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ARTICLE INFO ABSTRACT

This paper presents structural optimization techniques to design truss structures that make best use of a given
stock of structural components. Still little explored, the reuse of structural components over multiple service lives
has the potential to significantly reduce the environmental impact of building structures. Structural design and
construction based on reuse avoids sourcing new material, it reduces superfluous waste, and requires little
energy. However, designing a structure from a stock of reclaimed elements entails a change of design paradigm:
in contrast to conventional design practice, the structural geometry and topology depends on element stock
characteristics, e.g. available cross sections and lengths. This paper presents discrete structural optimization
formulations to design truss systems from stock elements. The approach taken in this work is iterative: 1) ele-
ment assignment and topology optimization are carried out, and 2) geometry optimization follows thereafter to
best-fit the system geometry to the length of assigned stock elements, for instance to reduce cut-off waste. Two
case studies are presented: a) a cantilever of simple layout used to explain the details of the design methodology,
and b) a train station roof structure of complex layout made from elements reused from disassembled electric
pylons. For these case studies, Life Cycle Assessment confirms that an up to 63% environmental impact reduction
is possible when comparing structures obtained with the proposed method against weight-optimized solutions
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made of new elements.

1. Introduction
1.1. Reuse and circular economy

The building sector is a major contributor to material consumption
[1], energy use, greenhouse gas emission [2], and waste production [3].
Most of the embodied impacts of buildings [4], e.g. related to material
extraction, production, construction and demolition, are due to load
bearing systems [5]. A way to reduce these building embodied impacts
is to apply the principles of circular economy [6]. In a circular economy,
manufactured goods are kept in use as long as possible through closed
loops, which consist of: 1) repair, 2) reuse, and 3) recycling.

Recycling is the common strategy to make use of obsolete con-
struction materials but it involves energy for reprocessing (e.g. melting
steel scrap). Instead, reuse has the potential to reduce building en-
vironmental impacts further with respect to recycling because less en-
ergy is spent for reprocessing [2,7]. This paper focuses on the direct
reuse of structural components, involving their relocation and re-
purpose. In this context, reused structural elements will have a longer
service life and disassembled buildings become a mine for new con-
structions [7]. A holistic approach to component reuse involves careful

deconstruction as well as the storage, refurbishment and quality as-
sessment of structural elements [7,8].

A recently built example of such design philosophy based on reuse is
the BedZED project - a residential and office building whose steel
structure is made of 90% locally reclaimed elements [9]. Another ex-
ample is the London Olympic stadium roof truss that incorporates
2500 tons of reused steel pipeline tubes which were tested prior to reuse
in order to assess the material quality [2]. A theoretical case study to
design a railway station roof made of truss modules reclaimed from
deconstructed industrial buildings and combined with new steel ele-
ments is presented in [10]. The reuse of such truss modules allowed
saving 30% of embodied energy and carbon compared to a new steel
structure [10].

Even though significant environmental savings are possible through
reuse [7], it has been shown that reusing steel elements can be more
expensive in monetary terms than using new steel because of the de-
construction and refurbishment processes involved [11,12]. It was
identified in [7] and [12] that the potential establishment of element
stocks, databases and a market for reused elements will facilitate
greater reuse in the future.
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Notation

