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INTRODUCTION

Within the SESBE project there have been activities on different levels concerning
dissemination of project information and results. This includes, besides the public web page,
presentations on information days, conference presentations and publications, journal
contributions as well as information in newsletters.
The deliverable collects the publications or excerpts so far released by the project. It lists
also the activities in this context.

2
2.1

LIST OF REPORTING AND PUBLICATION ACTIVITIES WITHIN SESBE
Public reports

All reporting concerning technical issues was confidential and in form of deliverables. The
only public report released concerns the publishable summary of the review report of the 1st
reporting period. The publishable summary is included in Annex A but can also be
downloaded from:
http://cordis.europa.eu/result/rcn/171283_en.html
2.2

Newsletters and information periodicals

The SESBE project and its progress were informed about in the public CBI newsletter “CBI
nytt”. The newsletter is in printed in Swedish language and addresses Swedish construction
companies. An issue with the short article about SESBE is included in Annex B.
2.3

Academic theses

Two doctoral theses included non-confidential results from the SESBE project. The Ph.D.
thesis “Usability of Textile Reinforced Concrete: Structural Performance, Durability
and Sustainability” was published in 2015 by Natalie Williams Portal (Chalmers University).
It dealt with the properties of textile reinforced concrete including textile reinforced reactive
powder concrete (TRRPC). An excerpt with an abstract is included in Annex C and the full
thesis text can be downloaded under:
http://publications.lib.chalmers.se/publication/220895-usability-of-textile-reinforced-concretestructural-performance-durability-and-sustainability
The second Ph.D. thesis where results from SESBE are included has the title:
“Photocatalytic TiO2 thin films for air cleaning Effect of facet orientation, chemical
functionalization, and reaction conditions” by Bozhidar Stefanov (University of Uppsala).
The thesis deals with the surface functionalization by thin TiO2 films which were also applied
on reactive powder concrete within SESBE. An excerpt with an abstract is included in Annex
C and the full thesis text can be downloaded under:
http://katalog.uu.se/profile/?id=N11-2079
D6.3 Reports/articles
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Furthermore two bachelor theses were carried out within SESBE. One deals with the
development of foam concrete as an inorganic insulation material: “Development of
innovative inorganic insulation material” by Carl Andersson and Davor Mihajlovic (Borås
University). The other bachelor thesis deals with surface functionalization of reactive powder
concrete by textile imprints and hydrophobic agents: “Hydrophobic impregnation of
concrete” by Basir Nasiri and Alexander Oliva Rivera (Borås University). Excerpts for both
theses are included in Annex C and the latter thesis can be downloaded in full text under:
http://hb.divaportal.org/smash/resultList.jsf?dswid=3171&language=en&searchType=UNDERGRADUATE
&query=&af=%5B%5D&aq=%5B%5B%7B%22freeText%22%3A%22Basir+Nasiri%22%7D%
5D%5D&aq2=%5B%5B%5D%5D&aqe=%5B%5D&noOfRows=50&sortOrder=author_sort_a
sc&onlyFullText=false&sf=all
2.4

Contribution to conference proceedings

SESBE partners presented results of the project in a number of conferences. Here is an
overview of conferences with published conference contributions from results elaborated
within SESBE:
XXII Nordic Concrete Research Symposium, 2014 in Reykjavik, Island
o Conference paper by CBI: “Alkali resistance of textile reinforcement for
concrete façade panels”
Conference Fire and Materials 2015
o Conference paper by SP: “Low emissivity surfaces for improved fire
performance”
7th International Conference on Architectural Envelopes (ICAE), 2015 in San Sebastian,
Spain
o Conference paper by CBI: “Reactive powder concrete for facade elements – A
sustainable approach”
o Conference paper by SP: “Structural behaviour of RPC sandwich façade
elements with GFRP connectors”
Conference Concrete 2015/RILEM Week in Melbourne, Australia
o Conference paper by CBI: “Foam concrete-aerogel composite for thermal
insulation in lightweight sandwich facade elements”
2nd International Conference on Innovative Materials, Structures and Technologies
(IMTS), 2015 in Riga, Latvia
o Conference paper by ACC: “Synthesis and characterization of reactive
powder concrete for its application on thermal insulation panels”
19th Congress of IABSE, 2016 in Stockholm, Sweden
o Conference paper by SP: “Structural concept of novel RPC sandwich façade
elements with GFRP connectors”
List of conference papers:
Williams Portal, N., Flansbjer, M., Tammo, K., Malaga, K., 2014. Alkali resistance of textile
reinforcement for concrete façade panels, in: XII Nordic Concrete Research
Symposia. Norsk Betongförening, Reykjavik, Island, pp. 61–64.
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Svensson, R., Försth, M., 2015. Low emissivity surfaces for improved fire performance, in:
Fire and Materials 2015. Interscience Communications, San Francisco, USA, pp.
464–477.
Mueller, U., Williams Portal, N., Chozas, V., Flansbjer, M., Larraza, I., Malaga, K., da Silva,
N., 2015. Reactive powder concrete for facade elements – A sustainable approach,
in: VII International Congress on Architectural Envelopes. San Sebastian, Spain.
Flansbjer, M., Honfi, D., Mueller, U., Wlasak, L., Williams Portal, N.L., Edgar, J.-O., Larraza,
I., 2015. Structural behavior of RPC sandwich façade elements with GFRP
connectors, in: VII International Congress on Architectural Envelopes. San Sebastian,
Spain.
da Silva, N., Mueller, U., Malaga, K., Hallingberg, P., Cederquist, C., 2015. Foam concreteaerogel composite for thermal insulation in lightweight sandwich facade elements, in:
Concrete 2015. pp. 1355–1362.
Chozas, V., Larraza, I., Vera-Agullo, J., Williams Portal, N., Mueller, U., da Silva, N.,
Flansbjer, M., 2015. Synthesis and Characterization of Reactive Powder Concrete for
its Application on Thermal Insulation Panels. IOP Conference Series: Materials
Science and Engineering 96.
Flansbjer, M., Honfi, D., Vennetti, D., Williams Portal, N., Mueller, U., Własak, L., 2016.
Structural concept of novel RPC sandwich façade elements with GFRP connectors,
in: 19th IABSE Congress. Stockholm, Sweden (forthcoming).
The conference papers are included in Annex D.
2.5

Journal publications

Three journal publications have been prepared so far. One of the publications is still in the
review process, the other one is in print.
List of peer-reviewed journal publications:
Österlund, L., Topalian, Z., 2014. Photocatalytic oxide films in the built environment. Journal
of Physics: Conference Series 559, 1–9.
Mueller, U., Williams Portal, N., Chozas, V., Flansbjer, M., Larazza, I., Silva, N. da, Malaga,
K., 2016. Reactive powder concrete for facade elements – A sustainable approach.
Journal of Facade Design and Engineering. Submitted, under review.
Flansbjer, M., Honfi, D., Vennettia, D., Mueller, U., Williams Portal, N., Własakc, L., 2016.
Structural performance of GFRP connectors in composite sandwich façade elements.
Journal of Facade Design and Engineering. Submitted and accepted.
The articles are included as excerpts in Annex E. The article by Österlund and Topelian can
be downloaded under:
http://iopscience.iop.org/article/10.1088/1742-6596/559/1/012009
The other two articles will be forthcoming under:
http://jfde.tudelft.nl/
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More conference and journal publications are planned from results of the SESBE project.
These include:
Conference paper on the sustainability and LCA/LCC of reactive powder concrete
sandwich panels 14th DBMC in Ghent, Belgium (Task 4.6, abstract submitted)
Journal paper on LCA/LCC of reactive powder concrete in comparison to standard
concrete (Task 4.6)
Journal paper on clay-polymer nanocomposite (Task 3.3, in writing)
Journal paper on the effect of heat absorbing coatings (Task 3.2)
Journal paper on the structural, acoustic and durability performance of the RPC-foam
concrete sandwich panels

3

SUMMARY OF ALL THESES, CONFERENCE
REVIEWED JOURNAL PUBLICATIONS

PAPERS

AND

PEER
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and Sustainability. Ph.D. thesis, Chalmers University of Technology.
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thesis, Högskolan i Borås. (in Swedish)
Nasiri, B., Oliva Rivera, A., 2015. Hydrophobic impregnation of concrete. Bachelor thesis, Högskolan i
Borås. (in Swedish)
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ANNEXES
Annex A – Public summary of the 1st project review report

