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Abstract: Fatigue strength dictates life and cost of welded structures and is often a direct result of
initial manufacturing variations and defects. This paper addresses this coupling through proposing
and applying the methodology of predictive life-cycle costing (PLCC) to evaluate a welded structure
exhibiting manufacturing-induced variations in penetration depth. It is found that if a full-width
crack is a fact, a 50% thicker design can result in life-cycle cost reductions of 60% due to reduced
repair costs. The paper demonstrates the importance of incorporating manufacturing variations in
an early design stage to ensure an overall minimized life-cycle cost.

Keywords: manufacturing variations; life-cycle costing; fatigue assessment; welding; welding defects

1. Introduction

Service interruption due to premature fatigue failure in welded joints can result in
significant operational and monetary losses. As premature fatigue failures are often a
result of initial manufacturing defects and their variation, as shown by [1], both must be
accounted for in the design process. In addition, a structure must also be produced and
operated at a competitive cost level, which means life-cycle costing must also be part of the
design equation in order to ensure an optimal design.

In a welded joint, fatigue failure is often a result of cracks initiated at the weld toe
or the weld root, respectively [2—4]. When a welded joint fails from the root, the fatigue
resistance has been found to be affected by several geometrical variables such as weld throat
size, plate thickness and depth of weld penetration [5,6]. All these geometrical variables are
in turn influenced by manufacturing and variations, and can therefore introduce defects
and variations that ultimately govern the final fatigue performance of any particular
weld [1]. Strategies to ensure weld qualities are numerous, ranging from weld procedure
recommendations [2] to the introduction of post-weld treatments such as HFMI, TIG and
burr-grinding [7-9] or post-weld thermal treatments [10,11]. However, all these mentioned
quality-ensuring strategies comes at an increased manufacturing cost. A cost, which
ultimately has to be compared to that of increased fatigue lifetime, and hopefully reduced
operational costs.

Apart from technical capacity, the fatigue design of a structure also dimensions its
full life-cycle cost (LCC), and life-cycle energy impact. For example, a design with an
improved fatigue behaviour is likely to become more costly to produce as it may include
more expensive materials; and/or results in a more involved production process. However,
the same design would become less costly throughout its operational use due to its longer
technical life and potentially lower maintenance and repair need. Consequently, to fully
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control and balance both fatigue and life-cycle cost, fatigue assessment and life-cycle cost
should ideally be done simultaneously in an early conceptual design stage.

Advances in cost modelling [12-14], have shown that there exists an increased interest
in introducing cost assessments in an early design stage. However, life-cycle analysis (LCA),
and a traditional LCC, is ultimately still performed in a later design stage as it requires
extensive material flow knowledge and large databases. Answering to this, recent research
has come to highlight the design benefits of adapting a simplified, more generalized, early-
stage LCA. In the study by [15], the method of life cycle energy optimization is proposed
and shown useful to assess the importance of recycling of lightweight composite materials.
In [16], the authors present a material-selection approach that incorporates both structural
design and LCA that spans material systems. In the study by [17], LCA-optimization
of a concrete precast bridge provides essential design guidance in relation to the found
energy-intensive life-cycle stages of manufacture, use and maintenance. Moreover, for
steel bridge construction, Ref. [18] finds that simple production cost optimization leads
to increased life-cycle cost. This underlines the importance of designing for full life-cycle
cost as opposed to that of only production cost. In addition, LCC is often incorporated
in work available on maintenance and repair logistics and optimization, such as work
by [19-22]. However, when it comes to LCC coupled to manufacturing variations and
fatigue assessment of welded structures, the scientific literature of the field becomes limited.
Hence, more research is needed.

This motivates the current study, where the gap is addressed through proposing a
predictive LCC (PLCC) scheme, that predicts production, use and end-of-life (EoL) costs of
welded structures as a function of governing geometry, complexity and required production
and recycling flows. Here, predictive means that the methodology is aimed for use in
an early conceptual design stage, in which it can identify general trends that supports
holistic design decision while demanding a low amount of user input. Involved production
costs are estimated through implementing a previously developed predictive technical cost
model by [12,23].

The PLCC scheme is implemented and demonstrated in a parametric case study in
which the thicknesses of the main load-carrying members of a representative welded box
structure are varied. The different plate thicknesses give rise to different fatigue strength
properties and ultimately also different life-cycle costs. Two different fatigue scenarios are
considered, each representative of a specific manufacturing variation with respect to lack of
penetration depth (LOP). LOP is chosen as a representative manufacturing defect due to its
importance to ensure full fatigue life, as shown by [24]. To further assess the production cost
impact of penetration depth, an additional assessment of the production cost as a result of
penetration depth of the structure is presented. Finally, a discussion is presented on general
aspects on managing variations in welding, their impacts on fatigue life as well as important
aspects on overarching design related to fatigue assessment methods. Overall, the study
spans disciplines on cost and fatigue assessments and addresses important aspects on the
multi-disciplinary problem of designing cost-efficient, and robust, welded structures.

