering to make

2. Material and methods

To assess the impacts on structural
design due to the change in methodol-
ogy, six modules from an FPSO with a
multi-column support type are evalu-
ated. In the first step, the design was
carried out according to industry prac-

exploration and production projects
more efficient, in terms of cost and with
lower GHG emissions.

The objective of this study is to
quantify the weight savings achieved
through the application of the LRFD
methodology in offshore structure de-
sign, as well as to establish a reference
for its implementation, suggesting the
partial load factors and combinations
that should be considered.

The WSD methodology is well-

tices, using the WSD methodology. In
the second step, the structure initially
designed using the WSD methodology
was re-evaluated and redesigned using
the LRFD methodology. After these two
steps, the final weight of the structures

established in industry, and there are
numerous regulatory references that can
be used as a basis for design. In this ar-
ticle, the following regulatory references
are considered:

* ABS — American Bureau of Shipping;

o API- American Petroleum Institute;

e AISC - American Institute of
Steel Construction;

e DNV - Det Norske Veritas;

¢ ISO - International Organization
for Standardization.

was compared. Figure 4 presents the
3D model of the evaluated modules,
which are: (a) CO, Compression,
(b) CO, Removal, (c) Gas Dehydration,
(d) Injection, (e) Oil Processing, and
(f) Laydown.

Figure 4 - 3D model of evaluated modules (Authors, 2024).
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Application of the LRFD methodology in the design of offshore structures

The API-RP (Recommended
Practice)-2A — WSD, with its first revision
released in 1969, is one of the pioneering
standards defining recommended prac-

tices for offshore structure design.
In the LRFD methodology, the

first regulatory reference is API-RP-2A
— LRFD, with its first edition issued in
1994, followed by DNV-RP-C101 in its
first edition issued in 2000, ISO 19904-1
in its first edition issued in 2006, API-
RP-2FPS (Floating Production Systems)

only in its second edition issued in 2011, and
the ABS Guide For Load And Resistance
Factor Design (LRFD) Criteria For Offshore
Structures in its first edition issued in 2016.
The evolution of these standards is shown
in Figure 5.

API-RP-2A-WSD API-RP-2A-LRFD 1SO 19904-1 ABS GUIDE
| | | |
1 1 1 1
; ZDED I
1 1 1
! ! '
25 YEARS OF PROJECTS, DNV-0S-C101 API-RP-2FPS
DISSEMINATION AND
CONSOLIDATION OF THE

WSD METHODOLOGY

Figure 5 - Chronological Release Order of the Main Normative References (Authors, 2024).

Therefore, to define the partial
action factors and the resistance
reduction factor used in the LRFD
methodology, the regulatory references
mentioned above have been consulted
and are presented in Table 1. Dead (D)
and Live (L) Loads are grouped in the
gravity column of Table 1 and Table 2,

since the partial load factors are equal
for both.

For the in-service condition, the
normative references indicate the follow-
ing cases to be evaluated:

e ULS-a — Ultimate Limit State
where Permanent (G) and Variable (Q)
loads are increased (Gravitational action

dominated conditions);

e ULS-b — Ultimate Limit State
where Environmental (E) loads are
increased (Environmental action-
dominated conditions);

e SLS: Serviceability Limit State;

e ALS: Accidental Limit State;

e FLS: Fatigue Limit State.

Table 1 - Partial load factors and material factor.

ABS DNV /1SO / API
CASE | GRAVIT (D+L). | ENV (E). | MATERIAL CASE | GRAVITY (D+L). | ENV. (E) | MATERIAL
ULS-a 1.45 1.20 1.05 ULS-a 1.30 0.70 115
ULS-b 1.10 1.35 1.05 ULS-b 1.00 1.30 115
ALS 1.00 1.00 1.25 ALS 1.00 1.00 1.00
SLS 1.00 1.00 1.00 SLS 1.00 1.00 1.00
FLS 1.00 1.00 1.00 FLS 1.00 1.00 1.00

It is noted in Table 1 that, for
ultimate limit state conditions (ULS-a
and ULS-b), the partial load factors
indicated by DNV, ISO, and API are
aligned with the basis of the LRFD
methodology, where one of the actions

is considered primary and the other
secondary. However, in the factors
indicated by ABS, there is no reduc-
tion in environmental loading when it
is considered a secondary action. Since
the resistance reduction factor differs

R, yf1x(D+L) nyX(E) (D+1L)
= 7 + = Vo XV X ————
‘ L A h
Tr Yr

Where:

R,,— Design Load;
R,— Design Resistance;
D — Dead Loads;
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L — Live Loads;

E — Environmental Loads;

y,, = Partial Load Factor (Dead
and Live Loads);

2025

among the consulted references, the
comparison will be made based on the
total safety factor.

The total safety factor for each
action can be expressed as y,, x y,, as
presented in equation (1):

Yy XY X

M

<h

Y,, — Partial Load Factor (Envi-
ronmental Loads);

Y, — Material Factor;
f, — Yield Strength.
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The total safety factor for each type of loading can be expressed according to equations (2) and (3):

As shown in Table 2, the total
safety factor exhibits little variation.