Variable Unit Description

aeR’ [m?] vector of stock element cross section areas

BeRi*m [-1 equilibrium matrix

b [m] buffer on the available element length

C [kgCO2eq]  total embodied carbon

DeRi*m [m] matrix to account for self-weight of the struc-
ture

d [-] number of unsupported degrees of freedom

E [MJ] total embodied energy

eeR’ [MPa] vector of stock element Young's moduli

fe R [MN] vector of static external forces

i [-] truss member position i

j [-] stock element group j

k [-1] kth load case

ler’ [m] vector of stock element lengths

leR™ [m] vector of truss member lengths

m [-1 total number of truss member positions

ner’ [-1 vector of stock element availabilities

pPER™ [MN] vector of truss member forces

D, ,-""‘k' [MN] buckling resistance of element j assigned at
truss position i

pER’ [kg/m®] vector of stock element densities

s [-1 total number of stock element groups

oeR’ [MPa] vector of stock element yield strengths

Te{0,1}™** [-1 binary assignment matrix

uer? [m] vector of nodal displacements

Upin € Re [m] lower bound on the nodal displacement

Upax € RY [m] upper bound on the nodal displacements

xer? [m] vector of coordinates for unsupported truss
nodes

YER [MN/m?] vector of stock element specific weights

1.2. Structural design

Reuse involves reversing the conventional structural design process,
because the synthesis of a structural layout (geometry and topology) is
constrained by mechanical and geometric properties of an available
stock of elements [13]. This paper presents applications of structural
optimization methods previously developed by the authors [14] to
design structures through reuse.

Optimization is often employed to obtain optimal layouts of struc-
tures under a given set of boundary conditions and constraints [15].
Truss structures are usually optimized by adjusting the topology
starting from a ground structure [16], which is the set of all possible
member positions between the truss nodes. The member cross section
sizes are part of the design variables. Simultaneously [17] or sequen-
tially [18], the node positions can also be changed in order to obtain an
optimal truss geometry. To reduce optimization complexity, often cross
section areas are treated as continuous variables. In practice, because
only a limited set of standard cross sections is available, discrete sizing
optimization should be employed [19]. Discrete sizing and topology
optimization has been formulated as a Mixed-Integer Linear Program-
ming (MILP) problem in [20] and [21]. A MILP problem can be solved
to global optimality employing combinatorial optimization techniques
such as branch-and-cut methods [22]. Usually, optimization of truss
structures is carried out assuming that all elements can be fabricated
with required cross sections and lengths. Conversely, when reusing
structural elements from a stock, the number of available cross section
types is restricted and the structure geometry has to best-fit available
element lengths.

Structural optimization with stock constraints has received little
attention so far. The optimization of plane frames of fixed topology
from a stock of onetime available cross sections is presented in [23],
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where evolutionary algorithms have been employed for weight opti-
mization but without accounting for available element lengths. Strate-
gies based on algorithms developed to solve bin-packing problems have
been employed to form-fit a stock of wood logs to statically determinate
trusses in [24].

1.3. Outline

Section 2 summarizes an optimization approach for reticulated
structures subject to a constraining element stock. This approach
combines 1) discrete structural topology optimization methods to select
an optimal subset of stock elements (Sections 2.1 and 2.2), with 2)
geometry optimization methods to optimally match structure geometry
and stock element dimensions (Section 2.3). Section 2.4 introduces an
extension to this method to obtain improved solutions. Section 3 pre-
sents the main assumptions of a Life Cycle Assessment that is employed
to quantify environmental impacts and savings through reuse. Section 4
describes two case studies: a) a cantilever truss of simple layout to
explain in detail the design methodology (Section 4.1), and b) a train
station roof structure of complex layout reusing elements from a rea-
listic set of disassembled electric pylons (Section 4.2).

2. Structural optimization with stock constraints
2.1. Element assignment

The selection of suitable elements from a stock and their optimal
placement in a structure can be formulated as an assignment problem
which is of combinatorial nature. This is comparable to the selection of
cross sections in discrete sizing optimization methods [20,21]. Fig. 1(a)
shows a weight optimized cantilever truss obtained from the ground
structure shown by the dashed lines (m = 5 potential bar positions) and
using the stock illustrated in Fig. 1(c). The stock comprises s = 6 ele-
ment groups which are characterized by material properties (i.e.
Young's moduli e € R’, material strengths o € R®, material densities
p €R’, specific weights y € R®), cross-section areas a€R°®, element
lengths 1 € R® and the element availabilities n € R®.