2. Scope

The methodology and case-study presented in this paper connects conceptual design
of welded fatigue-dimensioned structures to lifecycle costing (LCC). As the focus is early
conceptual design, the definition of predictive lifecycle costing (PLCC) is introduced. The
methodology suitability is evaluated for application in a variation-driven conceptual design
stage. Consequently, discussions on the impact of variation-driven issues with regards to
fatigue and predicted life cycle cost are also given as part of the results.

Given the focus on conceptual design, or early stage development, a number of as-
sumptions and limitations need to be posed in order to complement the inherent lack of de-
sign knowledge present in such early design stages. Assumptions and limitations include:
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e A traditional lifecycle assessment include present distribution channels. However,
for the scope of this study, distribution is deemed too uncertain to assess at an early
design stage.

e Input cost data such as material cost per kg and equipment investments are retrieved
from comparative, published, data to avoid assessing the result of specific supply-
chains and internal business partnerships.

e Investment costs are sized for full use in specific production, this means shared
equipment systems are not included.

¢ R&D and overhead costs are excluded from the modelling scope as they are highly
tied to specific organizations and often difficult to credit any particular component.

* Inspection and control are not treated in this work, but are instead part of future work.

3. Methodology and Framework

To couple PLCC and conceptual design of fatigue-designed welded joints, it is im-
portant to understand, and model, the existing connections and variables between the
two. Examples of important variables that connect fatigue performance and individual
lifecycle phases are illustrated in Figure 1. The individual coupling variables can either
align or converge on life-cycle cost and fatigue behaviour with regards to their optimal
value. For example, a low-cost material type minimizes material cost, but likely has an
adverse effect on fatigue performance. This in turn affects not only material cost, but
also consecutive use phase cost. To further increase the design complexity, the full design
space involves a multitude of variables, all with different impact on fatigue behaviour and
life-cycle phases. Note that the illustration in Figure 1 lists a full set of connections and
variables and depending on specific study, some may not be meaningful in individual cases.
For example, for a full structure or a mixed-material system; end-of-life costs are a function
of involved geometries as end-of-life disassembly grows in complexity the more complex a
geometry or connective welds are. In contrast, end-of-life costs of a single material slab
require no disassembly, thus rendering the variable connection unimportant.

Material cost

-Material type
&/or grade
-Geometry

Production cost

-Geometry
-Improved welding
(&/or weld class)
- Post/pre processing
(HFMI etc)

End-of-life cost
-Material type
&/or grade
-Geometry

Optimize fatigue life

Use cost
-Weight
-Energy consumption
-Fatigue life
-Inspection
-Maintenance
-Repair

Figure 1. The coupling between LCC and fatigue-dimensioned welded components can be expressed
through variables that connects the two for considered life-cycle phases.
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4. Predictive Lifecycle Costing (PLCC)

The current study addresses the impact of four life-cycle phases, presented in Figure 2.
These phases are raw material acquisition, component production, component use and
finally component end-of-life. The life-cycle is considered to be an ideal closed material
loop [25], which means that a certain percentage of the entering material is assumed to
be recycled to new steel material of the same grade and re-used in a product within the
same life-cycle flow. This closed-loop assumption is justified by the fact that steel produced
and recycled through an electric arc furnace (EAF) process can be fueled by 100% scrap
material [26]. This means that in theory, all scrap material produced during the steel’s
life-cycle can be recycled. However, as the quality of EAF produced steel is affected if fed
by a scrap steel mix containing to many impurities [27], a retrieval rate of 80% is assumed.
The material and production costs of a studied component is estimated using a previously
developed predictive technical cost model [12,23], while the use phase and end-of-life
phase costs are evaluated separately.

Scrap metal
(other Ore
sources) 1

1

_____

Raw material
acquisition &
processing

Production

scrap
Scrap metal

End of life
recycling and
reclamation

Component life | production

Figure 2. Simplified lifecycle applied within the scope of this paper. Note that a closed loop material
flow is assumed, which means dashed material flows (scrap metal originating from other sources
and ore) are only drawn for illustrative purposes, and not considered in the following case-study:.

5. Predictive Technical Cost Model

To estimate material and production costs of studied component, a previously de-
veloped predictive technical cost model [12,23,28] is applied. The model is developed
as a stand-alone package in Python [29] and estimates cost through connecting specified
production flow to component geometry and complexity [12,23], see Figure 3. The cost
model is modular and the production flow is defined by the user through configuring and
combining necessary process steps involved in sought production method. The full cost is
calculated as the sum of material costs and costs involved within each production process
step. Cost categories considered within the scope of the model are defined in Figure 4. Indi-
rect costs such as R&D development and overhead costs are not included within the scope
of this model as their size are highly individual and often not known in an early design
stage. For the scope of this paper, some extensions to the model library have been made in
order to include that of necessary metallic production, including welding processes.