D6.3 Reports/articles

A

Grand Agreement no.: 608950

Publishable summary
1

SUMMARY DESCRIPTION AND OBJECTIVES

Limited recourses and increasing population demands new ideas in sustainable development
and growth. In particular in the energy sector and to be more specific, in energy
conservation, there are still multiple options for technological advancement. In the building
sector the advance of new technologies and materials help to show new perspectives to
decentralize energy production, increase energy savings by smart facility installation and
appliances as well as by increasing energy efficiency by new materials used for the building
envelope. The latter is the focus of the SESBE project: Smart Elements for Sustainable
Building Envelopes. SESBE develops new types of façade elements with integrated
insulation for new buildings and the existing building stock. The main objectives are
sustainability, safety and energy efficiency increase in conjunction with weight and thickness
reduction of elements (Fig. 1).
A new type of concrete, Reactive Powder Concrete (RPC), allows reducing drastically the
thickness of elements due to its high mechanical performance. Energy efficiency will be
reached by a new type of insulation based on foam concrete with Quartzene® incorporation,
an aerogel-like material. Functionalization of the materials by nanotechnology allows
enlarging the performance of the elements with further properties, such as self
cleaning/easy-to-clean, heat reflectance, and humidity buffering. Furthermore, a new type of
sealing tape for element joints and openings is being developed as well as a more effective
intumescent coating for anchors and the metal substructure.
The project itself consists of 6 work packages (WP). WP2 to WP5 are of technical and
scientific content. WP2 is dedicated to material development, WP3 to material
functionalization and WPs 4 and 5 in façade element design, performance and production
technologies.

Fig. 1: Components of the new thin façade
elements with RPC and foam concrete as
insulation.
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2

WORK CARRIED OUT AND RESULTS SINCE BEGIN OF THE PROJECT

In the first 18 month (1st reporting period) the work was focused within WP2 and WP3 on
material development and material functionalization. Besides this, management tasks were
implemented, a project webpage was launched, poster/flyers designed and a first
dissemination and exploitation plan written (in WPs 1 and 6).
The material development within WP2 focused on the fiber reinforced reactive powder
concrete, on the insulation in form of foam concrete, the new sealing tape and the
intumescent coating. RPC formulations were successfully developed by two of the partners,
CBI and Acciona. The focus on the development was besides the performance the
sustainability aspect by using industrial by-products. Figure 2 shows the compressive
strength of formulations, which exceeds easily 140 MPa, Figure 3 the amount of industrial
by-products used for the CBI’s RPC formulations.
The foam concrete development focused mainly on density reductions, which was reduced to
150 to 200 kg/m3 (Fig. 4). Thermal conductivities at this density range are in the range of 40
to 45 mW/(k.m). Quartzene® incorporation is now optimized and further reductions in
thermal conductivities are expected. The design of a new sealing tape is ongoing. However,
results are not completely satisfying and development needs still to be optimized.
The functionalization of surfaces is ongoing. First results show improved hydrophobic
properties by combined application of textile imprints and bulk hydrophobic agent into the
RPC (Fig. 5). In another development photocatalytic compounds were designed to have at
the same time strong oleophobic properties. Improved heat reflectance was achieved on
RPC surfaces by applying modified paint components as a coating.
Fig. 2: Strength development of two
RPC formulations developed at CBI.
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Fig. 3: Amount of industrial waste
materials in the 2 formulations
developed by CBI.

Fig. 4: A cube of foam concrete,
floating on water. The density of this
specimen is around 350 kg/m3. The
densities now reached by the
consortium are in the range of 150 to
200 kg/m3.

Fig. 5: A RPC surface, modified by
textile imprint and a bulk hydrophobic
agent, is rendered hydrophobic.

3

FINAL RESULTS AND THEIR POTENTIAL IMPACTS AND USE

It is expected that the newly developed materials will help to drastically reduce the weight of
façade elements and their thickness, without impairing or even increasing thermal
performance. The utilized aerogel-like material Quartzene® can be produced at a much
lower price as standard aerogel which is synthesized from silanes by autoclaving or low
pressure drying. This will help to reduce costs for an inorganic, energy efficient, nonflammable insulation material, which is based on foam concrete with Quartzene® as
component. That means alternatives to polymer based insulation, such as EPS or
polyurethane, can be a real alternative for the future and help to increase fire safety,
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sustainability, energy efficiency and application of building elements containing this material.
Ultra high strength materials for inner and outer façade layers have a multitude of
advantages. They can be manufactured in much thinner dimensions and show at the same
time an extreme durability. Due to the high strength and dense surface, surface
functionalization can be performed better and more durable. It is expected that the
production of new façade elements will not be as cheap as existing concrete elements until
logistic production and distribution chains have been built up but money can already be
saved for transport, application and operation. Dismantling elements will have a low
environmental impact due to the mineral based nature of the material components.
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Annex B – CBI newsletter
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Usability of Textile Reinforced Concrete:
Structural Performance, Durability and Sustainability
NATALIE WILLIAMS PORTAL
Department of Civil and Environmental Engineering
Division of Structural Engineering, Concrete Structures
Chalmers University of Technology
ABSTRACT
Textile reinforced concrete (TRC) is an innovative high performance composite
material consisting of open multi-axial textiles embedded in a fine-grained concrete
matrix. Despite the fact that TRC-based research has revealed many promising
attributes, it has yet to reach its recognition due to a lack of available design tools,
standards and long-term behaviour. To be able to reach this next stage, consistent test
methods and reliable models need to be established to reduce uncertainty and the need
for individual and extensive experimental studies.
This thesis aims to investigate structural performance, durability and sustainability
aspects of TRC for its usability in the built environment. The structural performance
was experimentally and analytically evaluated for the individual material constituents,
material interaction, as well as global TRC components. The linking of the structural
performance of these various levels was investigated by means of non-linear finite
element analysis (FEA). The durability of TRC was characterized according to the
influence of accelerated ageing based on alkali resistance on the structural performance
of textile reinforcement. Furthermore, the environmental sustainability of TRC was
evaluated in comparison to conventional RC using a Life Cycle Assessment (LCA).
The experimental quantification of the structural performance on the material and
interaction levels was found to be decisive to understand the composite behaviour. In
general, the bond behaviour in TRC has been identified as a critical feature affecting the
global behaviour. Particularly for carbon textiles, the bond behaviour needs to be
improved; an enhancement of the load bearing behaviour was successfully observed
using surface coatings, short fibres, and high performance concrete. Linking the
experimental data from the material and interaction levels to the global level in FEA led
to promising results such that further insight on the actual failure behaviour could be
gained. The accelerated testing was generally too aggressive for textiles made of basalt
and AR-glass leading to extensive degradation; however, carbon textiles were found to
be a promising alternative as they have superior durability properties in an alkaline
environment without undergoing any strength loss. Through accelerated testing, it was
found that the exposure time, temperature and test solution need to be material specific.
The applied sizing or coating on the textiles also had a considerable influence on the
extent of degradation. Based on the conducted LCA, the reduction of the concrete cover
in a TRC panel significantly decreased its environmental impact compared to
traditionally reinforced solutions. Ultimately, the experimental and modelling
approaches developed in this work can be applied to further characterize the short- and
long-term behaviour of TRC for the built environment.
Keywords:
Textile reinforced concrete (TRC), experimental methods, finite element
analysis (FEA), durability, sustainability, life cycle assessment (LCA).
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Abstract
Stefanov, B. 2015. Photocatalytic TiO2 thin films for air cleaning. Effect of facet orientation,
chemical functionalization, and reaction conditions. Digital Comprehensive Summaries of
Uppsala Dissertations from the Faculty of Science and Technology 1307. 148 pp. Uppsala:
Acta Universitatis Upsaliensis. ISBN 978-91-554-9387-5.
Poor indoor air quality is a source of adverse health effects. TiO2 coatings deposited on wellilluminated surfaces, such as window panes, can be used to fully mineralize indoor air pollutants
by photocatalysis. In such applications it is important to ensure stable photocatalytic activity for
a wide range of operating conditions, such as relative humidity and temperature, and to avoid
deactivation of the catalyst.
In this thesis photocatalytic removal of the indoor-pollutant acetaldehyde (CH3CHO) on
nanostructured TiO2 films is investigated, and in particular it is proposed how such films can
be modified and operated for maximum performance. Catalyst deactivation can be reduced
by purposefully changing the surface acidity of TiO2 by covalently attaching SO4 to the
surface. Moreover, the overall photocatalytic activity on anatase TiO2 films can be improved
by increasing the fraction of exposed reactive {001} surfaces, which otherwise are dominated
by {101} surfaces.
In the first part of the thesis mode-resolved in-situ FTIR is used to elucidate the reaction
kinetics of CH3CHO adsorption and photo-oxidation on the TiO2 and SO4 – modified TiO2
surfaces. Surface concentrations of main products and corresponding reaction rates were
determined. Formate is the major reaction product, whose further oxidation limits the complete
oxidation to gaseous species, and is responsible for photocatalyst deactivation by site inhibition.
The oxidation reaction is characterized by two reaction pathways, which are associated with
two types of surface reaction sites. On the sulfate modified TiO2 catalyst fewer intermediates
are accumulated, and this catalyst resists deactivation much better than pure TiO2. A hitherto
unknown intermediate – surface-bound acetaldehyde dimer with an adsorption band at 1643
cm−1 was discovered, using interplay between FTIR spectroscopy and DFT calculations.
The second part of the thesis treats the effect of increasing the relative abundance of exposed
{001} facets on the photocatalytic activity of anatase TiO2 films prepared by DC magnetron
sputtering. A positive effect was observed both for liquid-phase photo-oxidation of methylene
blue, and for gas-phase photocatalytic removal of CH3CHO. In both cases it was found that
the exposed {001} surfaces were an order of magnitude more reactive, compared to the {101}
ones. Furthermore, it was found that the reactive films were more resilient towards deactivation,
and exhibited almost unchanged activity under varying reaction conditions. Finally, a synergetic
effect of SO4 – modification and high fraction of exposed {001} surfaces was found, yielding
photocatalysts with sustained high activity.
The results presented here for facet controlled and chemically modified TiO2 films are of
interest for applications in the built environment for indoor air purification and as self-cleaning
surfaces.
Keywords: titanium dioxide, photocatalysis, thin films, surface functionallization,
acetaldehyde, indoor air cleaning, sputter deposition, crystallographic modifications,
preferential orientation, self-cleaning surfaces
Bozhidar Stefanov, Department of Engineering Sciences, Solid State Physics, Box 534,
Uppsala University, SE-751 21 Uppsala, Sweden.
© Bozhidar Stefanov 2015
ISSN 1651-6214
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Abstract
The focus of this study was to develop and evaluate hydrophobic surfaces of concrete. The
idea was based on an assumption that nano-modification of concrete surface, in combination
with a hydrophobic impregnation, can result in superhydrophobic concrete. The work was
performed in cooperation with the CBI Betonginstitutet in Borås, where the laboratory tests of
ultra-high performance concrete, and the effects of two different hydrophobic agents, StoCryl
HG200 and SILRES®BS1001, on water repellency, were investigated. In order to produce a
textured surface, different techniques were used: to cast concrete in the textile forms and to
produce new forms of silicone with textile patterns. For the production process, different
types of textile were selected. The results indicated that different textiles, of different surface
structure, can influence the hydrophobicity level of the concrete surface. Silicone form has
proven to be most efficient in the texturing of the concrete surface, and in combination with
impregnation, several superhydrophobic surfaces were achieved. Silicone can be re-used, thus
contributing to a sustainable and repeatable technique. The tests used for the examination of
hydrophobicity were: roll-off and contact angle. The durability of the hydrophobicity level of
the surfaces against freeze was tested. The test did not follow a standard method but was
based to the regular climatic conditions that occur in Sweden,.
The use of ultra-high performance concrete with super hydrophobic surfaces can protect the
façade and the insulation against penetrating damp. The façade thickness of 10 mm could
successfully exchange thick façade element with steel reinforcement. In conclusion, the
concrete surface is easy to clean, and due to its long life spans, it is economically favorable.