Ye, X Y (Gravity (D+L) Loads)
Ve, X Vp (Environmental Loads)

The exception is the ABS Guide,
which presents a higher total safety

Table 2 - Total safety factor.

(2)
3)

factor compared to the other norma-
tive references.

SAFETY FACTOR ABS - y_x vy,

SAFETY FACTOR DNV/ISO/API - y_xy,

CASE GRAVITY (D+L) [  ENV. (E) CASE GRAVITY (D+L) | ENV. (E)

ULS-a 1.52 1.26 ULS-a 1.50 0.81

ULS-b 1.16 1.42 uLS-b 115 1.50
ALS 1.25 1.25 ALS 1.00 1.00
SLS 1.00 1.00 SLS 1.00 1.00
FLS 1.00 1.00 FLS 1.00 1.00

The ABS safety factor adopted
for environmental loads in ultimate
limit state A (ULS-a) is 56% higher
than that indicated by the other
normative references. This difference
suggests that the calibration of the
factor, based on reliability, was not
carried out for typical offshore con-
ditions. In the ULS-a condition, the
primary action is the gravitational
load, with the environmental load
being secondary; thus, it is expected
that the partial load factor would be
less than or equal to 1.00.

For the Accidental Limit State
(ALS), the 25% difference is already
present in the WSD methodology and
occurs because the ABS considers ac-
cidental loads more leniently, treating
them probabilistically as an extreme
condition instead of an accidental one.

In this study, the factors indi-
cated by ISO 19904-1 are adopted.

It is noted that for ULS condi-
tions, the normative references only
indicate the extreme condition, where
environmental loads have a prob-
ability of occurrence of 102 (return

Table 3 - Evaluated in-service load conditions.

period of 100 years). In this study,
the verification for the operational
condition (return period of 1 year)
are included, maintaining consistency
with the WSD methodology and bet-
ter reflecting the occurrence of func-
tional overloads (Live Loads).

In this last revision (July 2023),
DNV-0S-C101 also included the
operational condition.

Therefore, the load combinations
considered, with the return period of
environmental loads, are those indi-
cated in Table 3:

CASE CONDITION ENVIRONMENTAL LOADS
ULS-a OPERATIONAL 1YEAR

ULS-b OPERATIONAL 1YEAR

ULS-a EXTREME 100 YEARS

ULS-b EXTREME 100 YEARS

SLS OPERATIONAL 1YEAR

ALS ACCIDENTAL NONE / 1 YEAR

FLS - -

LIFT - NONE

3. Results and discussion

For the numerical models de-
veloped using DNV's SESAM GeniE
software, as shown in Figure 6, the

results indicate a reduction in the stress
ratio of structural elements, confirming
the opportunity for weight and MHER

REM, Int. Eng, J., Ouro Preto, 78(4), e240087, oct. dec. | 2025

(Man Hour Exposed to Risk) reduction
by redesigning of the structure using the
LRFD methodology.
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(a)

>,-
>
B

Figure 6 - Model discretization of evaluated structures. (Authors, 2024).

For each range of stress ratios, or 1.0 was evaluated, where a positive value  plying the LRFD methodology. Figure 7 to
unity check (UC), the average variation of  indicates a reduction in UC, and a negative ~ Figure 12 show the UC reduction for each
members within the interval between 0 and ~ value indicates an increase in UC when ap-  of the modules evaluated in this study.
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Figure 7 - CO, Compression (A) - Reduction by UC Range (Authors, 2024).

(B) CO2 REMOVAL - REDUCTION BY UC RANGE
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Figure 8 - CO, Removal (B) - Reduction by UC Range (Authors, 2024).
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Figure 9 - Gas Dehydration (B) - Reduction by UC Range (Authors, 2024).
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Figure 10 - Injection (D) - Reduction by UC Range (Authors, 2024).

(E) OIL PORCESSING - REDUCTION BY UC RANGE
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Figure 11 - Oil Processing (E) - Reduction by UC Range (Authors, 2024).
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(F) LAYDOWN - REDUCTION BY UC RANGE
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Figure 12 - Laydown (F) - Reduction by UC Range (Authors, 2024).

Table 4 presents the average reduc-
tion, considering the six modules evalu-
ated, and Table 5 reports the variation
according to the UC range for each evalu-
ated module.

Table 5 demonstrates that the

average reduction is proportional to the
UC increase. Consequently, members
with higher UC values exhibit a greater
average reduction when comparing
both methodologies. For each evaluated
module, the first row presents the aver-

Table 4 - UC average reduction.

age reduction value for the assessed UC
range, while the second row indicates the
number of members within each range.
The last row displays the weighted aver-
age based on the number of members for
each UC range.

