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Introduction
Key learnings after reading this chapter:
●
●
●

What inﬂuence do construction activities exert on the climate?
What are the requirements of a future-oriented way of building?
How can structural optimization methods contribute to this?

1.1 Preliminaries
Concrete is one of the oldest building materials in the world. The Romans already
used it and achieved strengths of up to about 40 MPa [1]. Concrete exhibits an
uneven distribution of strengths. Its compressive strength is high, but its tensile
strength equals about one tenth of it. Concrete is therefore predominantly stressed
in compression while tension is avoided. Structures whose design is oriented toward
the material properties take this aspect into account and primarily bear loads via
compressive stresses. Thus, this corresponds to the traditional use of concrete for
arches, columns, and domes, where compressive forces prevail.
With the advent of reinforced concrete (RC) in the 19th century, the restriction to
structures subjected predominantly to compressive stress was lifted [2], since steel
was employed to enhance concrete in tension emerging from bending, shear forces,
or axial loads. The same applies to local areas of load application or geometric
discontinuities such as corbels, openings, and supports.
Due to three factors, namely the technological feasibility of reinforcement, scarcity
of human labor and low material costs for concrete itself, the structures changed.
Curved shapes disappeared and were widely substituted by simple, rectangular ones,
which prevail to the present day. Typical examples are prismatic plates, walls, or
beams. The formwork shapes are simplistic and can be easily produced on a large
scale. Thus, the structural designs are often motivated by the simpler construction
on site, although larger quantities of concrete and steel are needed.
Building is a question of time, its capabilities and the pursuit of goals [3].
Expensive materials lead to rather slender designs. High labor and formwork costs
require automation and simplification of shapes. Furthermore, the demand for
short construction times favors prefabricated components.
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Compared to other building materials, concrete has the advantage of free formability. The initially liquid material hardens and obtains its permanent, solid shape
only through hydration. In this respect, concrete structures are open to virtually
unlimited outer shapes. In the same way, its inner shape – namely the layout of
reinforcement – is freely adjustable and installable. It does not have to adapt to
formwork edges in any way, but can easily follow the tensile trajectories instead.
So what is the right shape? What is the right reinforcement (pattern) and where
is it located? How does the right cross-section look like? The answers to these
questions depend on the defined objectives and constraints to be met. And these
conditions change. They change over time, they change depending on the country
and the way of life, and they change according to external influences. Because of
this mutability, the approaches to find the right shapes must therefore account
for the relevant objectives and constraints. This is the only way to find different
answers to similar questions, differing only in the underlying boundary conditions.
In this way, the range of answers expands and adapts to the scope.
The book develops a generally applicable method for this purpose, namely the
Optimization Aided Design (OAD). It is motivated by three fields of investigation.
These are:
●
●
●

the outer shape of structures,
the inner reinforcement layout, and
the cross-sectional design.

Briefly, the inner and outer form finding.

1.2 Outer and Inner Shaping
The outer shape of a concrete structure is determined by its intended purpose. This
can be, for example, the enclosure of a storeroom, the load-bearing function for a
bridge deck, a plane surface of a ceiling, or shielding against soil and groundwater
in a tunnel. The shape further characterizes the design.
The outer shape is influenced by the load-bearing and protective function to
be met, aspects of economic efficiency, the construction process and the way the
structure integrates into the surrounding environment. It is virtually arbitrary due
to the ability of free formability, since concrete exhibits the advantage of taking any
shape. In this respect, no distinction can be made between “right” and “wrong”,
since all designs meet the requirements for load-bearing capacity, serviceability,
and durability.
In the case of engineering structures such as bridges or tunnels, their outer
shape clearly indicates the static load-bearing system. If the outer form follows the
dominant internal force flow (“form follows force”) and further predominantly
orients toward compression, lightweight and, in many cases, bionic-like, curved
structures result. Typical examples are arches, shells or even pylons of bridges with
inclined cables, which experience a distinctly dominant downward load impact due
to the deflecting forces of the cables.

1.2 Outer and Inner Shaping

Figure 1.1 Concrete shaped to the ﬂow of forces: pylon of the Pont de Terenez (France).
Picture: Thomas Putke-Hohmann.