Sammanfattning
Syftet med projektet var att utveckla och utvärdera vattenavvisande betongytor. Idén
grundades på ett antagande om att nano-modifiering av betongytan i kombination med en
hydrofob impregnering kan resultera i superhydrofob betong. Detta arbete genomfördes i
sammarbete med CBI Betonginstitutet i Borås, där laboratorietester av ultrahögpresterande
betong och effekterna av två olika hydrofoba medel, StoCryl HG200 och SILRES®BS1001,
gällande vattenavstötning, undersöktes. För att framställa en textilmönstrad yta, har olika
tekniker använts: att gjuta betong på textilytan och att framställa nya silikonformar med
textilavtryck. Under tillverkningsprocessen valdes olika typer av textilier. Resultaten
indikerade att olika textilier, med olika ytstruktur, kan påverka hydrofobicitet nivån hos
betongytan. Silikonformen har visats sig vara mest effektiv i strukturen av betongytan och i
kombination med impregnering, har flera superhydrofoba ytor uppnåtts. Silikon kan
återanvändas och därmed bidrar till en hållbar och repeterbar teknik. De tester som använts
för undersökning av hydrofobicitet var: roll-off och kontaktvinkeln. Hållbarheten på
absorptionsförmågan av ytorna mot frost testades. Provningen följde ingen standardmetod
men var anpassad till de vanliga klimatförhållanden som råder i Sverige.
Användningen av ultrahögpresterande betong med superhydrofoba ytor kan skydda fasaden
och isoleringen mot inträngning av fukt. Fasadskivans tjocklek på 10 mm kan med fördel
ersätta ett tjockt fasadelement med stålarmering. Sammanfattningsvis är betongytan
lättrengörande och på grund av dess långa livslängd, är det ekonomiskt fördelaktigt.
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Sammanfattning
Examensarbetet redovisar utförda försök på skumbetong; höghållfast skumbetong med låg
densitet i syfte att utveckla ett nytt oorganiskt isoleringsmaterial. De isoleringsmaterial som
finns på marknaden idag är brandfarliga och behöver flamskyddas. Arbetet utfördes med hjälp
av litteraturstudier och laborationer. Programvaran EMMA Mix Analyzer användes för att
beräkna optimal partikelfördelning och det redovisas med diagram i arbetet.
Tillsatsmaterialen: masugnsslagg, silikastoft, kalkstensmjöl, kalciumhydroxid och flygaska
testades för att få resultat på hur de påverkade tryckhållfastheten hos betongen. Resultat
presenteras i form av tabeller för tryckhållfasthet. Samband mellan mängden flyttillsatsmedel
och spridningsmått för färsk betong har undersökts. Ett försök presenteras i arbetet om
accelererande tillsatsmedel kan användas för framställning av skumbetong. Resultaten i
arbetet indikerar att det är fullt möjligt att skapa en lättare skumbetong med högre
tryckhållfasthet än vad som finns på marknaden idag.

