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Abstract

The building industry is one of the main contributors to worldwide resource consumption and anthropogenic climate change.
Therefore, sustainable solutions in construction are particularly urgent. Inspired by the success principles of living nature, biologists and
engineers present here an interdisciplinary work: The sustainability assessment of a bio-inspired material technology called graded con-
crete, which was developed at ILEK. Gradient structural materials can be found in plants on different hierarchical levels, providing a
multitude of creative solutions for technology. Graded concrete applies this biological concept of structural optimization to the interior
structure of concrete components to minimize material and resource expenditure. To evaluate the sustainability of this innovation, a newly
developed quantitative Bio-inspired Sustainability Assessment (BiSA) method is applied. It focuses on the relationship of environmental,
social and economic functions and the corresponding burdens quantified basing on life cycle assessment. The BiSA of graded concrete
slabs shows significant improvements over conventional concrete for the applied use case. While an overall reduction of environmental
burdens by 13% is expected, economic burdens can be reduced by up to 40% and social burdens by 35.7%. The assessment of the graded
concrete technology identifies its potential with regard to sustainable construction. The presented work provides a blueprint for the in-
terdisciplinary, integrative work on sustainable, bio-inspired innovations. It shows that the synergies of bio-inspiration and BiSA within

technical product development can be fruitful.
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1 Introduction

Anthropogenic climate change has been evidently
identified as severe thread to both people and ecosys-
tems on a global level and the reduction of anthropo-
genic contributions is politically accepted on global
scale with almost no exceptions'' ). Since the construc-
tion industry plays a key role in global resource con-
sumption and climate change, a dramatic reduction of
the resource demand is one crucial step on the way to-
wards sustainable buildings™. The construction industry
is one of the main originators of energy related emis-
sions. Cement production as a core element of concrete
production directly accounts for 3.8% of the global
greenhouse gas emissions in 2000 and grows by 42%
until 2006°. As the emission is directly originated

*Corresponding author: Rafael Horn
E-mail: rafael.horn@ibp.fraunhofer.de

through carbonation, the substantial reduction of the
Global Warming Potential (GWP) for concrete products
is rather challenging”®”. Both innovative techniques and
new conceptual designs for conventional materials and
fundamentally new approaches in building design are
necessary to pave the road for environmentally sound
future buildings. The solution strategies to tackle this
challenge can be differentiated in emission reduction,
material optimization and structural optimization.
Emission reduction includes the utilization of re-
newable energies in production and end-of-pipe tech-
nologies such as carbon capture and storage as well as
targeted carbonation at the End-of-Life!*®. Material
optimization is a strategy to replace the high-impact
substances — mainly cement — by other materials with
fewer impacts. This includes recycling of concrete, re-
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duction of the cement fraction and replacement of ce-

1% The structural design of

ment, e.g. through fly ash!
concrete components can be optimized to ensure func-
tionality while minimizing environmental impacts. The
development of lightweight structures is nowadays an
essential prerequisite for the mass reduction of load
bearing structures and the consequent reduction in re-

11,12

source demand!'"'?. Its main strategies are material

lightweight design, structure lightweight design and
system lightweight design'*.

The graded concrete presented in this article was
developed in a bio-inspired approach inspired by bio-
logical models in the form of gradient structure materials
and lightweight constructions!'”’. Therefore, structural
characteristics of hierarchical organization and gradients
of biological materials systems as lightweight structures
were abstracted. The aim of this abstraction was to
transfer and combine functional principles of light-
weight construction and load-bearing capacity, while
taking multifunctionality into account. The presented
work is characterized by the interdisciplinary coopera-
tion of biologists, civil engineers and sustainability ex-
perts. The scope of the first part was an analysis of
similarities and differences between gradient structural
materials in plants and building components. Special
focus is on plant’s formation of gradients on different
hierarchical levels as idea generator for technical ap-
plications. The aim of the second part is to briefly de-
scribe the concept of bio-inspired sustainability as-
sessment. The third part covers a sustainability assess-
ment of the presented graded concrete technology
compared to a conventional concrete applied at the
example of a slab. To conclude, the assessment results
are discussed with regard to their suitability to evaluate
the success of the bio-inspired product development
approach that has been applied.