Figure 1.1 shows such a form finding according to the flow of forces by the bridge
“Pont de Terenz”, located in France [4]. The bridge layout lies within a narrow
circular bend. The pylon is shaped similar to an inverted “Y”, with the front leg
continuing the slightly inclined column shape above the roadway level in a straight
line and orienting toward the lateral forces from the cable deviation. In this way,
it is mainly subjected to compressive loads. The lower supports act like two legs
in step sequence and provide further stability against lateral loads from wind and
centrifugal downforces.
Structures designed according to the flow of forces tend to look aesthetically
pleasing and require small amounts of material by avoiding redundant flexural
load-bearing effects. In contrast, Figure 1.2 shows a solid bridge designed using
simple shapes. It is composed of equal single-span beams, each of which is interchangeable. The external cross-sectional geometry of the superstructure remains
constant. This results in two bearing rows per column that are accordingly thick
and compact.
The bridge can be built with constant scaffolding and formwork layout. The
dominant design aspect here is an effective fabrication with a repetitive sequence,
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Figure 1.2
columns.

Railway concrete bridge with uniform single span girders and compact

meaning that every single beam is made with the same formwork and scaffolding,
the same reinforcement and the same casting concept. The result is a repetitive
pattern justified from cost-efficiency in manufacturing. Due to the homogeneous
shape across the entire bridge, its beam-like load-bearing behavior and the necessary limitation of distinct rotation angles at the ends of each girder for the train
passage, massive, heavy cross-sections result and the spacings between the columns
become compact and monotonous. Compared to a structure following the flow
of forces, great additional material amount is needed. For the specific case, this
is mass concrete, as well as prestressing and reinforcing steel. At the same time,
aesthetics suffer due to the obstructed view and consistent pattern of equal spans,
equal columns, and the tall and heavy-looking superstructure.
Similar to the external shape, the internal load transfer can also be designed
intentionally. The reinforcement is typically adapted to the formwork shape and not
primarily to the tensile trajectories of the load transfer. For common rectangular
cross-sections, reinforcement cages are produced from longitudinal bars and
vertical stirrups, thus forming a rectangular grid that follows the formwork’s edges
(Figure 1.3a). This type of reinforcement suits the convenience of production. Due
to the constant orientation, tensile trajectories and reinforcement directions differ,
which automatically leads to an increased amount of required reinforcement. In
other words, fabrication outweighs material efficiency.
Figure 1.3b shows an alternative layout. Like the outer shape of the concrete
cross-section, the reinforcement can also be laid in a virtually arbitrary spatial
manner and does not necessarily has to follow a rectangular pattern. The depicted

1.2 Outer and Inner Shaping

(a)

(b)

Figure 1.3 Reinforcement cages: (a) typical rectangular pattern of longitudinal bars and
side aligned stirrups, (b) freely bend reinforcement derived from strut-and-tie modeling [5].

shear force transfer reinforcement layout with shear dowels was developed from a
strut-and-tie model adapted to the force flow [6].
Generally, it can be stated that the outer and the inner shape of RC structures are
not limited. If they follow the flow of forces, low material consumption and mostly
aesthetic designs result.
The following example of a cross-section choice will illustrate how much
the underlying objectives influence the design. A RC cross-section for a beam
in axial bending is sought. The cross-section needs to be both sustainable and
cost-effectively designed for various monetary boundary conditions, however, the
bending moment remains equal in each case. Figure 1.4a shows a cross-section
with expensive formwork and subordinate material prices for both concrete and
steel reinforcement. The result is a simple rectangular shape. In Figure 1.4b, the
high price for steel is the governing criterion. A more elaborate I-shape exhibiting
a large lever arm of internal forces now minimizes the reinforcement amount. The
third cross-section design (Figure 1.4c) arises from the scenario, where the price
for concrete is dominant. Here, the web width decreases, the top flange is thinned,

(a)

(b)

(c)

Figure 1.4 RC cross section designed under cost boundaries: (a) expensive formwork,
(b) expensive reinforcing steel, (c) expensive concrete.
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and further reinforcing steel is added in order to shift the neutral axis of elongation
down into the web.
This simple example demonstrates the need to formulate distinct and measurable objectives in order to find adequate structural designs for different boundary
conditions. Although, a fixed preliminary specification of the cross-section satisfies
load-bearing capacity, serviceability and durability, it is not capable to respect other,
often multifunctional requirements, concerning, for instance, material, fabrication,
and time. For this purpose, load-bearing capacity, serviceability, and durability must
be downgraded to become auxiliary conditions to the design problem. They must
be met in any case but not as primary design objectives. Instead, the aim must be
to find the right shape, freely according to descriptive objectives such as, e.g. cost
minimization or short construction times.