Metals 2021, 11, 1527

50f23

User input data

CAD file

Material cost

\4

Part manufacture
Geometry > Production time cost

> complexity estimation \ 4 -
Assembly cost <€ Accizssct)rles

[ Production data

Figure 3. Information flow in applied predictive technical cost model, adapted from previous work [12].
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Figure 4. Considered direct and indirect cost categories (drawn in bold line) include material and
scrap, labour and power consumption costs. Neglected costs (drawn in dashed line) are overarching
costs, such as overhead and R&D, as well as pure consumables (for example basic safety equipment
such as gloves, etc). Maintenance costs are not explicitly calculated, but are an implicit part of set
equipment utilization and facility costs [28].

5.1. Geometry Complexity

Component complexity is directly correlated to manufacturing and its cost, as the more
complex, the more difficult and costly it becomes to manufacture. In the python package,
the geometry complexity of the structure to be assessed is calculated and expressed through
a complexity factor, C. As a CAD-geometry generally is described using point-clouds and
bounding faces, the complexity factor is determined for each such individual bounding
face. Factors considered for each bounding face include the face angle, the face curvature
radius and the overall face curvature degree. The face angle is the largest internal or
neighbour angular transition to the face centre normal. The face curvature radius is the
corresponding radius 1/« of either the current face, or that neighbour face depending on
which produces the highest angular transition. The overall face curvature degree is either
single or double, representing a surface bending in single axis versus two axis directions.
For more details, see [23].

5.2. Production Time Estimation

Process time is estimated as a function of production process. In general, processing
times of machining or additive manufacturing and assembly steps are estimated as a
function of the processing rate, r, component complexity, and governing characteristic size,

L according to [23] as

L
t:E (1)
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5.2.1. Machining

Machining of metallic parts are performed using a 5-axis CNC-machine. Machining
time is a function of cut length, L, and table feed rate, v r according to [30] as

Lc
of

t= @)

where the table feed rate range from 100 to 250 m/min depending on steel grade [31].
Given the circular cut tool radius of r, each table feed motion removes up to 717> m? of
material per r m feed. An approximation of the removal rate of a face cut-out is therefore

Qa= 2t ©

rof’
where A, is the cut tool area. Using a cut tool of ¢ 15 mm and a table feed rate of 250 m/min,
the resulting face removal rate is approximately 0.1 m?/s. This means the approximate
machining time of a face cut-out can be calculate similarly to Equation (2), as t = A./Qa.

5.2.2. Welding

For welding methods using solid wires such as metal arc welding (MAG) (ISO 4063-
135) and flux cored arc welding (FCAW) (ISO 4063-136), it is proposed that the time to weld
a joint between two parts can be expressed as

tprep + ttack + tpass + (nopasses - 1)trepos + trefillnowires + tpost 4)

Variables included are the weld preparation time, .y, the time to tack weld the plates to
achieve sufficient stability for upcoming weld process, t;,., the number of weld passes,
N0passes, the actual weld pass time, fp4ss, the time that the welder needs to reposition the
wire electrode in between passes, tyepos, the solid wire refill time, £, fi1; wire"Owires and finally
the weld post-processing time, ts;.

The weld pass time is a function of bead mass, m, and deposition rate, r, according

to [32] as
m
tpass = 7 (5)

w

The bead mass depends on the weld cross-sectional area, Apeqq weiq, and is here ap-
proximated as half of an ellipse and is a function of throat thickness, a2 and penetration
depth 7, see Figure 5.

- Aellipse
Aweld bead ~ 2

|
< Approximative

ellipse L

N
N
S
N
N
N
N
N
N
N
N
N

Figure 5. The weld bead mass is calculated from an assumed elliptical cross-sectional area, which is

a function of throat thickness, a and penetration depth i.

The deposition rate is a function of the electrode area, A, weld metal density, pye1d metals
wire feed speed, vy..4, and deposition efficiency, 17, and can be expressed as [32]

v = APweld metal U feed] (6)
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The wire feed speed, vf,, can be preliminary determined as a function of weld
method and weld complexity [33], if not directly stated by a comparable specified weld
process specification (WPS). The deposition efficiency, #, is also a function of welding
method and is 0.95 and 0.85 for MAG and FCAW 0.85, respectively [32].

The reposition time, ¢¢pos, need to be at least that of the pass cooling time, A;g/5, which
can be calculated as a function of the preheat temperature, Ty, and the gross heat input per
unit length of weld k] /mm, g, according to [34] as

1 1

- 7
500 — Tp SOO—TO) @

Aty = (6700 — 5T ) g

5.2.3. Weld Preparation

Weld preparation can consist of different processes such as gouging [32], manual
abrasive cleaning or the application of a chemical cleaner. In general, the time to perform
these type of processes is proposed to be expressed as a function of the weld length, L,
the weld leg hypotenuse, b, the process speed, v, and the weld complexity factor, Cy,
according to

tprep = bLvCy ®)

In an early conceptual stage, the complexity factor, C;, can be assumed equal to that
of a difficulty factor as suggested by [33].