2  Bio-inspiration for gradient structural
materials

Mankind has been learning from nature since the
beginning of human history. In modern science,
bio-inspiration is categorized and structured to system-
atically gain insights from living nature and implement
them into technical applications or processes!'*'"\. This
transfer is a conscious process of creativity and engi-

neering art, even if it is solely based on an idea or in-
spiration from nature!'™. Within the framework of an
interdisciplinary cooperation project, based on a scien-
tific or technical question, first a suitable biological
model is analyzed and in the following abstraction step
the underlying functional principles are deciphered,
which are then transferred into the technical applica-

tion!!&17],

2.1 Gradient structures in living nature

Since plants are sessile, they need to withstand all
environmental loads in their habitat. This similarity to
immobile buildings makes plants suitable role models
for architectural purposes. The hierarchical and modular
structure of plants is a crucial success principle in bio-
logical evolution and therefore an appropriate basis for

18-2 . . .
(1820 Moreover, biological materials are

bio-inspiration
often graded within these hierarchical levels, which
increases the synergy between and within the various
levels®!!. A strong example for such a gradient on the
organ level is the continuous change of the outer shape
such as the transition of the rod-shaped leaf stalk to the
planar leaf blade of Caladium bicolor (Figs. la— 1d). On
the tissue level the arrangement of the vascular bundles
(leaf veins) is of special interest, due to their mechanical
and vital function such as fluid transport and stiffening

2224 Gradients on

of the plant organ (Figs. le and 1f)
the cellular level occur with respect to cell size, cell wall
thickness and lignification (Fig. 1g). Generally, in
analogy to reinforced concrete, plants can be regarded as
composite materials consisting of various matrices (pa-
renchyma) and reinforcements (vascular bundles, fi-

bers).

2.2 Graded concrete

Similar to the biological structures mentioned
above, the design of the built environment also follows a
hierarchical and modular process!"”. In contrast to these,
most design approaches on component level are mono-
functional focusing on the optimization of the outer
shape of the component and do not allow for
multi-parameter optimization. Functional gradation
within concrete components offers further optimization
potentials through optimization of the internal struc-

ture”’. By manipulating the stiffness structure within
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Fig. 1 Leaf of Caladium bicolor. (a) Top view. (b) Side view. (c) Lower side view. (d) — (g) Thin cross-sections (60 um thickness) stained
with acridine orange, whereby vascular bundles and epidermal tissue are colored red and ground tissue is dyed yellowish-green.
(d) Cross-sections of the transition zone between leaf stalk and leaf blade. The round petiole (left) changes into a triangular shape (middle)
and finally enters the lamina (right). (¢) Gradient transition from a vascular bundle to the parenchymatous tissue with respect to cell size,
cell geometry and color as an expression of lignification. (f) Arrangement and size gradient of the vascular bundles in the leaf stalk. The
bundles continuously become smaller towards the epidermis (right). (g) Gradient in intercellular porosity in terms of large pores in the
middle of the petiole (left) to small pores at the epidermis (right) and gradient in intracellular porosity with respect to large cells with thin

cell walls in the middle of the leaf stalk (left) to small cells with thick cell walls close to the epidermis (right). Scale bars: (a) — (c) 20 mm,

(d) 2 mm, (e) 70 pm, (f) 300 pm, (g) 100 pm.

components, the stress fields can be homogenized in

2627] This principle is

the sense of a fully stressed design!
applied to the functional gradation of reinforced con-
crete components by adding porosity to the concrete
matrix and, ideally, placing the reinforcing fiber in ac-
cordance with the tensile stress trajectories. By analogy
with the hierarchical biological level of the cell structure
with its intra- and intercellular porosity, cavities can be
arranged on a micro- and/or meso-scale inside the
component by using lightweight

self-developed concrete hollow spheres (Fig. 2). Due to

aggregates or

these mineral based cavities, graded concrete represents
a mono-material technology which ensures recyclability
of the components at its End-of-Life.

The graded concrete technique represents a
bio-inspired approach for structural components. Its
development was inspired by the multi-level hierarchies
and gradient structures of materials in living nature,

where only principles of selected hierarchical levels
were abstracted and transferred to the graded concrete
(Fig. 2), such as the porosity and gradation on the cel-
lular level (Fig. 1g). A more detailed description on
graded concrete is presented in Supplement 1. The
technology allows saving material while at the same
time producing a structure that can withstand the given
loads. In addition, the gradation allows the component to
be adapted to both static and structural-physical re-
quirements at the same time. Due to this multifunctional
adaption, the use of this technology in the envelope
structures of buildings such as exterior walls and roofs is

promising®*!.