1.3 Environmental Demands
Concrete is by far the most widely used building material in the world [7, 8]. Its
major advantages are first, the easy availability of the raw materials, namely cement,
aggregates, and water, second, the free formability, third, the simple handling and,
fourth, most importantly, its low price. Even bottled water is more expensive per unit
volume than concrete.
The amount of concrete used worldwide each year is gigantic, estimated at more
than 10 billion tons in 2019 [9]. This equals a per capita consumption of about
1.3 t/a (tons per year) − 1 for each of the almost 8 billion people on earth. If
the total annual amount were to be distributed over a land area such as that of
Germany (∼ 360 000 km2 ), it would be covered with about 1.4 cm of concrete.
Taking the more reliable data of the total amount of globally produced cement for
the calculation (4.1 billion tons in 2017 [10]) and assuming a proportion of 300 kg
of cement per cubic meter of concrete, this even leads to 3.8 cm of concrete cover.
An unimaginable amount of material per year.
However, when it comes to its impact on the climate, concrete is not a particularly
unfavorable material. In fact, rather the opposite is the case [11]. With usually short
transport distances and almost worldwide availability of the raw materials, concrete
proves to be very efficient compared to other building materials in terms of the
Table 1.1 Speciﬁc strengths of construction materials: normal strength concrete (NC),
structural steel, high performance concrete (HPC), ultra-high performance concrete (UHPC),
ﬁberglass, carbon.
NC

Structural steel

HPC

UHPC

Fiberglass

Carbon

Strength [MPa]

16–50

235–355

55–100

150–250

1200–1300

2000–6000

Density [t/m3 ]

2.1–2.6

7.85

2.1–2.6

2.4–2.6

1.9

1.8

Specific strength
[MNm/t]

6–24

30–45

21–48

58–104

632–684

1111–3333

1.3 Environmental Demands

load-bearing capacity provided per unit volume (“specific strength”), see Table 1.1.
Concrete becomes a highly climate-relevant construction material only due to its
vast quantity. The production of cement alone, its most important raw component,
is responsible for 5–10% of the global CO2 emissions each year [12–15]. The combustion process in cement production is thus the largest single emitter worldwide.
The increase in global use of concrete is closely linked to the beginning of
industrialization in the 19th and 20th centuries and the associated population
growth. Figure 1.5 shows the development of the main raw materials of concrete
over the years. These are water, cement and crushed or round aggregates. Concrete
consumption has increased significantly. Its application has been particularly
intensified in the last three decades throughout the world. Closely related to
concrete is the demand for aggregates, which account for around 70% of its volume.
Over 40 billion tons are used each year, which equals about half of the total sand
Water
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Figure 1.5 Annual world consumption of water, cement, and aggregates, according
to [10, 16, 17].
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and grain mining [17]. The consumption of cement and water has increased sharply
within the last decades, which is closely related to concrete consumption. It should
be noted, however, that Figure 1.5 depicts the total water use worldwide, meaning
that it also includes the use for drinking water, irrigation, livestock, and other
industries.
At the same time, global population is growing. Growth increased sharply after
the two World Wars and has followed an almost linear progression since the 1960s.
Figure 1.6 shows the development until 2020 with a mean prediction until 2100
according to estimations of the United Nations [18]. Following an average prognosis,
about 1 billion people are added every 10–15 years. In 2100, approximately 3.2 billion
more people are expected to live on earth than do today. Simultaneously, the living
standard of people is increasing and along with that the need for housing, infrastructure, and energy supply. By comparison, the population increase from 2020 to 2050
will be around the total number of people in the world in 1930. At that time, about
2.0 billion people lived on earth. About the same volume of housing and associated
infrastructure at that time is to be provided over the next 30 years in addition to
the current state [19, 20]. However, this additional amount represents rather a lower
estimate of demand, since rising living standards are not included in the calculation.
New construction is increasingly being accompanied by the necessary preservation of existing structures as an ongoing task. On the one hand, bearing
structures – like all technical equipment – must be regularly maintained and
repaired. On the other hand, they have a limited service life. The service life varies
from about 50 years for buildings to 200 years for extraordinary infrastructure or
utility constructions. After their use, structures need to be replaced by new ones.
The substitution of existing structures by new ones is called replacement construction. It is typical for structural tasks in, for example, Western Europe or North
America. Replacement constructions are built at the same place as the structures
to be replaced. Consequently, construction activities take place in a dense urban
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Development of the world population from 1930 till 2100, according to [18].
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Figure 1.7 Trafﬁc jam caused by a lane constriction to pass a construction site of a road
bridge replacement.