The assignment of one element from stock group j at position i in the
structure, is represented by an entry t;; = 1 in the binary assignment
matrix Te€{0, 1}™*%, shown in Fig. 1(b). For clarity, the system to-
pology is changed when no element is assigned at a certain position,
corresponding to a row of zeros in the assignment matrix. The in-
equalities (Egs. (1) and (2)) ensure maximally one assignment per po-
sition i and limit the selection of bars to the number of available ele-
ments for each group j:

s
j=1

@

m
quﬁl’lj ijl...S

i=1

(2

tiJ'E{O, 1} Vl,]

2.2. Structural assignment and topology optimization problem

The assignment problem described in Section 2.1 is included into a
structural optimization formulation using a Simultaneous ANalysis and
Design (SAND) [25] approach. Different to Nested ANalysis and Design
(NAND) where design sensitivity analysis is performed at each iteration
of the optimization, SAND formulations simultaneously treat design
variables (e.g. cross section areas) as well as state variables (e.g. in-
ternal forces and nodal displacements) as variables of the mathematical
programming procedure [25,26]. The SAND approach is key to allow
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Fig. 1. Assignment of stock elements: (a) ground structure, (b) assignment
matrix, (c) stock.

formulating discrete assignment and topology optimization as a MILP
problem and to solve it to global optimality [21,26]. The objective of
the optimization is to reduce the structural mass M and consequently to
maximize element capacity utilization. The problem of assignment and
topology optimization from a stock of reused elements is formulated as:

P)
inM(T) =I'T
;rfﬂ (T) (acp) 3)
Bp®) = f® + DT (acy) Yk C))
' ea;
b u® z L =p® Vi k
=t (5
— T(aoo) < p® < +T(acc) Yk 6)
N
- 2 bl <p® Yik
=1 @)
uo, <u® <uld Vi (8)
N N
LY < ) gl YVi=1l.m
=1 =1 ©)]

Formulation (P) includes the design variables of the assignment
matrix T as well as the state variables of member forces p® € R™ and
nodal displacements u® € R% The vector u® has size d which is the
number of free degrees of freedom. The structural mass (Eq. (3)) is
computed as the inner product of truss member lengths [ € R™, element
cross section areas a and material densities p assigned through T. The
operator o indicates an element-wise multiplication of vector entries
(Hadamard product). For each load case k, static equilibrium of forces
at the nodes is ensured by Eq. (4), where B € R?*™ is the equilibrium
matrix and f%' € R? is the vector of static external forces. Self-weight is
added to the external force vector through the product of the matrix
DeR™™ and the assigned element cross section areas a and specific
weights y. The matrix D holds entries of half the member lengths [; at
corresponding vertical degrees of freedom at the member ends.

Geometric compatibility constraints in Eq. (5) relate element elon-
gation, nodal displacements and member force. Member forces are
bounded by the admissible stress o in tension and compression (Eq.
(6)). In addition, local member buckling is considered via Eq. (7),
where p; jb"c"' represents the buckling resistance of stock element j at
position i in the truss. The numeric value of the buckling resistance can
be calculated from the Euler buckling formulation or according to code
regulations [27]. Nodal displacements are bounded by serviceability
limits (Eq. (8)). Eq. (9) constrains the stock assignment to elements that
are longer or equal to the structure's member lengths I. To complete the
optimization formulation, the assignment and availability constraints
introduced in previous Section 2.1 must hold (Egs. (1) and (2)).

The objective function and all constraints of (P) are linear, except
the compatibility constraints (Eq. (5)) which contain products of binary
assignment variables t;; and continuous displacement variables u. As
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System

min {T,p,u) Assignment and
MILP topology optimization
T*
(
min f{x,p,u) Geometry .
NLP optimization X

Final structure

Fig. 2. Iterative layout optimization process.

shown in [21], these “bi-linear” constraints can be reformulated into
linear constraints by “big-M” techniques and the introduction of aux-
iliary continuous variables. Consequently, (P) is equivalently described
as a MILP problem, which can be solved to global optimality. This
formulation draws from work presented in [21], yet differs in the way
that it includes self-weight and buckling (Egs. (4) and (7)) as well as the
constraints on availability and element lengths (Egs. (2) and (9)).

2.3. Layout optimization

The assignment and topology optimization method of Section 2.2 is
combined with geometry optimization to formulate a general structural
layout optimization method. Fig. 2 shows a flow chart describing this
sequential approach. First, given a fixed geometry, problem (P) is
solved to global optimality resulting in an optimal assignment and to-
pology T*. In this step, the length of an assigned element may not
match exactly the distance between the nodes of the corresponding
ground structure position. Geometry optimization is then carried out by
varying the positions x € R? of all free nodes to match the assigned
element lengths. The geometry optimization step is formulated as a
general Non-Linear Programming (NLP) problem and solved to local
optimality. The reader is referred to [14] for a detailed explanation of
the geometry optimization step involving stock constraints. Con-
vergence of the layout optimization is reached when no further mass
and waste reductions are achieved in successive iterations.