3 Bio-inspired sustainability assessment

Biological inspirations often come along with
the expectation of sustainable solutions. This phe-
nomenon was coined by von Gleich as the “biomimetic
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Fig. 2 Micro-gradation by choosing lightweight aggregates (a), meso-gradation by choosing mineral hollow spheres (b) and combination

of micro- and meso-porosity (c).

promise”[29’3 o

While this expectation is not self-
fulfilling, it can be supported by an integrative sustain-
ability assessment to identify potentials and provide
decision support throughout product development. If the
four elements, biological insight, knowledge transfer,
development of an application and supporting sustain-
ability assessment, are at hand, the challenge that lies
within the biomimetic promise can be put into practice
and bio-inspired as well as sustainable solutions can be
created within a dedicated process”'’. In addition to
products and processes, methods can also be developed
that are inspired by the basic functioning of biological
systems. Among others these are the concepts of
biomimicry, environmentally benign design and
Bio-inspired Sustainability Assessment (BiSA)P*>*.
BiSA was jointly designed by the authors and is able to
quantitatively assess all dimensions of sustainability
within a consistent model based on Life Cycle Assess-
ment (LCA) and that is based on a specifically devel-

3132 The application of

oped sustainability framework!
life cycle thinking as a basic principle ensures compati-
bility with established methods to facilitate the three

pillars of sustainability.

3.1 Framework

When the sustainability of a technological innova-
tion shall be quantified, there are several requirements
that have to be met by the methodological framework as
well as the applied assessment model®***%!. Require-
ments are for example the utilization of a common un-
derlying quantitative model that ensures consistency
between the assessed indicators, the consideration of
positive aspects and a dedicated integration of the
product development process, which are not available in
existing assessment methods. Furthermore, most meth-

ods are not linked to their underlying fundamental un-
derstanding of sustainability, that frames the method and
that is crucial to transparently comprehend the methods
and its presumptions!®”).

Therefore, a new method was jointly designed by
the authors, that is able to quantitatively assess all di-
mensions of sustainability within a common framework
and that is based on a specifically developed sustain-

3132 The underlying sustainability

ability framework!
framework is inspired by the fundamental characteristics
of biological systems, namely function and resources. It
constitutes the assessment object as a system that is
dedicated to fulfill certain functions by means of re-
source consumption. The system is defined as sustain-
able if it is self-preserving and the fulfilment of func-
tions is not bought through destabilizing depletion of
resources. Sustainability is thus interpreted as the dy-

namic component of self-sustaining>.

3.2 Assessment model

To put the framework into practice, an assessment
scheme has been created using LCA as a basis according
to ISO standards 14040 and 14044°%) which is de-
scribed in detail in Ref. [32]. The simplified LCA ap-
proach includes the obligatory steps of LCA, which are
goal and scope definition, life cycle inventory, life cycle
impact assessment and interpretation*.. In contrast to
most existing sustainability assessment systems, the
model is built upon one single system that is created as a
life cycle inventory in accordance with LCA practice!"".
The inventory model is created using primary data
complemented by background data of the database GaBi
professionally available in the Software GaBi ts!*"*.
The assessment model is associated with a life cycle

sustainability assessment method that has recently been
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Fig. 3 Bio-inspired sustainability depicted as assessment structure. The intended functions are depicted on the upper side, indicating their
positive connotation. Resource consumption is depicted as burden on the bottom side, indicating a negative connotation. Both functions
and burdens are calculated for the indicators shown in the rectangular fields and normalized to a single value in the categories depicted in
the bubble fields. These then add up to one relative score for each of the six aspects. Greyed out indicators are not considered in the applied

case.

developed and applied at the Fraunhofer Institute for
Building Physics IBP based on a reworked version of the
Life Cycle Working Environment (LCWE) method™ *1,
The indicator framework is depicted in Fig. 3, showing a
two-fold representation of the three dimensions, which
in this way address both intended positive aspects
(functions) and unintended negative aspects (burdens) of
the assessed system. Within each dimension there are
several main categories, each consisting of several in-
dicators. To calculate the category values, the indicators

are normalized to a reference system, aggregated to
categories and weighted according to the applied
methods.