Abstract
The thesis presents experiments on low density foam concrete with high compressive strength
in order to develop an innovative inorganic insulation material. The available insulation
materials on the market today are flammable and require flame-retardant treatment. The work
was performed by means of literature studies and laboratory experiments. The software
EMMA Mix Analyzer was used to calculate the optimum particle distribution and it is
reported with graphs. The additives: blast furnace slag, silica fume, limestone, calcium
hydroxide and fly ash were tested to get results on how they affected the compressive strength
of the concrete. Results are presented in the form of tables for compression strength.
Correlation between the amount of super plasticizer and distribution measurements for fresh
concrete has been investigated. An experiment is presented in the work on whether
accelerating admixture may be used for the production of foam concrete. The result of the
work indicates that it is fully possible to develop a low density foam concrete with higher
compressive strength than what is available on the market today.
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ABSTRACT
Textile reinforced concrete has been proven to be a suitable solution for the production of thin
and lightweight façade panels. Despite it being researched over the past decade, its long-term
durability is not sufficiently characterized. This paper presents experimental results from
accelerated aging and direct tensile testing of various textile reinforcement alternatives
according to ISO 10406-1. Based on the results, a large degeneration of the glass and basalt
fibre bars was observed after 30 days of immersion. As for carbon fibre grids, no significant
difference in ultimate tensile force was noted before and after immersion.
Key words: Textile reinforced concrete, Fibres, Testing, Aging.
1.
INTRODUCTION
The building construction industry is in need of sustainable materials and solutions. A novel
building material, such as textile reinforced concrete (TRC), could be used to meet this demand.
TRC is typically a combination of fine-grained concrete and multi-axial textile grids or bars,
which has been fundamentally researched over the past decade. TRC can be utilized to build
slender and lightweight façade elements primarily due to the fact that the concrete cover
mandated for conventional steel reinforcement can be minimized as the risk of corrosion is
eliminated. Despite these improvements, many questions pertaining to the long-term durability
arise when attempting to implement such innovative building materials. Durability performance
is most accurately measured in real-time (Mechtcherine, 2012); however, usually having time as
a constraint, accelerated aging tests or calibrated numerical models (Cuypers, Orlowsky et al.
2007) are typically used to predict the long-term performance. Accelerated testing according to
ISO 10406-1 pertaining to fibre-reinforced polymer (FRP) bars and grids was performed in this
work. One drawback of this test method is such that the prescribed boundary conditions are
thought to inadequately model the realistic conditions encountered by a TRC façade panel.
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Future parametric studies are suggested to investigate the variability of the controlling factors in
this test, i.e. temperature or pH level of the pore solution, which cause the deterioration of the
various reinforcement alternatives.
This paper presents the outcome of accelerated aging and direct tensile testing of various textile
reinforcement alternatives performed at CBI Swedish Cement and Concrete Research Institute
and SP Technical Research Institute of Sweden. This study was part of the research project
Tekocrete II - Energy efficient thin façade elements for retrofitting of Million Programme
housing: TRC textile reinforced concrete façade elements co-funded by Formas-IQS. Glass and
basalt fibre bars, as well as carbon fibre grids were immersed into a high alkali environment
(pH 14) with elevated temperature (60°C) for 30 days according to ISO 10406-1. Direct tensile
tests of the reinforcement specimens were conducted before and after exposure to observe the
degree of stiffness and tensile strength loss due to aging. Both physical and mechanical changes
of the textile reinforcement are evaluated and compared in this work.
2.
EXPERIMENTAL SETUP
2.1
Materials
Three different textile reinforcement alternatives, namely glass and basalt fibre bars and a
carbon fibre grid, were included in this study as described in Table 1. The basalt fibre bars have
a spiral wrapping which provides a deformed profile and the surface is coated with sand grains
in order to increase the bond capacity. Similarly, the glass fibre bars are covered by a thin layer
of resin which incorporates small sand grains. The carbon fibre grid is epoxy coated and has a
relatively smooth surface.
Table 1 – Description of tested materials
ID
A
B
C

Description
Glass fibre bar ϕ6 mm
Basalt fiber bar ϕ6 mm
Carbon fibre grid 40x40 mm

Coating
Yes
Yes
Yes

Supplier/Product
Sto Scandinavia AB, StoFiberBar C6
Sudaglass Fiber Technology Inc.
Sto Scandinavia AB, StoFRP Grid C390

2.3
Aging test
The alkali resistance of the textile reinforcing grid or bar was investigated as per ISO 10406-1.
Linear pieces of textile reinforcing grid with extraneous parts cut away or bars were immersed
in an alkaline solution (pH 14) while being exposed to a temperature of 60°C ±3°C for 30 days.
The solution used was composed of 8.0 g of NaOH and 22.4 g of KOH in 1 L of deionized
water. In order to prevent the infiltration of the solution via the ends of the linear pieces, both
ends of the test specimens were sealed by epoxy resin. The specimens were immersed in the
alkaline solution contained in plastic cylinders. The plastic cylinders were sealed and placed in a
climate chamber at a temperature according to the aforementioned boundary conditions. After
30 days, the aged specimens underwent tensile testing and were visually compared to non-aged
reference specimens.
2.2
Tensile test setup
The tests were carried out using an Instron 1273 and the force F was recorded by a load cell
with a rated capacity of 250 kN and accuracy within 1%. The deformation was measured by a
Messphysik Videoextensometer ME46 and pattern recognition technique. The measuring length
was chosen as approximately 100 mm. The force and deformation were recorded in a data
acquisition system with a sampling rate of 10 Hz. The specimens were preloaded with a force of
0.1 kN. The tests were controlled by the cross-head displacement of 3 mm/min, corresponding
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to a strain rate of approximately 5x10-3 min-1 within the measuring length. The temperature at
testing was approximately 23 °C.
The anchorage system at each end of the grid or bar simply consisted of a steel tube filled with
epoxy resin. In this way, the tensile force is transmitted from the steel tube to the bars by shear
stresses in the epoxy. The steel tubes had a length of 100 mm, outer diameter of 15 mm and an
inner diameter of 12 mm. The epoxy resin used was NM Injection 300 from Nils Malmgren AB.
3.
EXPERIMENTAL RESULTS
3.1
Observations after aging
The specimens were weighed and visually inspected after removal from the alkaline solution.
Photos of the test specimens before and after alkaline aging are shown in Figure 1.

Figure 1 – Photo of test specimens before and after alkaline aging of glass fibre bars, basalt
fibre bars and carbon fibre grid (left to right).
For glass fibre bars, the outer surface layer with embedded sand was very porous and came
loose easily, which could, in turn, lead to a reduced bond capacity. As for basalt fibre bars, only
the colour was observed to change from black to a brownish colour. The emergence of brownish
areas with small bubbles at the surface of the carbon fibre grid was noted after alkaline aging.
3.2
Tensile test results
A total of five tests were conducted for each alternative before and after alkaline aging. The
load-strain relationships for all alternatives are depicted in Figure 2.
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Figure 2 – Load-strain curves before (black) and after alkaline aging (grey) for glass fibre (GF)
bars (left), basalt fibre (BF) bars (middle) and carbon fibre (CF) grid (right).
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A large degeneration of the glass and basalt fibre bars was observed after 30 days of aging. The
stiffness and the ultimate tensile force of the glass fibre bars were reduced by approximately
11 % and 48 %, respectively, while those corresponding to the basalt fibre bars were reduced by
24 % and 80 %, respectively. As for the carbon fibre grids, no significant difference in the
ultimate tensile force was noted before and after immersion. The observed scatter may be rather
explained by the difference in size and shape of the cross section and the straightness of grid
samples.
For the glass fibre bars and the carbon fibre grids no major difference in failure mode could be
observed before and after aging. The glass fibre bars splintered along the entire free length and
as for the carbon fibre grids, the failure occurred at the location of cross points. Conversely,
there was a clear difference in failure mode for the basalt fibre bars before and after aging.
Before aging, the samples splintered along the free length. After aging, the failure was much
more localized and a pull-out of the basalt fibres from the matrix occurred which is indicated by
the horizontal part of the load-strain relation in Figure 2.
4.
CONCLUDING REMARKS AND FUTURE WORK
To determine the alkaline resistance of FRP, accelerated testing according to ISO 10406-1 is
often used. However, this method describes the relative difference in durability between
different samples, but does not predict the actual durability of the material and specifies no
requirements to be met. For instance, an unreasonably large degeneration of the glass and basalt
fibre bars was observed after 30 days. The prescribed boundary conditions are unlikely to occur
in a façade panel and can therefore be considered to yield an upper bound solution. In view of
that, this presented study will be subsequently expanded to include the evaluation of the impact
of varying the temperature and pH in order to better characterize realistic durability limitations
for given textile reinforcement materials. For instance, a temperature of 60°C can be considered
as a constant parameter while the pH level of the immersion solution can vary from 12-7. If the
specimens were to deteriorate in a neutral solution (7), then it would be made clear that the
temperature is a controlling parameter. Alternatively, a similar parametric study can be made to
observe the impact of varying the temperature while maintaining a realistic pH level (~12).
REFERENCES
Cuypers, H., Orlowsky, J., Raupach, M., Büttner, T., Wastiels, J., 2007,
“Durability aspects of AR-glass-reinforcement in textile reinforced concrete, Part 2:
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Abstract: This paper describes the initial steps towards the development of a foam concrete-aerogel
composite for thermal insulation in lightweight sandwich façade elements. Fire safety is an important issue
pertaining insulation materials. Therefore, the need for low-density inorganic, non-flammable materials is
rapidly increasing. Foam concrete is a lightweight material with good thermal characteristics; densities as
low as 400 kg/m3 and thermal conductivities as low as 100 mW/m·K can easily be achieved. The main
advantage when compared to typical inorganic insulations (e.g. autoclaved aerated concrete or mineral
wool) is that foam concrete has a much lower embodied energy, in particular due to the simplicity of the
manufacturing process. However, in order to be competitive as an effective insulation material, the
thermal conductivity needs to be drastically reduced which can be achieved by reducing the density and
by incorporating silica aerogels (both measures affecting the compressive strength).
Keywords: Foam concrete, aerogel, insulation, facade, fire safety.