5.3. Material Cost

The material cost is calculated as a function of the scrap rate, 7scrqp, cost per kg material,
Chg cost» and the weight of the component, w, according to [23] as

Contrl cost = wckg cost(l + rscrap) 9)

The cost per kg material is usually negotiated with respect to purchased quantity and
supplier relationship status; however, as the cost model is to be applied in an early stage
conceptual phase, guiding price indexes such as that of steel price index figures [35] and
other material data bases [36] are used throughout the model.

5.4. Part Manufacture Cost

Direct costs such as labour and power consumption are a function of individual cost
driver, i.e. hourly cost and electricity cost respectively, and process time ¢. Indirect costs
such as facility rent, equipment investment and tooling are calculated as a function of
manufacturing volume, 1, or parts per year. Necessary number of facility and production
lines, ny,, are therefore calculated as a function of process time, annual work time, t;o+ and
the annual production volume according to [23] as

n, = F”W (10)

ttot

Given Equation (10), the investment cost of a certain manufacturing method is cal-
culated as 1,C;/J, where C; is the investment cost of a piece of equipment and § its
depreciation rate. To account for installation and drive-in costs, an extra 20% is added to
the investment cost of acquired machinery.

Machining

The investment cost of a CNC-machine can vary from 50 k€ for a 2-axis-machine to
beyond 500 k€ for a multi-spindle, multi-axis machine [37]. A 5-axis CNC-machine for
300 k€ is considered to fulfil most needs and feed speeds for a medium to high production
setup [23].
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5.5. Assembly Cost

The predictive technical cost model covers several different assembly processes, both
manual and automatic. The assembly method of importance for a later case study is that of
metallic welding.

Metal Arc Welding and Flux Cored Arc Welding

The investment cost of a welding machine varies from 700 € for a small 140 A manual
welder to 17 k€ for an industrial-graded 600A synergic welder [38]. In the predictive
technical cost model, welding equipment is selected based on sufficient power output for
manual or synergic, see Figure 6. A manual welding machine demands a more skilled
operator, but is generally less costly than a synergic, or pulse-controlled, machine.

12000 /

W,
- 10,000 Synergic
S
o 8000 Manual
£
S 6000
©
€
o 4000
=
< 2000
=
0
150 250 350 450 550
Ampere [A]

Figure 6. Investment costs of different welding machines [38,39] as a function of highest Ampere
output.

6. Fatigue Assessment

Apart from manufacturing variations, fatigue assessment in itself give rise to hid-
den design variations as different fatigue assessment strategies yield different fatigue
strength. In fact, a design can become either under-performing or overly conservative if
the chosen fatigue life assessment strategy is not sufficient for the particular design and
loading scenario.

Currently, there are mainly four established methods for fatigue life assessment of
welded structures [2-4]; nominal stress approach, structural /geometrical “hot-spot” stress
approach, effective notch stress approach and linear elastic fracture mechanical crack
growth approach. Fatigue resistance of complex welded components based on stress
analysis performed with FEA can be assessed in many ways with varying degrees of time
consumption and accuracy. A large model will increase both the model preparation and
the computational time. Large and complex FEA models may include several critical
locations and complex boundary conditions, see example in Figure 7 where the stress value
is continually changing at different locations. Nominal stress values are in some of the
critical sections difficult or impossible to define. Even if a nominal stress can be defined,
one must select from a catalogue of details, the geometry most closely resembling the actual
welded detail. In many cases, the actual weld has little similarity to one of the geometries
shown in the standards [40—42]. A schematic overview over complexity and work effort
for different design methods are presented in Figure 8.



Metals 2021, 11, 1527

90f23

Figure 7. Stresses in Telescopic beam unit of a spreader, red colour corresponds to high and blue to
low stresses.

Figure 8. Schematic overview accuracy, complexity and work effort associated with the different
fatigue assessment methods for welded structures.

Various studies have been conducted in order to investigate the accuracy and to map
the source of variation for these different fatigue assessment methods. Ref. [43] carried
out fatigue assessment using conventional methods and compared the results with fatigue
testing of welded A-stay beam structure in an articulated hauler. The failure observed was
weld root failure, and it was observed that the estimated fatigue life showed large scatter.

In a recent study, Ref. [44] carried out a round robin fatigue strength assessment of
the welded box structure, identical to the structure investigated in the current study. The
aim of the study was to identify variation and sources of variation in welding production,
map scatter in fatigue life estimation and define and develop concepts to reduce these in
all steps of product development. The estimated fatigue lives were also compared with
fatigue testing, where the objective was weld root failure where different amounts of weld
root penetration were studied. Differences were identified between both methods and
participants using the same code/recommendations. It was concluded that for the applied
cases, the nominal stress method overestimated the fatigue life and the effective notch
method is conservative in comparison to the life of tested components.