4 Case study: Slabs of graded and conven-
tional concrete

The functional gradation of concrete components is
particularly promising when an inhomogeneous stress
state occurs inside the components. This is usually the
case with slabs and beams subject to bending stress. In
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Fig. 4 Volumetric ingredients of the two concrete mixtures (left) and the possible density-compressive strength properties of the graded

concrete (mixtures developed based on Ref. [46]).
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Fig. 5 Automated multi-nozzle machine for the reproducible production of graded concrete components. The two spraying nozzles are

applied to one spraying head to facilitate continuous processing!?®..

multi-story buildings, bending stressed slabs account for
up to 70% of the construction’s total mass, which is why
the use of graded concrete has a high potential.

4.1 Description of the investigated component

A uniaxial spanning slab of 5 m length with
across-sectional height of 0.2 m is investigated as ex-
emplary case study. It consists of lightweight concrete
(Mllrs) being placed in the low stressed regions of the
building component, high-strength concrete (Mlrs) in
the highly stressed regions, and a micro-gradation as a
combination of the two basic mixtures in the intermedi-
ate stress regions (Fig. 4)*). Both mixtures consist of
the same materials in different shares and have been
developed at the University of Stuttgart in cooperation
between the Institute of Construction Materials (IWB)
and ILEK. The lower density of the lightweight mixture
is reached through a change in mass shares of the basic

components and the adding of alkali resistant expanded
glass”™*). The practical implementation of the con-
struction is carried out in an automated multi-nozzle
spraying process (Fig. 5) developed in cooperation be-
tween ILEK and the Institute for System Dynamics
(ISYS) at the University of Stuttgart. Two basic mixtures
Mlrg (high-strength) and MllIrs (highly porous) are su-
perimposed according to the stress conditions in the
component and are precisely installed by means of a
portal system!'***!],

The exemplary component that was designed and
manufactured using the graded concrete dry spraying
technique is accompanied by mass savings of about 30%
compared to the conventional concrete slab, while
complying with the same static requirements. Not to be
neglected are the secondary savings due to the mini-
mized weight of the slab. The amount of reinforcement

steel can be decreased by 10% for each slab. Also, the
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load-transferring elements such as walls and columns
can be sized down. Assuming that the whole construc-
tion weight is distributed across 70% slabs and 30%
load-transferring elements, for example, in a 10-story
building, the entire supporting structure and conse-
quently also the mass of the foundation can be reduced
by more than 40%.

4.2 Comparative sustainability assessment

Through the application of BiSA, the sustainability
potential of graded concrete is investigated. The as-
sessment is conducted in comparison to a conventional
concrete slab of the same load bearing capacity as ref-
erence system. For the assessment the production phase
including materials, energy and production processes
have been investigated. The goal and scope definition
that frame the case study are described in Supplement 2.

The overall results are depicted in Fig. 6. The graph
shows both the intended effects of the graded concrete
product system (Function, upper part of the graph) and
the unintended effects (Burden, lower part) with regard
to the dimensions of social, economic and environ-
mental sustainability. In general, each of the six aspects
is shown in relation to the reference system, depicted as
a grey circle line. With respect to Function, bigger chart
elements indicate a better functionality. The smaller the
Burden chart elements the less negative impacts are
caused by the system. The depicted system includes the
indirect savings achieved by additional saving in the
load-bearing structure.

The graded concrete component is able to fulfill the
same social function, which is the technical building
physical function, especially load bearing. As the eco-
nomic function cannot be addressed in detail due to the
developmental stage of graded concrete component as a
prototypical application, the economic functionality is
assumed to be equal to the reference system, which is
seen as a conservative assumption due to the reduction in
energy and mass-related costs. As graded concrete slabs
do not fulfill an intrinsic environmental function, this
chart element is not assessed. However, Fig. 6 shows
significant differences with respect to the Burdens,
visible by smaller chart elements. For the environmental
burden, a direct reduction of 13% can be achieved.
While a significant reduction is caused in climate change

Function

Social Economic  Environmental

Burden

\ 4

Fig. 6 Bio-inspired sustainability of graded concrete applied as
slab compared to a conventional concrete slab, including indirect
saving effects due to the reduced load-bearing structure. In the pie
chart, social (red), economic (blue) and environmental (green)
sustainability is shown as pieces of cake with different radii.
Because of missing environmental functionality, the chart element
environmental function is not assessed and in grey. The gray line
represents the radius of the reference.

and resource depletion, the utilization of expanded glass
causes a slight increase in impact on eutrophication and
ozone depletion. Material and energy costs can be re-
duced by up to 40%. For the social burden, the reduction
is up to 35.7%, mainly due to the increase in automation
and the implied improved conditions in the upstream
chain.