environment and in existing road or utility networks. Inevitably, this leads to
restrictions and disruptions in the flow of goods and traffic.
This is particularly evident at bridge construction sites. The ongoing traffic is to
be diverted around the construction site and the lanes must be restricted. Figure 1.7
shows a typical example of a lane constriction at a construction site of a road bridge.
Truck and passenger traffic is narrowed from initially three lanes to only one. This
causes vehicles to back up a long way. The result is a waste of time, human labor,
and fossil fuel – without generating any economic gain.
Replacement construction rarely takes place consistently. Consistency in this
context refers to a distribution over time, across locations and in terms of monetary
and personnel efforts. Usually, construction activities tend to take place in waves
and are therefore clustered in places of particular economic growth and are focused
on few years. This hardly makes sense for builders, contractors, and planners.
Figure 1.8 shows an example of bridge building activities in a western German city.
Gray columns represent amounts of installed bridge deck areas. Bridge construction is concentrated around the 1960s to 1980s and the distribution resembles a
bell-shaped curve. If the bridges are replaced after a service life of 80 years, which
is assumed to be the same for all structures in a simplified manner, the distribution
of replacement construction shown on the right in light gray is obtained. It repeats
the dark gray bars and merely shifts them 80 years into the future. The unfavorably
clustered construction activities repeat. Now, however, they take place within
the existing traffic network. They thus entail considerable restrictions from the
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Figure 1.8 Age distribution of built bridges of a German city according to [21] and
proportional prognosis of its rebuild after 80 years of service life.

significantly increased traffic over the recent years and the ever more densely linked
flows of goods of industrial supply delivered “just in time”. Extending the service
life of structures to far beyond 100 years seems to offer a reasonable solution in
order to distribute construction activities more evenly over time [22]. Generally,
the key issue lies in a more uniform distribution. This results in almost constant
demands on building, costs, and human engagement.
Building is further associated with a high personnel expenditure. Many activities
are still conducted by hand and structures hardly involve serial repetition. As an
example, Figure 1.9 shows several workers distributing and planning a concrete
subbase for a tunnel trough. Human labor is becoming a rare commodity, particularly in industrialized countries, and must be conserved in the same way as

Figure 1.9

Workers manually distributing and planning a concrete subbase.

1.4 Optimization Aided Design (OAD)

materials, time, money, and climate sensitivity. This endeavor will become even
more important in the future than it has been in the past.
The examples of current construction serve to illustrate that objectives of reasonable structural designs may depend on various boundary conditions. This may
be saving of materials, but also minimizing construction times, human labor costs,
and greenhouse gas emissions or ensuring more uniformly distributed construction
activities. Building reflects the time, its respective boundary conditions, as well
as primary and secondary objectives. However, both objectives and constraints
may change over time, but this does not apply to their fundamental components,
namely objectives and constraints. For this reason, it seems reasonable to define the
design and dimensioning of structures following a corresponding approach, namely
by using objectives consisting of one or multiple (weighted) aims and boundary
conditions to be met (constraints).
OAD provides such a uniform approach. One or more goals are formulated as
the objective function. Typical examples include minimizing the total costs, weight,
structural compliance, or manufacturing labor. In doing so, various boundary
conditions must be complied with. Typical examples for the latter are stress limits,
ensuring equilibrium, restricting the material amount, or geometric limits. This
reveals a generally applicable method toward finding structural designs capable of
meeting the complex requirements of the modern world more effectively.