2.4. Element buffer

Starting from the ground structure (step 1), it might not be possible
to assign all the required stock elements because they might be too
short for certain positions. However, because of the iterative geometry
optimization, successive nodal position changes might allow their as-
signment in later steps. As an extension to the method given in [14],
this paper introduces an absolute buffer b on the element length to allow
infeasible length assignments at the start of the iterative search. Con-
straint (Eq. (9)) becomes:

S N
I Z Ly < Z iy +b) Vi=1l.m
=1

j=1 10)

This buffer reduces to zero within a fixed number of iterations. In
other words, the search space is temporarily increased to allow more
assignment combinations at the start of the sequential optimization.
However, element length constraints (Eq. (9)) are satisfied for the final
result.
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Fig. 3. Sub-processes and boundary of the Life Cycle Assessment for the case of
reusing structural elements.

3. Embodied energy and carbon

The aim of reusing structural elements is the reduction of environ-
mental impacts. Life Cycle Assessment (LCA) is carried out to quantify
the embodied energy and carbon of steel structures obtained using the
method described in Section 2. This way, the environmental impacts of
structures made from reused elements are compared to those of struc-
tures comprising new elements made of recycled steel. In this assess-
ment, only the impacts of processes that differ between reuse and re-
cycling scenarios are considered. The study period begins with the
processes required to supply structural elements and ends when the
structure is transported to the building site. Fig. 3 shows the boundary
and the processes that are included in the assessment of reusing steel
elements, which involves evaluating the impacts of: 1) selective de-
construction of obsolete buildings (opening connections, hoisting ele-
ments with a crane), and 2) the transport of elements from decon-
struction site to building site.

Environmental impacts of selective deconstruction are mostly
caused from the use of machines during disassembly. In this paper, the
calculation of these impacts is based on data reported in [28] that
considers the deconstruction of office building steel structures via a
mobile crane and via worker crews equipped with pneumatic ratchets
powered by compressors.

Impacts related to refurbishment, reshaping or storing of elements
are neglected because they are assumed small. Any impacts related to
manufacturing connections are neglected because it is assumed that
such impacts are small and of similar intensity in both scenarios (reuse
and recycling). Further, it is assumed that leftover stock elements can
be used elsewhere, thus only the elements assigned to the final structure
contribute to the environmental impacts.

The impacts caused by transporting the selected stock elements as
well as the final structure are computed via datasets given in the
German Life Cycle Inventory Okobaudat (open-access, available in
English) [29]. For the reuse and the recycling case total transport

Structures 18 (2019) 128-137

Table 1

Characterization - stock A and B.
Stock A Stock B
CHS type a; [ n; CHS type aj i n;

[em®]  [m] -] [em?®] [m] -]

21.3 x 3.2 1.82 1.25 3 21.3 x 3.2 1.82 1.80 1
33.7 x 3.2 3.07 2.50 3 21.3 x 3.2 1.82 2.60 3
33.7 x 4.0 3.73 3.25 2 33.7 x 4.0 3.73 2.50 2
42.4 X 4.0 4.83 2.50 2 42.4 x 4.0 4.83 1.50 2
42.4 x 5.0 5.87 3.25 3 48.3 X 5.0 6.80 2.50 2
48.3 X 5.0 6.80 3.00 1 48.3 X 5.0 6.80 1.80 2

distances of 200 km and 70 km are considered respectively.