Delkhosh et al. [45] studied the fatigue strength of the component in this study using
Linear Elastic Fracture Mechanics (LEFM) approach. A parametric study was conducted to
study the effect of various weld parameters on the fatigue strength, such as lack of weld
metal penetration, load position, and plate thicknesses. The LEFM approach could capture
the crack propagation from the weld root reasonably well and estimate the fatigue life.
It was observed that compared to fatigue life estimations by nominal stress method or
effective notch stress method, the LEFM approach could estimate the residual life more
accurately, see Figure 9.
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=Average experiment result
1.4 = Minimum experiment result
- _12 ++Maximum experiment result
Q g .............................................................
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Method Method  Intermediate  Full length
Crack Crack

Figure 9. Results range for the different methods and level of the fatigue life assessed, from [45].

Residual stresses in welded joints can have beneficial or detrimental effect on the
fatigue strength [2—4]. Residual stresses in the box welded structure considered in this
study were evaluated experimentally and numerically by [46]. The effect of residual stress
state on the fatigue strength of box welded structures has been discussed by Delkhosh et
al. (2020). It was concluded that residual stresses did not significantly affected the fatigue
strength of the box welded structure.

7. Case Study: PLCC of a Welded Box Structure

The investigated structure is a representative welded box structure, see Figure 10.
The structure is an important member in a spreader. The box structure consists of two
flange plates and four web plates [45]. The plates are manufactured from high-strength-
structural steel (HSS) where the flange plates are manufactured from S700QL, a quenched
and tempered grade, while the web plates are manufactured from S600MC, a hot-rolled
structural steel made for cold forming. The structure is assembled through four longitudinal
welds and two circumferential bevel welds, see Figure 10. From the perspective of fatigue,
the circumferential bevel welds are the critical welds.

Parameters investigated in the PLCC case study include varied flange plate thickness,
tr, varied web plate thickness, t;; and off-center hole position. Design cases and parameter
configurations of current case study are given in Table 1. Note that the shift of the hole
position, 30 cm towards the critical web plate, effect the symmetry of the loading. This
causes the loading mode to become eccentric and thus effects the fatigue life of the box.

Table 1. Design cases and parameter values [45].

Flange

Specimen Group Case ID Thickness #¢ Web Thickness Loading Mode
tw [mm]
[mm]

Reference case MTA 30 10 Centric
Varied ¢ MTB 40 10 Centric

f MTC 60 10 Centric

Varied ty MTD 30 8 Centric

MTE 30 10 Eccentric

Varied hole position MTF 40 10 Eccentric
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47> y Flanges

loc,h %

o Web plates
Longitudinal

weld

Circumferential weld =z

|l ®pIS

Load surfaces

Figure 10. The welded box structure in (a) and applied load and dimension details in (b) [45].

7.1. Fatigue Behavior and Estimated Life

Each weld box design case is evaluated with respect to four fatigue scenarios of
different severity, see Table 2. In each fatigue scenario, it is assumed that the welded box
fails as a result of LOP. Note that full weld penetration in this case still assumes a slight
lack of penetration of 0.5 mm.

Table 2. Fatigue failure scenarios [45].

Scenario ID Description LOP [mm]
S1 Full-length crack, partial penetration 4
S2 Intermediate crack (width = 40 mm), partial penetration 4
S3 Full-length crack, full penetration 0.5
54 Intermediate crack (width = 40 mm), full penetration 0.5

The predicted fatigue life for all weld box setups and fatigue failure scenarios are
given in Table 3.

Table 3. Estimated fatigue life (cycles) for each investigated design case according to [45].

Fatigue MTA MTB MTC MTD MTE MTF
Scenario
s1 102,841 287,933 1,103,500 67,768 33,366 96,467
s2 589,198 1538700 5486300 458,650 182,450 517,390
s3 311,108 925,034 Infinite 275,370 102,480 304,010
s4 838979 20265700 Infinite 664,850 255,420 731,070

7.2. Material Cost

Material acquisition cost is calculated according to Equation (9) using material cost
parameters in Table 4. Costs per kg material are here retrieved from steel price index
figures [35] and other material data bases [36]. Production scrap rates are estimated from
the ratio between cut-out size (including trimmings) and original feeding material size [47].
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Table 4. Material cost data [35].
Steel Type Density [kg/m3]  Cost [€/kg]  Scrap Rate [%]
Cold rolled, quenched and tempered,
HSS plate 7850 0.7 26
Hot rolled HSS plate 7850 0.65 6

Apart from used raw material, the cost of the weld filler material is also a factor. Filler
material cost used is defined in Table 5.