1.4 Optimization Aided Design (OAD)
OAD refers to the design and dimensioning of structures and structural components
using optimization methods. For RC, this involves finding the most suitable outer
shapes, identifying efficient reinforcement layouts, and employing reasonable
cross-sections. OAD therefore refers to a general methodology that can be applied
to a great extent. It is suitable for the use with any concrete (normal strength to
ultra-high performance) and arbitrary types of reinforcement (steel, carbon, fibers),
and is further transferable to numerous fields of structural engineering such as
steel, timber or foundation engineering.
OAD uses the concept of mathematical optimization [23–28]. In doing so,
generally, the aim is to minimize the formulated objective function. This can
be, for example, the structural weight, a reinforcement quantity, or even combinations of conflicting functions, for instance, minimizing material usage, while
also minimizing shuttering edges. Additionally, several restrictions must be met.
These restrictions take the form of equality and inequality constraints. Typical
equality constraints are the equilibrium between external actions and internal
forces. Inequality constraints may include geometric limits, stress constraints, or an
upper limit of the material amount. Within mathematical optimization, OAD relies
on structural optimization approaches, and focuses in particular on the topology
optimization method.
As an introduction, Figure 1.10 shows the gradual adaptation of the outer shape
of a single span girder under uniform loading. The designs are depicted along with
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Figure 1.10 Stepwise shaping of a single span girder with reduction in dead loads:
(a) constant rectangular cross section, (b) shaping of the web, (c) force afﬁne shaping of
heights, ﬂanges and the web thickness.

their respective cross-sections and the relative change in dead loads (DL). In order to
illustrate the concept, the example is intentionally kept simple and can in principle
be solved intuitively without applying any optimization technique. Starting point is
a simple beam with rectangular cross-section (a). Decisive for the bending design
is the bending moment at midspan. The shear reinforcement is determined close
to the supports from the maximum shear force. The outer shape of the structure
is dictated by the respective required cross-section. In doing so, excess material is
used almost throughout the entire beam since only two particular cross-sections
are decisive. The web is generally too thick, the maximum flexural reinforcement
is only required in the center of the field, as is the resultant in the compression zone,
which decreases considerably toward the bearings. In the second step (b), the web is
reduced to the actual necessary width from the load-bearing capacity of the inclined
compression strut. Although, the beam remains prismatic in its outer shape, the DL
is already decreasing considerably. A slight increase in height also maintains the
stiffness. In the third step (c), each cross-section of the beam is formed in such a way
that compression zone, tension zone, web width and stirrup quantity are always fully
utilized. The shape in the longitudinal direction is adapted to the parabolic shape of
the bending moment, the web width to the respective inclined compression force
and the flanges to the necessary widths for compression force and tensile reinforcement. Single cross-sections are no longer decisive. Instead, each cross-section along
the entire length of the beam is now relevant, which also means that reserves are no
longer available. A reduction of the DL up to about 20% is achieved compared to the
simple beam with rectangular cross-section.

1.4 Optimization Aided Design (OAD)

Conceptually, OAD follows the same approach: searching for design solutions that
ensure efficient stress utilization and accumulate material only where it is most
effective for the load-bearing mechanism. This applies equally to the outer and inner
form finding.
For typical structures, several load cases with varying actions have to be taken into
account, thus full utilization in superposition of different scenarios, for instance,
maximum vertical loads versus maximum horizontal loads, obviously may not be
achieved everywhere.
Taking into account the relevant boundary conditions is particularly important in
OAD. Such boundary conditions are especially geometric limits such as clearances
and smooth edges for connection, but also maximum and minimum dimensions.
In the case of a ceiling slab, for example, the flat, smooth surface is mandatory
and curved shapes or recesses must be prevented, even if they would favor the
load-bearing mechanism.
Figure 1.11 shows an example for the influence of the geometric boundary
conditions of a roof girder. The static system with permissible design space (gray)
and the imposed action consisting of several point loads F are depicted in (a).
From the topological optimization, minimizing the mean structural compliance
(=maximizing stiffness) and limiting the allowed material amount, leads to the
density distribution shown in (b), which essentially represents a load-bearing
structure consisting of axially loaded struts. Bending is thus decomposed into
a truss-like system including tension and compression members. The density
distribution serves as an inspiration for the design. This is interpreted into two
different variants shown in Figure 1.11c. On the left, a mostly clear truss structure
is shown, which follows the optimization result. Alternatively, a RC solution is
developed on the right, which transfers the single compression and tension struts