The total embodied energy E and embodied carbon C of structures
made from reused elements can be expressed as a function of the
structural mass M as well as the cut-off waste AM:

Ereuse = 3-245£M + 3‘235£AM
kg k

an

CRBuSB = 0.277

k
@M +0.276

k;
gCOeq AM
k (12)

To benchmark the environmental savings obtained through reuse
against newly produced elements, common production methods invol-
ving primary and secondary (recycled) steel are considered. The as-
sessment of these impacts is based on environmental product declara-
tions reported in Okobaudat [29]. The total environmental impacts for
conventionally produced new steel profiles and their transport to the
site are:

e = 132273 1
kg 13)
k
oy = 09255860264
kg (14)

It is assumed that first-hand steel members are produced with exact
lengths and do not generate impacts related to waste. For more details
on the LCA assumptions and on Egs. (11) to (14), the reader is referred
to [14].

4. Case studies
4.1. Cantilever truss

4.1.1. System and stock

Fig. 4(a) shows a 10-bar cantilever ground structure with a span S of
4.00m and a height of 2.00m. A load F = 10kN is applied at the
bottom end. For the geometry optimization step the free nodes 2, 3, 5
and 6 are bounded within = 0.80 m distance from their initial position
(Fig. 4(a), grey domains). The horizontal position of node 3 is further
constrained to maintain a minimum span of 4.00 m. Limiting node
positions to defined domains prevents merging nodes and self-

(a) System (b) Stock A (c) Stock B
©) @ ¢ 3.00} 3.00}
oo/ No o] |
J () 2.00} 2.00f
® ©| S
® 0 1 100 1.004
F
N R |
200 200 o000 OO0 oo O00O0OO0O

Fig. 4. (a) 10-bar cantilever ground structure, (b) stock A, (c) stock B.
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(b) Stock A
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@@®| |(D
Stock B

®H

Fig. 5. Cantilever truss results: (a) pure assignment and topology optimization, (b) layout optimization without element buffer, (c) and (d) layout optimization with

element buffer.

overlapping of the structure. In practice, the constraining domains also
allow to obtain optimal structure geometries that remain close to an
initial design intention or input.

Two stock configurations A and B are illustrated in Fig. 4(b) and (c).
The two stocks consist of steel bars with circular hollow sections (CHS) of
dimensions taken from EN 10220 [30]. It is assumed that all steel bars have
a yield strength of 235 MPa, a Young's modulus of 210 GPa and a density of
7850 kg/m°>. Table 1 summarizes cross-section types and areas as well as
element lengths and availabilities for each group in stocks A and B.

4.1.2. Results

Four cases for the optimization of the cantilever truss are con-
sidered: (a) pure assignment and topology optimization from stock A;
(b) layout optimization without element buffer from stock A; (c) and (d)
layout optimization with element buffer from stock A and B respec-
tively. In addition to these cases with reused elements, two benchmark
scenarios for weight-optimized structures made of newly produced steel
elements with equivalent material properties are considered. These
benchmark cases are: (e) a sequential discrete cross section and

Reuse New
(a) (®) (©) (@ (e) ®
_. 50 100
g‘ B Structure O Waste OUtilization &
g 40 — 0§
B — g
2 30 A 60 Z
g =
Z g
= w B
15} 2
= 5
£ 10 A 20 g
E 51
7 =
0 | 0
NN $ SIS TSe
250 25
_ B Embodied Energy OEmbodied Carbon OTransport share 5
S 200 20 9
= D
2 &
5 150 15 2
= 1S
5 H
2 100 A 10 S
S =
£ 2
E 50 A 5 8
0
E
m
0 0

() (b) (©

) (© (f)

Fig. 6. Comparison between structures: (a) to (d) made from reused elements, (e) and (f) made of new steel.
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Fig. 7. (a) Power transmission line (Swissgrid AG, with permission), (b) typical
sections and connection detail.

geometry optimization allowing all standard CHS sections reported in
EN 10220 [30], and (f) a simultaneous cross section and geometry
optimization in which cross section radii are continuous design vari-
ables and the wall thickness is set to 10% of the radius. In case (e),
during the geometry optimization step compliance is minimized
whereas during the sizing optimization step weight minimization is the
objective. For case (f) the objective is weight minimization. All cases
consider a critical Euler buckling capacity (Eq. (7)).