1.

Introduction

The redirection of the construction sector towards Sustainable Construction is the core of the EU 2020
strategy, mainly through increased energy savings in buildings. The major goal is that by 2050, new
buildings shall become energy neutral and have zero CO 2 emissions.
The building stock in Europe is around 160 million buildings, 70% of which built after 1945, thus with major
potential for retrofitting applications. Residential buildings represent about 80% of the total building stock,
where multifamily houses and high rise buildings account for 47% of the total number of building stock in
EU25.
In a building, it is assumed that about 20% of the total embodied energy is associated with materials and
transportation whereas the remaining 80% is consumed at the user stage. Thus, it is important to consider
the user stage when considering the total energy use. This means that the buildings shall have low
embodied energy, low weight of construction materials and enhance thermal properties. Breakthroughs
will be in the area of the application of nanomaterials for the development of multifunctional products and
components in order to address energy efficiency, fire resistance and living comfort aspects with
processes that are more robust and cost-effective.
The most important part of a building from an insulation perspective is the building envelope. One way to
decrease the energy consumption in buildings and thus increase the energetic efficiency of the building
envelopes is by improving the thermal insulation. Better insulation materials in terms of performance,
durability and embodied energy are therefore required. This concerns both new buildings as well as
refurbishment applications.

1.1

Project concept

Façade elements made of concrete have a long tradition in the built environment. Typical pre-fabricated
concrete sandwich elements are very heavy and thick; they consist of an outer panel (80-100 mm thick)
made reinforced concrete, an insulation layer (100-200 mm thick) in EPS o mineral wool and an inner
load-bearing panel (100-150 mm thick) made of reinforced concrete.
There is a huge and growing demand for new solutions concerning the energetic retrofitting of buildings
made of this type of prefabricated sandwich elements. Such solutions should not only be energy efficient,
but also fire safe as well as promoting a healthier indoor environment.

The SESBE project (Smart Elements for Sustainable Building Envelopes) aims to develop new lightweight
façade elements that are energy efficient, non-combustible and have multifunctional properties. The new
sandwich elements totally based on inorganic cementitious materials, use carbon fibre reinforced reactive
powder concrete as structural material and aerogel modified foam concrete for the insulation layer. In
addition, the project proposes cost-effective use of nanomaterials and nanotechnology as a tool to custom
design functional and performance properties such as easy-to-clean/self-cleaning surfaces, increased
heat reflectivity by a heat reflective layer and moisture control in the insulation using nano-clays.

1.2

Foam concrete: a fire-safe insulation material

Foam concrete, also known as cellular lightweight concrete (CLC), can be defined as a cementitious
material with a minimum of 20% by volume of mechanically entrained air in the fresh cement paste or
mortar [1]. It differs from autoclaved aerated concrete (AAC) in which the spherical voids are chemically
generated by the reaction between aluminium powder and the alkali hydroxides in the cement.
The basic components of foam concrete are cement, sand, water and foam (water, air and a surfactant).
Typically, the air content varies between 40 to 80% of the total volume with void sizes ranging from 0.1 to
1.5 mm in diameter, although coalescence can produce larger voids, especially at lower densities [2].
Although the composition of the cementitious matrix and air void content influences the properties of the
material, there is a good correlation between the dry density and compressive strength, typically varying
between 400 and 1600 kg/m 3 and from 1 to 10 MPa, respectively. Due to the low density and highly
porous structure, foam concrete presents good functional properties such as fire resistance, thermal
conductivity and acoustic performance; for example, at a density of 400 kg/m 3, the λ-value is
approximately 100 mW/(m·K).
Due to its pumpability and self-compacting behaviour, foam concrete is majorly used as filling material for
sealing sewage pipes, wells, mines, storage tanks and tunnels. Other applications include: soil
stabilisation; bridge abutments; floor and roof screeding; road sub-bases; insulation of foundations in
industrial and domestic housing; sandwich fill for precast units and concrete blocks [2].
So far, in building applications, the use of foam concrete is limited to social housing projects where a large
number of units need to be produced in a short time and where densities of around 600 kg/m 3 constitute
an affordable and sustainable alternative when both structural and insulation characteristics are required.
To our knowledge however, the use of foam concrete as a high performance insulation material has not
been proven.
The reason for using foam concrete in the SESBE project is to increase the fire-safety of the sandwich
elements by developing a non-flammable inorganic insulation material. Standard insulation materials
present several disadvantages: organic materials such as polystyrene (EPS/XPS) and polyurethane
(PUR) are highly flammable and release toxic fumes during fire; inorganic materials such as mineral wool,
although non-flammable, have a large embodied energy due to the high temperatures during the
production process; state-of-the-art vacuum insulation panels (VIP) are expensive and require cautious
handling and installation in order not to be perforated leading to the potential loss of their insulation
properties.
As mentioned previously, the λ-value of foam concrete with a density of 400 kg/m 3 is around 100
mW/(m·K). In fact for such low density cementitious foams nearly all data available in the literature reports
to the thermal performance of chemically generated foam concrete. Proshin et al. [3] reported thermal
conductivities in the range of 60 to 160 mW/(m·K) for foam concretes, partially filled with polystyrene
beads, with densities between 200 and 650 kg/m 3. Akthar and Evans [4] reported values of 110 and 135
mW/(m·K) for cement foams with densities of 193 and 220 kg/m 3, respectively. Finally, Zheng and Chung
[5] reported thermal conductivity of 46 mW/(m·K) for a density of 152 kg/m 3.
Silica aerogels are nano-porous heterogeneous solid materials, with pore diameters in the range of 1 to
100 nm. Aerogels consist of approximately 90 to 95% air in volume and therefore have low densities (80
to 150 kg/m3) and very low thermal conductivities (12 to 25 mW/(m·K)). Due to its nano-porous structure,
they possess a very high specific surface area (up to 800 m 2/g). Typically, aerogels are produced via a
super-critical drying process meaning that they are often quite expensive. However, in the SESBE project,
aerogels produced via the ambient pressure drying method [6] will be used contributing to the
competitiveness of the final insulation product.

The incorporation of aerogels into the foam concrete is expected to significantly decrease the thermal
conductivity. In a study by Serina et al. [7], the λ-value of a UHPC formulation decreased from 2300 to 310
mW/(m·K) when 80% in volume of aerogel was used (the density of the UHPC-aerogel composite was
around 800 kg/m3). In another study by Hub [8] a cement paste containing 75% in volume of aerogel
showed a λ-value of 61 mW/(m·K) (the density of the composite was around 370 kg/m 3).
The main goal of the SESBE project is to develop a foam concrete-aerogel composite insulation material
with a thermal conductivity around 30-35 mW/(m·K) at a density of about 150 kg/m 3.

2.