(a)

(b)

(c)

Truss design

Continuous design

Figure 1.11 OAD of a roof girder: (a) static system and design space, (b) optimization
result, (c) resulting truss structure and RC structure with free reinforcement layout.
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F

Geometry, loading and design space

Reinforcement layout

Figure 1.12
corbel.

Density distribution

Optimization aided reinforcement design for a stepped beam placed on a

into concrete and reinforcement areas, respectively. This results in a structure with
variable cross-sections, block-outs and a free reinforcement layout.
For the inner reinforcement design, OAD leads to concepts similar to those known
and proven from strut-and-tie models.
Figure 1.12 shows the example of a stepped beam that is supported by the corbel
of a column and is loaded in bending. The applied topology optimization yields
a density distribution that exhibits partly truss-like and bionically curved shapes.
Stress evaluation using the Finite Element Method (FEM) reveals tension and
compression struts, representing concrete or reinforcement areas. From this, a
reinforcement design can be derived for both cases. Alternatively, for implicit
quantitative evaluation, more advanced truss topology optimization approaches are
ideal. They offer the benefit of assigning a specific force to each member, which can
then be directly converted into required reinforcement and concrete areas.

1.5 Structure of the Book
Apart from this introduction, the book is divided into five more chapters.
Chapters 2 and 3 briefly summarize the main principles of RC design and structural optimization. For Chapter 2 this involves the material behavior of concrete
and reinforcement and basic RC design concepts. Chapter 3 deals with the basic
optimization procedure, fundamental formulation of the optimization problem

References

as well as important concepts like the Lagrange function, sensitivity analysis, and
general solution methods.
The focus of Chapter 4 lies on the identification of the outer shape of structures. Various approaches are introduced for one and bi-material structures.
Moreover, concepts for steering one-material structures toward a compression or
tension dominant load-bearing behavior as well as bi-material designs including
tension-only and compression-only materials like reinforcement and concrete,
respectively, are introduced. The resulting material distributions yield, on the
one hand, structural designs containing axially loaded members, like truss-like
structures and arcs, and, on the other hand, apply the materials with respect to their
particular stress-affinities. Multiple numerical examples illustrate the approaches.
In addition, several applications demonstrate the applicability and great resource
saving potential for structures in practice.
Chapter 5 introduces approaches seeking the inner shape. This essentially
includes identifying the internal force flow and deriving suitable strut-and-tie
models. In doing so, some of the methods already described in the previous chapter
are adapted to the different scope. However, also an alternative approach based
on truss topology optimization is presented, which holds several advantages over
the continuum-based methods. In addition, especially for particular challenging
problems, a more sophisticated topology optimization approach, employing both
continuum and truss finite elements within optimization, is derived. Again,
numerous examples and applications emphasize the applicability.
Chapter 6 deals with optimized design of cross-sections. The aim is to find
the optimal shape and design while complying with stress and strain limits. The
starting point is an arbitrary composite cross-section under axial or biaxial bending
with and without normal force. In a second step, the concept is limited to RC
cross-sections. It is shown how optimization methods can be applied to identify
the right cross-sectional shape, determine reinforcement amounts and solve the
equilibrium iterations in order to compute the strain distribution. The method is
applied to several examples. They contain primarily RC cross-sections, but also
foundations, in order to demonstrate the general applicability. The aim is to improve
the shape in order to save material and implement particularly effective designs.
The actual verification of the load-bearing capacity is provided automatically, since
strain and stress limitations are met via boundary conditions.
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