Table 5. Weld filler material data.

Filler Material [€/kg]
ER 70S-6 53

7.3. Production Cost

The production cost is a function of the manufacture of the plates and their assembly.
The manufacture involves CNC-machining of HSS plate perimeters and cut-outs. The
assembly involves mounting and weld tacking followed by several weld passes. It is
assumed that the production is performed at an hourly labour cost of 4-5 € [48], and
electricity fuselage annual cost of 3000 € for a 600 kW fuse [49]. To investigate the cost
implication of introducing simple weld preparation and post-processing, manual cleaning
is considered in both cases for the most involved production flow process. The process
flow is specified in Figure 11. For more welding details, refer to [45,46,50].

Flange Final
TStS & web welded
PIalES plates structures
Machine > Drill & machine Machine edge Surface Clean weld Position & tack > Weld > Clean A
perimeters cut-out(s) > cut-out(s) > cleaning surfaces > weld plates process welds _):_ ln_s;je_ct_lo_n_ 1
. J L J
Part manufacture Structure assembly

Figure 11. Welded box production flow. As the cost-impact of introducing weld preparation and weld post-processing is

investigated, these processes are marked with a dashed line. Inspection cost is not the topic of this paper and is therefore

excluded and marked in grey.

7.4. Use Phase Cost

The use phase cost is a direct function of fatigue design together with application and
governing duty cycle, or the proportion of time during which a piece of equipment is in
active use. For a crane hoist, that means the proportion of time during which the hoist
is lifting or lowering a load. Assuming a severe service [51], the crane hoist is estimated
to operate in a harbour setting where it lifts containers weighing on average 25 tonnes.
The crane hoist is estimated to lift 12 such containers per hour and is operated for 10 h
a day, 250 days a year and has a technical lifetime of 20 years. The hoist crane is lifted using
a 200 kW hoisting motor for all three cases. Continuous electricity cost is a function of the
European weighted average electricity cost of 0.125 € per kwh [52] and required fuselage
cost [23].

Apart from costs given by the explicit duty cycle, other use phase costs include inspec-
tions and maintenance. The American Occupational Safety and Health Administration [53]
dictates that frequent and periodic inspections are to be carried out. Frequent, daily, in-
spections can be performed by the crane operator before use. In this paper, the costs of
frequent inspections are implicitly recorded through assuming that visual inspections are
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performed by the operator throughout the 10 h operating time. Periodic inspections are
to be performed by experts, at a 1-12 month interval. In this paper periodic inspections
by experts are considered to be performed annually. The annual inspection is expected
to result in half a day shut-down and a cost resulting from the combination of downtime
cost and expert inspection cost. The downtime cost corresponds to the explicit income loss
of planned downtime. The income loss is considered to be the terminal handling charge
(THC) loss, which range from 88-210 € for a 20 ft container [54]. In the performed PLCC,
a THC-charge of 200 € as reported by Rotterdam, Netherlands [55] is used. The expert
inspection cost fee is assumed equal to that of a flying dispatch cost [56], at an hourly rate
of 85 €.

If fatigue failure or failure initiation is discovered during the technical lifetime of the
crane hoist, repair and resulting downtime costs are also part of the life-cycle cost, see
Figure 12. Similarly to that of annual inspection, it is assumed that a discovered failure
requires half a day shut-down for repair work. Apart from the downtime and flying
dispatch cost, the repair cost also includes the direct welding cost as calculated from the
predictive technical cost model described in Section 5.2.2. The cumulative fatigue damage
level, C, is evaluated over the estimated technical lifetime, and it is assumed that fatigue
failure occurs if Miner’s rule predicts a cumulative damage level of 70% according to

c o MSi

N;5;
as a function of the comparative stress level, S;, the current number of cycles, n; and
the total number of cycles to failure, N;, from Table 3. It is assumed that one fatigue
cycle corresponds to the lifting of one container. The comparative stress level is given by
geometry, gravity, flange plate mass, m;, and representative flange plate area A;, according
to tan45gm; / A;. If fatigue failure occurs, it is assumed that repair work resets the crane
hoist to a fully operational, undamaged state (n; = 0, C = 0).

> 0.7 — fatigue failure (11)

7.5. End-of-Life Cost

To allow for some alternative waste flows, a retrieval rate of 80% is accounted for at
the final end-of-life stage. Production scrap is not credited to the full cycle, and is therefore
simply treated as a cost. It is assumed that the steel of a retrieved component is valued at a
UK market price of 0.26 € per kg [57].

o
o
>
o
2 \/\
3
Time >
> Use phase >
Inspection Inspection Failure

1 )
Standard maintenance I( If failure detected Repair

Figure 12. Important use phase costs include actual application use and resulting inspection, mainte-
nance, repair and downtime.
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8. Results

The results include sections on all investigated design cases. In addition, as the fatigue
scenarios explored in the parametric PLCC concern the impact of weld penetration depth;
a complementing pure production cost assessment is presented for three different pene-
tration depths, i. These penetration depths are i = 6,8, 10 mm, where 10 mm penetration
depth corresponds to ideal full penetration. This assessment directly couples penetration
depth to production cost and therefore shows how manufacturing efforts that ensure weld
quality also drive production costs.