MODULE WSD AVERAGE LRFD AVERAGE REDUCTION
(A) CO, COMPRESSION 0.26 0.22 15.1%
(B) CO, REMOVAL 0.23 019 15.0%
(C) GAS DEHYDRATION 0.16 0.14 10.4%
(D) INJECTION 0.23 0.21 7.1%
(E) OIL PORCESSING 0.29 0.27 8.6%
(F) LAYDOWN 0.23 0.21 10.4%
AVERAGE — 0.23 0.21 11.1%
Table 5 - UC average reduction by UC Range.
MODULE UC RANGE
>0 > 0.1 >021|>03)|>04)>05|>06|>07]|>08]|>09 ]| >1.0
(A) CO, COMPRESSION 17% 17% 19% 22% 24% 25% 27% 29% 29% 26% 0%
1520 1268 917 547 275 154 84 45 20 8 0
(B) CO. REMOVAL 13% 15% 19% 20% 20% 21% 25% 30% 31% 23% 23%
: 1165 956 536 305 182 120 65 23 12 4 1
(C) GAS DEHYDRATION 13% 16% 10% 0% 7% 0% 0% -21% 0% 0% 0%
804 515 203 68 27 10 3 1 0 0 0
(D) INJECTION 13% 14% 13% 10% 12% 17% 19% 20% 22% 24% 0%
2017 1619 1042 546 277 128 70 43 13 3 0
(E) OIL PORCESSING 13% 12% 11% 9% 8% 9% 10% 9% 4% -6% 0%
1364 1208 893 549 323 189 112 54 17 2 0
15% 16% 8% 2% 0% 10% 11% 15% 10% 0% 0%
(F) LAYDOWN 833 704 406 233 123 39 21 4 1 0 0
AVERAGE — 14% 15% 14% 13% 13% 17% 18% 20% 21% 21% 23%
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REM, Int. Eng, J., Ouro Preto, 78(4), 240087, oct. dec. | 2025



With the reduction in UC values, the
structure was redesigned, considering con-
struction and assembly criteria. The criti-
cal fatigue joints (multi-column support)

are not resized; that is, for these members,
the cross-sections designed using the WSD
methodology are maintained, since their
design is governed by the fatigue design

Table 6 - Weight reduction after redesign.

Rodrigo Dias Nassur and Marco A. C. Ferro

condition. Table 6 presents the weight of
each of the evaluated modules considering
both methodologies and the weight differ-
ence (Ay,;,) between them.

MODULE WSD WEIGHT | LRFD WEIGHT A REDUCTION
M-02 764 ton 687 ton 76 ton 9.99%
M-04 719 ton 648 ton 71 ton 9.87%
M-06 738 ton 653 ton 85 ton 11.49%
M-07 1328 ton 1205 ton 124 ton 9.31%

M-10A 974 ton 884 ton 90 ton 9.22%
M-16 446 ton 411 ton 34 ton 7.69%
AVERAGE — 828 ton 748 ton 80 ton 9.66%

The LRFD methodology is semi-
probabilistic, meaning that its par-
tial load and material factors were
calibrated through reliability studies.
To assess the dominant conditions
in each methodology, the governing

2500

2000

-
G
3
3

1000

NUMBER OF MEMBERS

g

0 - .
Gwo

condition for the bars in the evaluated
modules was checked and is presented
in Figure 13.

Where: GWO: Green Water Conditions
with 1-year environmental loads;

GWO: Green Water Conditions

CRITICAL LOAD CASE - WSD X LFRD

GWE

bpoc DEC
DESIGN CONDITION

EWSD ®LFRD

with 100-year environmental loads;
DOC-Design Operational Condition
— 1-year environmental loads;
DEC - Design Extreme Condition —
100-year environmental loads;
DAC-Design Accidental Condition.

DAC

Figure 13 - Number of member by critical load case - WSD x LRFD (Authors, 2024).

It can be observed that no significant
changes have occurred in the distribution

4. Conclusions

The results of the analyses conduct-
ed in this article indicate a weight reduc-
tion of up to 11.5% when using the LRFD
methodology for the design of offshore

of governing design conditions, suggesting
that the load amplification factors and

structures. This reduction is significant
in an industry where minimizing MHER
and CAPEX (Capital Expenditure) is
crucial for making projects safer and

REM, Int. Eng, J., Ouro Preto, 78(4), e240087, oct. dec. | 2025

resistance reduction factor are well-suited
for the evaluated structure.

financially viable. Table 7 presents the re-
ductions in weight, CAPEX, and MHER,
considering the average topside weight and
current offshore industry metrics.
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Table 7 - Weight, CAPEX and MHER Reduction.

TOPSIDE STRUCTURAL STRUCTURAL CAPEX MHER
WEIGHT WEIGHT WEIGHT REDUCTION REDUCTION REDUCTION
51 344 ton 18176 ton 1755 ton USD$ 18 204 239 316 358 HHER

The API-RP-2A-WSD states in its
introduction that when using the WSD
methodology, the 1989 version of the
Specification for Structural Steel Build-
ings (AISC 335-89) shall be applied, as
transcribed below:

Reference in this document is made
to the 1989 edition of the AISC Specifica-
tion for Structural Steel Buildings — Allow-
able Stress Design and Plastic Design. The
use of later editions of AISC specifications
is specifically not recommended for design
of offshore platforms. The load and resis-
tance factors in these specifications are
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