In the following, several indicators with special
relevance for assessment of concrete are emphasized and
depicted in further detail. This includes the environ-
mental burden indicators of resource depletion and cli-
mate change as well as the economic burden in terms of
energy, electricity and resource costs. The in-depth as-
sessment of these indicators is fully consistent to the
presented sustainability assessment and shows its hier-
archical structure and its level of detail.

4.3 Assessment of resource depletion

To investigate the material resource consumption,
the concept of Material Input Per Unit of Service (MIPS)
is applied”>>*). Tt adds up all non-renewable materials
that are moved within the life cycle of a product, not
only including the directly built-in mass. Fig. 7 shows
the resources consumed by the investigated graded
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Fig. 7 Relative resource depletion of graded concrete in com-
parison to conventional concrete used as slab material. For graded
concrete, both the direct savings relating to the slab and the indi-
rect savings including the change in the load-bearing structure are
shown. The electrical process energy impact increases for the
graded concrete, but the savings in the impacts of the concrete
itself by far overcompensate this.

concrete slab in relation to a conventional slab with the
same building physical properties. While direct mass
savings of up to 30% can be achieved, the life cycle
related savings enhance the resource saving potential
to 43%. These additional savings are due to utilizing
recycled materials or by-products for the lightweight
mixture, which are mainly expanded glass and fly ash.
Conventional concrete in contrast consists to a large
extent of primary materials, while construction wastes
are typically used as filling materials and therefore are
down-cycled. Through the application of graded con-
crete the required primary materials can be applied more
efficiently, resulting in an overall increase in resource
efficiency. The increased demand for electrical energy
caused by the more complex processing is by far over-
compensated by the savings in concrete caused by the
graded concrete application.

Further resource saving potential due to the reduc-
tion in the load bearing structure is included in “Graded
concrete including indirect savings”, depicted in Fig. 7.
The bar shows the maximum effect and relates to a mass
share of 70% of slabs in the building. For multi-story
buildings, the resource efficiency can be increased by a
total of 56% when the indirect saving effect is included.

4.4 Assessment of GWP

Using graded concrete in slabs, a reduction in GWP
of 7% compared to conventional concrete products can
be accomplished. The reduced impacts of the concrete
production are partly compensated through the addi-
tional effort in application. Through the reduced built

Global warming potential (%)

100%r

I
® Transport
80%} - — - <cal
ectrical energy
60%} - = Reinforcement steel

= Concrete
= End-of-Life

40%¢

20%¢

0% -
Conventional Graded concrete Graded concrete
concrete including indirect

savings

Fig. 8 Relative global warming potential of graded concrete in
comparison to conventional concrete used as slab material. For
graded concrete, both the direct savings relating to the slab and the
indirect savings including the change in the load-bearing structure
are shown. The increased impact through the production process
can be compensated through the savings in GWP impact of the
concrete construction.

mass, however, the impacts of End-of-Life as well as the
impact of reinforcement steel are reduced. The light-
weight concrete mix used and the increased power re-
quirement for the production of graded concrete make a
relatively high contribution to the greenhouse gases.
Potentially, further optimization potentials are con-
ceivable due to the turnaround in the energy policies, and
thus improved environmental profiles of the power
supply in the future. When taking indirect effects into
account, the saving potential for GWP increases up to
19%, as less material is required for the load-bearing
structure. Even though the transported masses are quite
large, the transport impacts of the assessed case study are
of minor relevance, especially in direct comparison with
the reference (Fig. 8).

4.5 Assessment of material and energy costs

While the production process is being developed,
the material and energy requirements are a possible
indication for future costs, when similar processes for
industrial application can be assumed in comparison to
the reference system. As this is the case for graded con-
crete, this approach is chosen for the investigation of the
cost estimation.