Fig. 5 shows the optimal structural systems as well as the use of the
stock for the cases (a) — (d) involving reuse. In the stock illustrations,

(b) 30
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20 T

bl s26 L ML:]
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black bars represent system members and grey bars unused stock ele-
ments or cut-off. In addition, Fig. 6 shows obtained results for all cases,
including (e) and (f). Case (a) results in the biggest cut-off waste AM of
8.00 kg, whereas cases (b) and (c) achieve zero waste because of geo-
metry optimization. Case (d) achieves the lowest mass amongst all the
structures made from reused elements because stock B has a larger
availability of small sections than stock A. In cases (a) and (b), small
cross sections cannot be used because of their short length. In case (c),
the assignment of a small cross section at position ® is possible via the
element buffer technique described in Section 2.4. The element buffer
also allows obtaining an optimal solution in case (d) where all stock
elements are shorter than the initial ground structure diagonals.

The bar chart at the top of Fig. 6 further indicates the mean capacity
utilization of all truss members. Obviously, using lighter stock elements
results in an increased utilization — for example compare cases (b) and
(c). As stock B contains elements with smaller cross sections than stock
A, the capacity utilization in case (d) is even higher than in case (c). In
benchmark case (e) all cross sections reported in EN 10220 [30] are
available in infinite quantity, allowing for a lighter structural system.
Nevertheless, the discrete nature of the sizing problem results in a
maximum utilization of 75%. Only the members in benchmark case (f),
in which the cross section areas are treated as continuous variables,
reach full capacity utilization and by that achieve the lightest structure.
In general, member capacity utilization indicates that reusing structural
elements can result in oversized structures when there is a limited
availability of small cross sections.

4.1.3. Embodied impact savings

The embodied energy and carbon of the systems made from reused
elements are compared to those of weight-optimized structures made
from newly produced elements following the method introduced in
Section 3. The bar chart at the bottom of Fig. 6 shows that reusing
structural elements results in a significant reduction of embodied
carbon and energy, even though these systems have a higher mass and
lower mean capacity utilization. The environmental impacts due to the
transportation of elements are small compared to the remaining shares
caused by selective deconstruction for the reuse cases (a) to (d) or by
new production for the benchmark cases (e) and (f).

4.2. A train station roof designed from power transmission pylons

This case study proposes a structural scheme for the main train
station roof in Lausanne (Vaud, Switzerland) using elements reclaimed
from power transmission pylons. The redesign of Lausanne's train

0 0.50

1.00 1.50 2.00 2.50 3.00 3.50
Element length [m]

Fig. 8. (a) Original drawing of one pylon section (Swissgrid AG, with permission), (b) stock composition.
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Fig. 9. Schematic view of the intended roof truss design, using elements from electric pylons. (For interpretation of the references to color in this figure, the reader is

referred to the web version of this article.)

station is currently under planning to respond to an increase in pas-
senger demand. The pylons, shown in Fig. 7(a), were built in the 1950s
in the region of Wallis, Switzerland. Six power transmission lines con-
sisting of such pylons are scheduled to be replaced by one high voltage
line. However, the pylon members have not yet reached the service life
for which they had been designed.

(a) End unit Central unit

30

1.

13.20

4.2.1. Stock characterization

The pylons consist of L-section steel bars connected by plates and
bolts as shown in Fig. 7(b). The power line operator Swissgrid AG in-
tends to disassemble the pylons piece by piece. Fig. 8(a) shows one of
the archive plans that have been used to quantify the number of ele-
ments within one transmission line as well as their mechanical

227 Global domain = Local domain

S=18.40 m 18.40

18.40 18.40

Fig. 10. Transversal section: (a) ground structure and loads, (b) geometry optimization domains.
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properties, cross section areas, connection detailing and lengths. One
single line comprises about 50 pylons, totaling up to 19,000 bars.
Fig. 8(b) shows a scatter diagram of 332 different bar groups. In ad-
dition, some longer and stronger elements taken from the pylon corners
are available. For most elements the plans report a “historic” steel grade
of St37 that is comparable to grade S235 steel commonly used today. To
quantify the element axial force capacities, not only stress limits (Eq.
(6)) but also a reduced tension capacity due to existing hole patterns are
taken into account. In addition, critical buckling loads (Eq. (7)) of the L-
sections are computed in accordance with Swiss standard SIA 263 [31].