Material development

At present, the material development consisted on the selection of the type of cement most appropriate for
the production of very low density foam concrete, design of the basic mix (w/c ratio, superplasticizer) and
incorporation into the foam. The main goal was to characterize the state-of-the-art foam concrete (to be
used as a reference) as well as the new formulation, with regards to the following fresh and hardened
properties: density ratio, i.e. fresh density/design density (as an indicator of the homogeneity of the final
mix); stability (tendency to collapse); compressive strength and thermal conductivity.
There are two main types of foaming agents used for the production of foam concrete; protein-based and
synthetic. Protein-based foam is in general more stable than synthetic foam; however, protein-based
foaming agents have a foul smell and dark brown colour, leaving a sticky residue after drying. The
resulting foam has a pale yellow colour; the odour is present in the foam and can linger in the foam
concrete for a long time after production, subject to drying conditions and ventilation. Because proteins
are organic substances, foam concrete made with protein-based foam has a greater tendency to facilitate
mould growth and other microorganisms and for that reason should be avoided in residential and
commercial buildings. Synthetic foams on the other hand are odourless, bright white and dissolve easily in
water without leaving any residue. For this reason, in this project, only synthetic foam was used.
In the first stage of design of the basic mix, a multi-binder system based on CEM I 52.5 R and
incorporating high volume of mineral additions was tested. Table 1 lists the materials and mix proportions
for the foam concrete developed. Most of the foam concrete mixes collapsed within the first 2 to 4 hours
after casting and only 2 out of 16 could be tested for compressive strength. In most cases, the plastic
density was below the design density. A number of possible reasons for the behaviour of the mixes tested
are pointed:
Due to the high viscosity of the cementitious matrix, homogenization of the foam concrete
becomes difficult resulting in segregation. Depending on the level of segregation of the mixture,
this leads in the first place to lower densities than design and eventually collapse as the cell
structure is not able to support itself (not enough binder);
The fact that some of the mixes didn’t harden means that there is an unbalance between the
amount of cement and the volume of mineral additions in the mixture. When water is added to the
cement, the main products from the reaction are calcium hydroxide (CH) and calcium-silicatehydrates (CSH-gel). Additionally, other alkali-hydroxides are formed; these are important to
activate the pozzolanic reaction and contribute to the strength gain (setting and hardening) of the
concrete;
Silica fume, metakaolin and quartz filler have a higher specific surface than cement requiring more
water. This water can be taken from the foam leading to segregation and eventually collapse;
The high volume of mineral additions (mainly fly ash and metakaolin) and quartz filler negatively
influences the stability of the foam concrete since it increases the setting time, thus increasing the
tendency to collapse.

Table 1. Mix proportions for foam concrete based on multi-binder system
(in kg per m3 of foam concrete).
Material

CEM

SF

FA

MK

QF

Sand

Acc

SP

w/c

(kg/m3)

44-148

14-37

22-59

22-35

28-71

129-318

2.8-5.6

0.4-7.1

0.3-0.5

SF, silica fume; FA, fly ash; MK, metakaolin; QF, quartz filler; Acc, accelerator; SP, superplasticizer

Foam
(l)
690-910

Design
Density
250-700

Given the unsucceeded first stage, a second approach was based on a single-binder system. For that, 4
different cements were selected and tested. Table 2 lists the materials and mix proportions for the foam
concrete developed. For each cement, at least 3 different series, i.e. 3 different densities within the range
shown in Table 2, were produced. The results clearly indicated that some of the cements were not
suitable for the formulation of low density foam concrete. Except for CEM I 52.5 R SR3-LA, all other
cements led to collapse of the foam concrete, presumably due to the following reasons:
Despite the fast setting time, CEM I 52.5 R is not suitable for the production of foam concrete
mainly due to its high alkalinity which interacts with surfactant leading to the collapse of the foam;
CEM I 52.5 R SR3-LA is also a rapid hardening cement but with a much finer particle size
distribution and lower d50 (4-5 µm as opposed to 15-16 µm) when compared to CEM I 52.5 R. This
fast setting associated with the low alkalis content enables the production of low density foam
concrete;
CEM II/A-LL 42.5 R and CEM II/A-V 52.5 N are not suitable for the production of very low density
foam concrete. Both cements include around 16% mineral additions (limestone and fly ash,
respectively), with prolonged setting time which might lead to collapse of the foam.

Table 2. Mix proportions for foam concrete based on single-binder system
(in kg per m3 of foam concrete).
Material
(kg/m3)

3.

CEM I
52.5 R
278-299

CEM I
52.5 R SR3-LA
155-300

CEM II/A-LL
42.5 R
153-296

CEM II/A-V
52.5 N
152-175

SP

w/c

0.4-1.5

0.3-0.4

Foam
(l)
800-890

Design
Density
250-450

Material properties

Based on the results from the second stage of development of the mix design, CEM I 52.5 R SR3-LA was
selected for further studies of material properties. The w/c ratio was set to 0.35; the superplasticizer to
0.5% by mass of cement and, for lower densities, the use of accelerator was set to 5% by mass of
cement. The objective was to evaluate the dependency of the compressive strength and thermal
conductivity with density. Table 3 shows the mix proportions for foam concrete of different densities.

Table 3. Mix proportions for foam concrete of various densities
(in kg per m3 of foam concrete).
Material
CEM I 52.5 R SR3-LA
Superplasticizer
Accelerator
Water
Foam (l)

3.1

800
572
2.8
x
200
615

600
413
1.9
x
145
722

Design Density (kg/m3)
500
400
338
266
1.6
1.3
x
x
118
93
773
821

300
186
0.9
x
65
875

200
109
0.5
5.4
34
926

Compressive strength

The compressive strength was measure on foam concrete cubes 150 x 150 x 150 mm at the age of 28
days, according to EN 826 [9]. As expected, the results in Figure 1 indicate a clear dependency of the
compressive strength with the density of foam concrete. Although foam concrete is intend to be used as
insulation material and therefore serves no structural purpose, it is still important to quantify the
compressive strength because during manufacturing, transportation, assembly and usage, the material wil
be subject to some mechanical loads. The apparent linear relation between compressive strength and
density is, in the present case, the result of a common base mix for all the densities tested.

Yet some scatter can be observed, as a result of the manufacturing process, e.g. differences in the mixing
time between foam concrete of different densities. Similarly low values were obtained by Tonyan and
Gibson [10] who reported compressive strengths of 0.04 and 0.12 MPa for foam concrete with densities of
160 and 224 kg/m3, respectively, while higher values were reported by others: Zheng and Chung [5]
reported values of 0.5-0.9 MPa for densities between 130 and 190 kg/m 3; Van Deijk [1] reported a value of
0.6 MPa for a density of 240 kg/m 3 and in ACI 523.1R [11], 0.48 MPa were obtained for a density of 240
kg/m3.

Figure 1. Compressive strength of foam concrete as a function of the density.

3.2

Thermal conductivity

Thermal conductivity measurements were performed in foam concrete plates 400 x 400 x 50 mm,
according to EN 12667 [12]. The results in Figure 2 show that there is a fairly good linear correlation
between λ-value and density. Note that, without the aerogel, the thermal conductivity of the foam concrete
with a density of 130 kg/m 3 is 46 mW/(m·K). These results are in line with those reported in the literature
(see section 1.2). Naturally, there is some variability of the results which is associated to the mixing
process and the air-void size and distribution. Depending on the density, there is a dominant pore size,
which increases as the density decreases (see Figure 3) due to the higher quantity of foam used. In
addition, other factors such as coalescence voids (mainly at low densitites) and degree of hydration (note
the presence of large unhydrated cement grains in Figure 3 middle) will have an impact on the thermal
properties of the foam concrete.
As a first trial, 50% in volume of aerogel was also incorporated into a cement paste. The thermal
conductivity of the aerogel particles is approximately 20 mW/(m·K). The result in Figure 2 show a
reduction of more than 60% in the λ-value when compared to the reference and that this value lies clearly
below the λ-value versus density trend line.

Figure 2. Thermal conductivity of foam concrete as a function of the density.

Figure 3. Pore sizes in foam concrete of various densities.

4.

Conclusions

The present paper reports the preliminary results towards the development of a foam concrete-aerogel
composite material to be used as thermal insulation in lightweight sandwich façade elements.
A multi-binder system based on minimization of cement clinker and replacement by high volumes of
supplementary cementitious materials was tested without success. It was found that such systems are not
suitable for very low density foam concrete due to increased specific surface area which increases the
water demand and delayed setting.
A formulation for very low density foam concrete was developed, based on single-binder system, using a
commercial cement of the type CEM I 52.5 R SR3-LA. For a design density between 200 and 300 kg/m 3,
the cement content ranges from 110 to 190 kg/m 3.
At a density of 130 kg/m3, the compressive strength is around 0.2 MPa and the thermal conductivity
around 46 mW/(m·K). Preliminary experiments with aerogel incorporated into ordinary cement paste
showed a reduction of the λ-value by more than 60%, for a degree of replacement of 50% by volume.

5.