8.1. PLCC as a Function of Flange Plate Thickness, Web Plate Thickness and Hole Position

The predicted life-cycle cost grow for each year, as presented in Figures 13-15 for
each design case and fatigue scenario. The different design cases and fatigue scenarios
show different step-wise incremental life-cycle cost increases over the years. These steps
often correspond to repair and downtime costs as a result of fatigue damage, as shown
by the R&lI (research and inspection) label in the figures to the right in Figures 13-15. For
the posed technical lifetime of 20 years, the initial production cost becomes negligible in
all design cases. Different flange plate thicknesses (MTA-MTC) and shifted hole position
(MTE-MTF) have the highest impact on the overall lifecycle cost, see Figures 13 and 15,
respectively. A lowered web thickness (MTD), is shown in Figure 14, to have little effect on
the overall lifecycle cost for all fatigue scenarios.

The flange plate thickness is in Figure 13 shown to have a high impact on the lifecycle
cost, and most dominantly so in the most severe fatigue scenario, S1. At full technical
life, increasing the flange thickness 10 mm (MTB) reduces the overall lifecycle cost by
40%, while increasing the flange thickness 30 mm (MTC) reduces the lifecycle cost by
60%. In the same fatigue scenario, it can be noted that repairs for the cases with increased
flange thicknesses, MTB and MTC, are needed each third and ninth year, respectively. The
baseline on the other hand, needs continuous annual repairs throughout its lifetime for the
same fatigue scenario. For the other three fatigue scenarios, 52-54, increased flange plate
thicknesses also result in reduced lifecycle costs and less frequent repairs.

Thinner web plates are shown to have low impact on the life-cycle cost of the full
box, see Figure 14. For the fatigue scenarios S1 and S3, we find that all considered cases
need annual repairs thus making the design cases equal in terms of life-cycle cost. A small
impact can be noticed in the less severe fatigue scenarios, S2 and S4, where the life-cycle
cost at full technical life is a few percentage higher for the case with thinner webs. In each
fatigue scenario, the thinner webs case, MTD, need to be repaired with one respectively
two years shorter intervals compared to the baseline box.
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Figure 13. Annual accumulated lifecycle cost for each fatigue scenario and design cases MTA-MTC, in which flange
thickness is varied according to t = 30,40, 60 mm, respectively. (left) accumulated costs per year. (right) the divisions
between cost contributions for specified year, normalized with respect to the baseline case (MTA).

The position of the hole on the flange plates is shown in Figure 15 to have high impact
on the fatigue scenarios S2-S4. For the most severe fatigue scenario, S1, we find that
all considered cases need annual repairs. The highest impact of eccentricity is shown in
fatigue scenario S3, where the life-cycle cost becomes close to 70% higher as opposed to
the baseline box. In all fatigue scenarios it is shown that increasing the flange thickness by
10 mm, case MTF, compensates for the hole eccentricity. Thus, in all fatigue scenarios case
MTF returns a similar life-cycle cost as that of the baseline box.
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Figure 14. Annual accumulated life-cycle cost for each fatigue scenario and design cases MTA
and MTD, in which the web plate thickness is varied according to t;, = 8,10 mm, respectively.
(left) accumulated costs per year. (right) the divisions between cost contributions for specified year,
normalized with respect to the baseline case (MTA).

Production Cost

The production cost of the welded box as a function of annual manufacturing volume
for each flange plate thickness case is given in Figure 16. The production cost reduces
with increasing annual manufacturing volume. This is a result of how the cost for lower
annual manufacturing volume is dominated by manufacturing and indirect costs such
as investments, see Figure 17. For larger annual manufacturing volumes, the production
cost stabilize at a lowest cost per part, which corresponds to a stable division between
cost categories, governed by direct costs such as material and operator costs. When the
lowest stable cost has been reached, a flange plate thickness increase of 10 mm increases
the production cost with 24% while a flange plate thickness increase of 20 mm increases
the production cost with 43%.
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Figure 15. Annual accumulated life-cycle cost for each fatigue scenario and design cases MTE, MTF
and MTA, where each represents a different hole position (eccentric vs. centric). (left) accumulated
cost for per year. (right) the divisions between cost contributions for specified year, normalized with
respect to the baseline case (MTA).

How the cost shifts importance between indirect costs (investments and facility costs)
to direct costs (operator, material and direct electricity costs) is similarly shown for the
process of assembly, i.e., welding, of the box structure, shown in Figure 18.