4.2.2. Roof structure design

Fig. 9 presents a schematic view of the intended roof design, whose
primary transversal section comprises three central units (black) and
two end units (blue). The primary structure spans over four double-
tracks as an array of three-hinged frame trusses and is repeated 21
times. This way the roof structure covers an area of 200m X 75 m.
Parallel to the tracks, secondary trusses (Fig. 9, orange) span 10 m
between multiple transverse sections. The secondary trusses are taken
from the electric pylons as complete modules similar to the approach
shown in [10]. Reusing complete modules can reduce labor by avoiding
element-by-element disassembly. However, for the primary system,
more design freedom is sought and therefore the optimization method
of Section 2 is employed.

Fig. 10(a) shows the ground structure of end and central units. The

Table 2
Assumed load cases, limit states and displacement limits.

Load case Description Load magnitude
2o Self-weight From assignment
g1 Dead load 0.50 kN/m?
s Snow load 1.00 kN/m?
Qu Wind load 1.30 kN/m?
Limit state
ULS 1.35(go + g1) + 1.5g5 + 0.6qw
SLS 1.00(go + g1)
Displacement limits
SLS S/300 = 18,400/300 = 61.3 mm
Table 3
Nodal vertical and horizontal loads considered in the optimization.
Load combination H Fa Fp F. Fq
[kN] [kN] [kN] [kN] [kN]
ULS 11 86 16 79 158
SLS 26 4 22 44

Ground structure

—— Optimized system
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ground structure layout is predetermined to meet site constraints, such
as support locations and required heights. Further, the spacing of the
ground structure nodes is chosen to be similar to the length distribution
of available elements. In the geometry optimization step, the free nodes
are globally bounded by the domains shown in grey in Fig. 10(b). In
addition, the admissible horizontal and vertical shifts of the top chord
nodes are constrained to = 50 cm from their original position in order
to achieve a regular distribution in the optimized layout.

The load cases and limit states considered in the optimization are
reported in Table 2. The self-weight of the structure, a superimposed
dead load caused by a roof cover as well as snow and wind actions are
taken into account. Two load combinations are considered (Table 2):
one for ultimate limited state (ULS) and one for serviceability limit state
(SLS). Through a preliminary design, the selected ULS combination of
actions was identified as the governing one and therefore used in the
optimization. Because the roof is not accessible nor connected to any
other non-structural element, only quasi-permanent loading is con-
sidered for the serviceability limit state, where deflections are limited to
S$/300 = 61.3 mm. These assumptions on loading and limit states are
made in accordance to the Swiss standards SIA 260 [32] and 261 [33].

The distributed loads reported in Table 2 are converted into corre-
sponding nodal loads applied to the primary structure. The location of
the applied loads is shown in Fig. 10(a) for both, end and central unit.
Table 3 gives the corresponding load magnitudes.

The optimization procedure outlined in Section 2, is employed to
optimize end and central units separately, which reduces computational
cost. Even though both units are treated individually, any horizontal
reactions transmitted from the end to the central unit are taken into
account. From the 332 pylon element groups two subsets of 71 and 91
stock elements were selected for the end and central unit respectively.
This selection considers the element availability to allow the design of
the complete roof structure (20 bays). The selection is further narrowed
to exclude elements of very small length. As a result, the number of
possible assignments is decreased and the computational complexity is
further reduced.

In this case study elements are intended to be joined at nodes with
custom connection plates in order to reuse elements at their full length
and existing bolt holes. This reduces labor to unbolting and reassembly
and it potentially avoids any element cutting. In addition, the possibi-
lity of using custom connection plates can compensate small gaps when
a distance between nodes is bigger than the assigned stock element
length. Consequently, during the geometry optimization step the nodal
positions are adjusted such that the distance between nodes are greater
than the assigned element lengths. In addition, in the assignment and
topology optimization step the inequality sign of Eq. (10) is reversed
and the bulffer is a negative number.