Future work

The work so far demonstrated that it is possible to produce very lightweight foam concrete with acceptable
mechanical performance and good thermal characteristics. The incorporation of aerogels is expected to
further enhance the thermal conductivity of the foam concrete, representing a competitive and safer
alternative insulation material. However, the incorporation of aerogels is not expected without challenges.
Firstly, the mixing method must be optimized to ensure that the aerogel becomes part of the skeleton
structure of the foam concrete rather than being entrapped in the air voids. Then, it is important that the
aerogel maintains its physical and chemical integrity and is not destroyed (partially or totally) during mixing
(shear action).
Secondly, the amount of aerogel needs to be optimized towards maximum performance at minimum level
of incorporation, i.e. in a cost-effective way. This implies that modifications to the basic mix (in terms of
w/c ratio, superplasticizer) might be necessary.
Thirdly, to achieve such low densities, the basic mix is composed only by cement (and aerogel). This
means that the foam concrete is prone to chemical shrinkage and eventually cracking, as it is restrained
by the inner and outer reactive powder concrete layers as well as mechanical connectors. In order to
reduce the stiffness of the material, PVA fibers will be incorporated , the amount of which needs to be
optimized with regards to the mechanical performance but without compromising the thermal
performance.
Finally, acoustic performance and fire resistance tests will be carried to assess the suitability for use;
aerogels are nanoporous materials which may significantly influence the sound transmission/absorption
properties.
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Abstract
The SESBE research project aims to develop novel smart sandwich façade elements with high
insulating capabilities while providing a reduced thickness in conjunction with superior mechanical
and durability properties. The present paper mainly focuses on the verification of the mechanical
performance of the glass fibre reinforced polymer (GFRP) connectors in the façade element
composed of reactive powder concrete (RPC) panels with foam concrete insulation between them.
Because of the reduced thickness of the large façade elements, the performance of the connectors
is critical for the entire structural concept. A description of structural performance and results
based on experimental methods and finite element (FE) analysis are presented.
Keywords: Sandwich façade elements, reactive powder concrete, foam concrete, glass fibrereinforced polymer connectors, carbon fibre reinforcements, structural performance.

1
1.1

Envelopes), funded by the European Commission,
aims at developing sandwich façade elements
with high insulating capabilities while providing a
reduced thickness in conjunction with improved
mechanical and durability properties.

Introduction
Background

There is an extensively increasing demand for
better energy efficiency of the buildings we live
and work in. The European construction sector
attempts to tackle this great challenge by
developing and implementing energy efficient
materials and processes. The FP7 project SESBE
(Smart Elements for Sustainable Building

The overall objective is to develop smart façade
elements, which are lighter, thinner and more
adaptive than existing solutions through the
utilization of nanomaterials and nanotechnology.
The use of “smart‟ cost effective raw materials
and cost saving technologies are expected to
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result in façade elements with: 1) increased
energy efficiency, 2) increased fire resistance, 3)
increased surface functionality and 4) reduced
costs.

The façade elements are comprised of two thin
(20-25 mm) panels of reactive powder concrete
(RPC) reinforced by carbon fibre reinforced
polymer (CFRP) grids and an intermediate light
weight foam concrete (FC) insulation. To allow for
adequate load transfer between the RPC panels,
they are linked by glass fibre reinforced polymer
(GFRP) truss-like connectors (Figure 1). The use of
GFRP in this application has several advantages: 1)
non corrosive - allowing for a thinner concrete
cover, 2) low thermal conductivity - reducing
thermal bridges and 3) low density - reducing
weight.

Two types of elements are being developed within
the project: 1) full sandwich elements which will
be used for new constructions and 2) half
sandwich elements for refurbishment of existing
buildings. This paper focuses on the development
of the full sandwich elements.

1.2

Description of façade elements

The sandwich façade elements developed in this
project are prefabricated and intended to be
attached to the main load bearing structure at the
construction site. These types of architectural
concrete cladding elements mainly contribute to
the aesthetic, structural and isolating function of
the building envelope [1]. They are not part of the
primary load bearing system, which typically
consists of slabs and load bearing cross-walls.
However, due to their significant surface area (510 × 2,7-3,0 m2) and weight (2-5 ton) they have an
active contribution in carrying and transferring –
horizontal (wind) and vertical (self-weight) – loads
to the building. The lightweight sandwich
elements span vertically between two floor stories
and are fixed to the load-bearing frame by an
anchoring system. The sandwich façade element is
illustrated in Figure 1.

2

Structural performance

To analyse the overall structural behaviour, a
typical building was defined and the expected
loading on the elements was determined, thus
enabling the structural performance to be
investigated both at system and component levels
[2].
The large size, reduced thickness and the
application of novel materials requires a deep
understanding of the structural performance of
the design concept. This understanding is gained
through extensive laboratory testing, both at
material and component levels, in combination
with numerical modelling.
Based on preliminary structural investigations in
the conceptual phase, a thorough testing and
modelling program was defined to support the
verification of structural performance of the
sandwich elements at various levels, see Figure 2.
The structural modelling and testing are
performed in parallel with the development and
characterisation of the materials used for the
components. Because the performance of the
materials and the requirements at different levels
interact, this is an iterative process as illustrated in
Figure 2.
In the modelling, the material properties
evaluated from tests are used as input. The model
is verified by its ability to reproduce the findings in
the component tests regarding stresses,
deformations and formation of cracks, thus the
procedure gives feedback to the material
development, discussed in a previous paper [3].

Figure 1. SESBE façade element concept
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Figure 2. Summary of testing and modelling programme
The investigation concerns not only the sandwich
façade elements, but also their anchorage system.
The calibrated structural model provides a better
understanding of the physical mechanisms
governing the structural behaviour of the façade
elements and their interaction with the existing
load bearing structure under different load
conditions including dead loads, wind loads,
impact loads, as well as temperature and moisture
variations. With the knowledge gained from
testing and modelling, simplified design methods
can be developed.

3

withstand the wind loads. Therefore, a major
hurdle from a structural engineering viewpoint
was to design connectors linking the RPC panels to
ensure the adequate transfer of shear forces
enabling sufficient composite action between the
two panels. Through composite action, the façade
element resists bending moments as a whole such
that one panel takes up compression and the
other one tension. The FC insulation was found to
have a very limited ability to transfer shear forces
between the panels.
An important focus in this study is on the
performance of truss-like connectors made of
GFRP as shown in Figure 3 (upper). The connector
is made from a pultruded bar of E-glass fibres
impregnated with an epoxy resin, which is formed
into a zig-zag shape in a half-cured state and then
cured into final state in a subsequent step. The bar
has a nominal diameter of approximately 6,1 mm.

Connector configurations

At an early stage, initial finite element (FE)
calculations were performed on different
configurations of large scale sandwich elements to
better understand the structural behaviour and to
identify critical parameters. The calculations were
primarily used to verify that the general concept
of the sandwich element was viable and to check
the effect of connector geometry, connector
spacing, panel thicknesses and boundary
conditions on a larger scale.
It was concluded that the sandwich element can
be treated as a one-way span between the
connecting floor element above and below. The
primary transfer of the wind load is thereby
achieved by bending in the short direction of the
element. Based on the material development
phase, the bending stiffness and strength of the
individual RPC panels were found to be too low to

Figure 3. Illustration of the single connector
(upper) and double connector (lower)
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Figure 4. Illustration of four-point bending test set-up
The initial modelling showed that the main
concern is not the capacity of the connectors
themselves; instead the challenge is to ensure
that force can be transferred into the thin RPC
panel via the connector without local pull-out
failure. The pull out strength and overall shear
behaviour were evaluated for different connector
configurations. Based on these previous modelling
and experimental studies, two GFRP connector
configurations (Figure 3); a) single connector and
b) double connector, were selected for further
development and evaluation of composite action
by experiments and modelling as indicated by the
red red-shaded boxes in Figure 2. The double
connector simply consists of two single connectors
which are mirrored with respect to the
longitudinal direction and connected by plastic
stripes at the intersections.

4
4.1

4.2

Test specimen

The specimens consist of two RPC panels with a
nominal thickness of 25 mm and a foam concrete
insulation of 150 mm (Figure 4). The length of the
specimens is 2,5 m, whereas the width is 0,6 m.
Both RPC panels were reinforced with two CFRP
grid (SOLIGRID Q90-CEP-21, A = 85 mm2/m) layers
connected to each other by distance spacers. The
spacers are designed to give a concrete cover of
approximately 5 mm and a distance between the
grids of approximately 10 mm. The two CFRP grid
layers were placed symmetrically in the center of
the panels. Two connector rows were placed in
each specimen (Figure 5).