Fixed costs and labor costs are excluded due to the
difference in the technology readiness levels and the
convergence of the technologies expected by a potential
market uptake of graded concrete. Material and energy
costs of graded concrete are 27% lower than those of a
conventional reference material, which is mainly due to
the reduced demand for materials in general. Besides,
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Fig. 9 Material and energy costs of graded concrete in compari-
son to conventional concrete used as slab material. For graded
concrete, both the direct savings relating to the slab and the indi-
rect savings including the change in the load-bearing structure are
shown. As material costs are dominant in all variants, the material
savings of the graded concrete variants are beneficial in terms of
material and energy costs due to their reduced material demand.

this is supported by the fact that the lightweight mixture
contains a higher amount of by-products, which are
generally less expensive. When indirect savings are
considered, the saving potential with regard to energy
and material costs increases up to 40% (Fig. 9). However,
while these figures indicate a generally feasible appli-
cation, this does not include all production costs as the
present technology readiness level does not allow a de-
tailed assessment of the total cost structure. As the
technology is developed further, these detailed cost as-
sessments will be complemented.

5 Discussion

While the success of commercial products is
mainly assessed through economic indicators such as
feasibility, profitability or market penetration, this does
not include many of the original motivations of the
product development such as technical advancement,
environmental improvement or sustainability in a
broader sense”™". This gets even more relevant when
investigating products that are still under development,
as their future economic performance can only be esti-
mated through extrapolation under high uncertainty. In
the following, the assessment results are discussed with
regard to their suitability to evaluate the success of the
bio-inspired technology development approach that has
been applied.

The basic success evaluation has been conducted
through life cycle based quantification of the intrinsic
motivation elements resource saving, global warming

potential reduction and material as well as energy cost
feasibility. Bio-inspired graded concrete applied in slabs
can significantly reduce the use of resources compared
to the conventional precast concrete element used as a
reference. Advantages are evident for all categories in-
vestigated. Compared to conventional reinforced con-
crete slabs the direct use of material in the building
component is reduced by 30%, the use of non-renewable
resources is reduced by almost 45%, and the cost of
materials and energy can be reduced by almost 27%.
These saving potentials are due to the reduced use of
materials and the lower energy cost of the lightweight
materials which could ultimately provide a feasible
product when developed further. For the overall
bio-inspired sustainability, advantages of graded con-
crete can be identified for environmental, economic and
social aspects, while still providing the same function as
the reference system. The most relevant influencing
factors are the savings in the load bearing structure fa-
cilitated through slab weight reduction and the cement
saving in the slab constituted by the structural optimi-
zation.

Both the overall bio-inspired sustainability and the
in-depth investigated indicators are proving a success in
development due to the given and relevant sustainability
related goals. Graded concrete can, under the given
framework conditions, significantly contribute to sus-
tainable construction, to resource efficiency and reduc-
tion of global warming potential. Especially in the con-
text of concrete construction, these potentials are of high
relevance as concrete application not only is one of the
main contributions to anthropogenic climate change and
resource consumption, but also does not imply easily
applicable strategies for their reduction'”. As this has not
been included in the International Energy Agency (IES)
roadmap, graded concrete may provide a yet missing
link and supporting especially the utilization of clinker
substitutes and increasing the material efficiency of

concretem.

6 Conclusion

Within the framework of the interdisciplinary coop-
eration projects involved, synergies of bio-inspiration,
technical application and BiSA has led to a promising,
sustainable overall

more building material. The
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bio-inspired sustainability is advantageous concerning
environmental, economic and social aspects. Graded con-
crete applied as slab can significantly provide improve-
ments for resource efficiency, global warming potential
and material and energy costs compared to a conventional
slab. The most relevant influencing parameter can be iden-
tified in the indirect savings that are caused by a weight
reduction of the load bearing structure. While the assess-
ment was performed on the basis of a prototypical appli-
cation, the further development and according profession-
alization of the production process may support these re-
sults or even disclose further potentials or fields of appli-
cation. The consideration of other innovative ideas in con-
struction and design such as adaptive constructions and
computational, integrative design may bear further poten-
tials and create pathways to resource efficient future con-
struction.
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