4.2.3. Results

Fig. 11 shows the initial ground structure (dashed lines) and the
obtained layout (black) of the final transversal roof section. Topology
optimization successfully reduces the number of truss diagonals to

Fig. 11. Optimal transversal section layout.
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Fig. 12. End unit: (a) ground structure, (b) final layout, (c) internal force distribution (d) capacity utilization, (e) stock use, element lengths (grey bars) and distance

between nodes (black bars).
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Fig. 13. Central unit: (a) final layout and cross section areas, (b) stock use, element lengths (grey bars) and distance between nodes (black bars).
Table 4
Environmental impacts of (a) the benchmark case (b) the reuse case.
Metric Unit (a) New elements (b) Reused elements (b) vs. (a)
Mass [kgl 4,400 6,600 +50%
Mean cross section area [cm?] 9.8 12.00 +22%
Mean element utilization [%] 84% 62% —22% (abs)
Embodied energy [MJ] 58,200 21,400 —63%
Embodied carbon [kgCO2zeq] 4,100 1,800 —56%

reduce weight.

Fig. 12 shows (a) the ground structure used for the optimization of
the end units and (b) the optimal layout and assignment labeling.
Fig. 12(c) maps the internal forces onto the structure geometry - the line
thickness is proportional to the force magnitude. Fig. 12(d) shows the
capacity utilization of each assigned stock element considering tension,
compression and buckling. Fig. 12(e) illustrates the used stock elements
(grey bars) and the corresponding distance between nodes (black bars).
For all bar positions, the distance between connected nodes is bigger
than the assigned stock element length.

Fig. 13(a) shows the obtained layout and cross section areas of the
central unit. The labels in Fig. 13(a) relate truss members to assigned
stock elements in Fig. 13(b). In Fig. 13(b) grey bars indicate the stock
element lengths whereas black overlays on each assigned stock element
represent the corresponding nodal distance in the truss. In total, 41 out

136

of the 91 stock members are used in the truss. The geometry optimi-
zation has maximized the number of stock elements that can be used at
their full length with existing holes. However, no large enough nodal
distance could be found for members 14, 33 and 38 (Fig. 13(b)). A
detailed connection design would be required to evaluate whether all
elements could be joined without cutting and whether there is no
overlap of cross section profiles. Such study goes beyond the scope of
this paper.

Because the optimization only considered two limit states, the
complete three-dimensional roof structure (20 bays) has been analyzed
by means of Finite Element Analysis taking into account additional load
cases. The final design is marginally different to that obtained by the
optimization, requiring only minor changes in topology and local re-
inforcement - as for instance the introduction of the two cross bracing
members 40 and 41 shown in Fig. 13(a).
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4.2.4. Environmental impact comparison

The environmental impacts of the structure made from reused ele-
ments are compared to those of a structure with identical layout (to-
pology and geometry) optimized for minimum weight whilst allowing
all discrete L-section shapes reported in EN 10056-1 [34] in unlimited
quantity. Even though an optimal design using new elements might
have had a different layout (see Section 4.1.2), this way a consistent
comparison and the quantification of environmental savings is possible
[10].

Table 4 gives metrics for one transversal section with three central
units and two end units. The structure made from reused elements (b)
has 50% more mass with respect to the weight-optimized solution (a)
which is made of elements of smaller cross sections, resulting in a better
capacity utilization. However, the embodied energy and carbon of the
structure made of reused elements are 63% and 56% lower respectively
than those of the weight-optimized solution.

5. Conclusion

This paper presents structural optimization methods whereby
structural layouts are obtained from a stock of reclaimed elements. Case
studies show that the proposed optimization method produces optimal
structures satisfying design criteria (ULS and SLS) in realistic scenarios.
It is shown that even though structures made from reused elements
have a higher mass and a lower element capacity utilization, they
embody significantly less energy and carbon with respect to structures
made of new elements. However, Life Cycle Assessment often contains
many uncertainties and the energy and carbon impacts for instance
associated with deconstruction processes might strongly vary. Future
work could investigate the generality of these conclusions through
more case studies. The two-step method presented in this paper, i.e.
assignment and topology optimization followed by geometry optimi-
zation, might result in local optima. Future work could look into
methods to search the solution space more efficiently, including si-
multaneous optimization of element assignment, topology and geo-
metry.
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