8.2. The Impact of Penetration Depth on Production Cost

The production costs as a function of annual manufacturing volume of the welded
box structure for different penetration depths are given in Figure 19. It is clear that only
accounting for different penetration depths, or in fact different bead mass, has little impact
on the overall production cost. However, to ensure full penetration depth, the welding
process need to be more involved. If considering increased effort through applying pre-
and post-weld cleaning and assuming previous hourly labour rates, the cost increases
between 16-30% depending on the rate of cleaning, see Figure 19.



Metals 2021, 11, 1527 18 of 23

160 , ,

140
140 120
100

120 80

60

2000 3000 4000 5000
100 -

+—+ t,=30mm

80 e—eo t;=40mm —

*—= t,=60mm

Production cost per finished structure [€]

60

0 20000 40000 60000 80000 100000
Annual manufacturing volume [structures/year]

40

Figure 16. Production cost as a function of annual manufacturing volume for cases ¢ = 30,40, 60 mm.
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different annual manufacturing volumes for the case of ¢ = 30,40, 60 mm.
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9. Discussion

The presented PLCC scheme and case study have shown the importance of proper
design and fatigue assessment in an early conceptual design stage in order to ascertain
an optimized design and control life-cycle costs. Furthermore, the fact that maintenance
and repair costs in the most severe fatigue scenarios tend to drive the life-cycle costs
highlights the importance to properly control and inspect manufacturing variations present
in welding.

The life-cycle assessment has demonstrated that the most important life-phase is
the operational use and that the costs to minimize are operation, maintenance and repair.
Ultimately, the size of the use phase costs in comparison to the production costs means most
fatigue-enhancing efforts, such as increasing the thickness of the load-carrying member
(tf), change of steel steel grade used or introducing improved weld classes, are justified
even when resulting in significantly increased production costs. When increasing the
flange thickness for example, a 20 mm flange plate thickness increase comes at a cost of
43% production cost increase (or about 18 €), which results in a 60% overall life-cycle cost
reduction (or about 1.75 M€). Efforts addressed at managing manufacturing variations,
such as flange hole position eccentricity, can similarly also have beneficial impact on
the overall lifecycle cost of a design. For example, the impact of the flange hole position
eccentricity is in design case MTF shown to be fully compensated by a flange plate thickness
increase of 10 mm.

However, it is important to express that minimized production costs are needed to en-
sure a competitive supply chain and final component. This means all design improvements
that maximise the structure fatigue life of a welded structure need to be evaluated for their
efficiency before implemented. For example, although ensuring consistent penetration
depth is key to improved fatigue behaviour, different strategies to achieve this are more or
less costly. For example, the simple introduction of pre- and post-cleaning has been shown
to have a large impact on the final, stabilized, production cost, resulting in production cost
increases of 16-30% for large annual manufacturing volumes. Thus, to avoid implementing
a fatigue improvement strategy that is less cost-efficient than another, predictive technical
cost modelling and cost assessment becomes valuable tools.

The welding extension added to the used predictive technical cost model has been ver-
ified to that of actual weld specification documents, and the predicted weld time has been
shown to comply well with that of recorded figures. This means the estimated production
costs are accurately sized. However, it is important to note that the final production costs
are a function of defined process scheme and indeed, country of manufacture. Particularly
operator and electricity costs vary greatly between nations.

Finally it is important to emphasize that the incorporation of life-cycle costing in an
early design stage is not only beneficial from a design perspective, but will also be a key
driving factor towards enabling future circular economy, and indeed a fully sustainable
production system.

View of Variation

The variation in production can be viewed differently depending on the different
stages of the product development stage and role dependent; different roles within the
organization needs different information, hence context dependent. In the manufactur-
ing flow, the variation could occur between factories, technology suppliers, batches and
within one part. Variation could also be observed within one single weld; along the weld,
within the cross section and weld toe geometry. Hence, variation will occur in all product
development phases which will have a significant impact on the product quality. Therefore,
it is important to identify the sources of variations in the different product development
phases in order to minimize their cause. Figure 20 illustrates examples of different sources
of variation that could occur in the welding production.
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10. Conclusions

Presented PLCC method and case study have shown the importance of designing a
welded structure with respect to structural demands and variation in manufacture and
corresponding predicted life-cycle cost. In addition, used predictive technical cost model
has been demonstrated valuable for investigating the cost-efficiency of fatigue-enhancing
strategies of the same welded structure. Some important conclusions are:

*  Welding and production costs are negligible in relation to re-occurring repair costs for
all considered design cases and fatigue scenarios.

*  Repair and maintenance costs outweighs that of operational costs for the more severe
fatigue scenarios considered.

* Increased flange plate thicknesses is the most effective means to reduce overall life-
cycle costs, as it can increase the intervals between repairs significantly. Ultimately,
increased flange plate thicknesses can result in lifecycle cost reductions of up to 60%
(or about 1.75 M<€) and fully compensate for hole position variations considered.
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