Bending test of sandwich element
Test description

The structural behaviour of the sandwich
elements depends highly on the stiffness and
strength of the GFRP connectors to ensure
composite action between the inner and outer
RPC panel. Therefore, a test series on full-length
strips of sandwich element containing two rows of
connectors were subjected to four-point bending.
These tests serve as a verification of connector
performance and composite action and also
provide input for the calibration of the numerical
model. Furthermore, the bending stiffness,
cracking moment and bending moment resistance
of the element were determined. The bending test
set-up is illustrated in Figure 4. Both GFRP
connector configurations illustrated in Figure 3
were investigated and three specimens of each
configuration were tested.

Figure 5. Placement of single connectors (left) and
double connectors (right) before casting

Figure 6. Attachment between the GFRP connector
and the CFRP grids
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To enable the embedment of the GFRP connectors
in the RPC panels, the grid was cut locally at each
connection point of the connectors. The
embedment depth of the connector in the RPC
panel amounted to approximately 10-12 mm. A
close-up of the attachment between the
connector and the CFRP grids is shown in Figure 6.

16
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Load, P [kN]

4.3

Test set-up and performance
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8
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The test was performed in four-point bending as
illustrated in Figure 4. The specimens were placed
on two roller supports, with a center distance L of
2,4 m. The specimens were loaded by two upper
line loads each applying a load of P/2, which were
0,8 m apart. The tests were performed in a servo
hydraulic testing machine and the load was
applied quasi-statically in displacement control
with a rate of 5 mm/min.
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Figure 7. Load vs. mid displacement
As expected, the specimens with double
connectors exhibit higher stiffness and load
resistance compared to the specimens with single
connectors. It is however important to
contextualize these results in relation to a typical
wind load acting on a façade element, which
approximately corresponds to a test load in the
range of 1,6 to 5 kN. Without doubt, this range
depends on many factors, e.g. terrain type,
building height, connector spacing etc. The
theoretical bending moment resistance of the
specimens corresponds to a load of approximately
150 kN, based on the assumption of full composite
action and tensile failure of the CFRP grids as
failure criteria. From the tests, it can be concluded
that the load resistance was in place governed by
the connector capacity, or more specifically the
initiation and progression of pull-out of the
connectors from the RPC panel. An important
observation is that all samples had a relatively
ductile failure, despite the fact that both RPC and
GFRP are considered as very brittle materials.

During testing, the mid-deflection of the element
was measured with a displacement transducer
with a measuring range of 100 mm and a relative
error less than 1,5%. The accuracy of the load
measurement was within 1%. The displacement
and the load were recorded at a rate of 20 Hz.
In addition, the displacements of the two panels
were documented along one side of the element
by optical deformation measurements. Measuring
markers were attached to panels every 200 mm.
The image acquisition was performed using the
optical system ARAMIS 12M and the evaluation
was performed in GOM Correlate Professional V8
[4]. The system uses a measurement technique
based on Digital Image Correlation. The system
was set up as two individual 2D measurements
(measuring area 1,4 x 1,0 m2), each camera
covering half the beam, with a small overlap at the
center. For the current configuration, the
coordinate measurement accuracy was around
3 μm. The image capture frequency was 1 Hz.

4.4

S-1
S-2
S-3
D-1
D-2
D-3
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Results from the optical measurements (Figure 8)
enable a more detailed analysis of the behaviour.
The deflections shape of the lower panel at two
different load levels, are compared in Figure 9, for
one specimen with single connectors (S-1) and
one with double connectors (D-1). It clearly shows
that the specimen with double connectors exhibits
smaller deformations and has a more symmetric
deflection shape compared to the specimen with
single connectors.

Test results

A comparison of the bending behavior of the
specimens with the two different GFRP connector
configurations can be seen in Figure 7,
represented as load P versus mid-span
displacement d. The denotations S-X and D-X refer
to the specimens with Single and Double
connectors, respectively.
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Figure 8. Image from the optical system of the left side of the beam S-1.
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Figure 9. Deflection shape of the lower panel for
specimens S-1 and D-1

Figure 10. Shear angle between the lower and
upper panel, along specimens S-1 and D-1

The amount of relative longitudinal displacement
between the two RPC panels is a result of the
degree of composite action. The relative
displacement can also be represented as the shear
angle between the panels as measured in the
optical system (Figure 8). Full composite action
means that no relative displacement between the
panels is present, thus corresponding to a shear
angle of zero. For a simply supported beam, the
relative displacement is zero at mid-span and
maximum at the supports. The displacement
increases as the degree of composite action
reduces. In Figure 10, it can be seen that the shear
angle is approximately zero at the middle of the
specimen and increases in absolute values
towards the ends. It can be stated that the double
connectors provide more composite action, as the
shear angle is smaller, compared to the specimen
with single connectors at the same load level. It
could also be observed that a relative slip
occurred at the interface between the FC and the
lower RPC panel during testing in all cases.

This observation is probably an effect of the layer
casting procedure whereby the FC was cast on top
of the lower RPC panel and the upper RPC panel
was cast on top of the FC.

5
5.1

Modelling of composite action
Model description

Finite element calculations of the bending tests
were performed using Abaqus/CAE 6.14-1 [5]. The
model consisted of separate parts for the panels,
FC, connectors and loading devices. The panels
and FC were modelled with 8-node linear
continuum shell elements, while the connectors
were modelled with linear beam elements. The
loading equipment was modeled using rigid body
constraints. The upper panel was attached to the
FC using tie constraints, i.e. full interaction was
assumed at the interface. The condition between
the lower panel and the FC was modelled using a
frictionless contact condition. The connectors
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were attached to the center of the panels using tie
constraints to allow for actual connector
geometries. A screenshot of the FE model with the
connectors highlighted is shown in Figure 11.

on the buckling of the compressed bars in the
connectors. In the FE model the connectors were
assumed to be free to buckle, since the degree of
the restraining effect from the surrounding FC is
uncertain. The discrepancy in the buckling
behaviour between the calculations and the tests
may explain the difference in the results.
20

S Test
D Test
S FE
D FE

18
16

14
Load, P [kN]

Figure 11. Calculation model
Linear elastic material models were used to
describe the behaviour of the FC, GFRP connectors
and the CFRP grids. The cracking behaviour of the
RPC was taken into account using a concrete
damaged plasticity model [5]. The tensile strength
of the RPC was set to 5,1 MPa and a linear
softening behaviour with a fracture energy of 70
Nm/m2 was assumed. The CFRP grids were
modelled as embedded reinforcement in the
panels. The basic parameters of the material
models were determined through testing and are
given in Table 1. The specimen was initially
subjected to the self-weight of the different
components and then load was applied through a
forced displacement of the loading equipment.
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Figure 12. Comparison of results
Figure 13 illustrates the internal section forces in
the sandwich element when subjected to bending.

Table 1. Material properties
Material

RPC
FC
GFRP
CFRP

5.2

Young’s
Modulus
[GPa]
50
0,01
40
248

Poisson’s
Ratio
[-]
0,22
0,10
0,30
0,10

Density
3

[kg/m ]
2500
300
2000
1500

Figure 13. Illustration of section forces
Based on the equilibrium conditions it applies that
F1 = F2 and the total internal moment M is the sum
of three components:

Results

A comparison of the load-deflection curves from
the FE calculations and the tests is shown in
Figure 12. Initially, the stiffness corresponds
rather well between the tests and calculations for
both connector configurations, while the stiffness
from calculations becomes lower compared to the
tests at higher load levels in both cases. By
analysing the FE results one can conclude that the
stiffness of the beam is largely controlled by the
stiffness of the connectors, which partly depends

𝑀 = 𝑀1 + 𝑀2 + 𝑀3 = 𝑀1 + 𝑀2 + 𝐹1 𝑧

(1)

these being the moments resisted by the two RPC
panels (M1 and M2) and M3 resisted by the forces
F1 and F2, which arise due to composite action
between the panels. Figure 14 shows the
distribution between the moments M1, M2 and M3
(normalized with respect M) in the mid-span
section of the analyzed beams with single
connectors (S FE) and double connectors (D FE).
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Normalized moment, Mi /M [-]

1.0

The structural behaviour of the sandwich
elements depends highly on the stiffness and
strength of the GFRP connectors to ensure
composite action between the two RPC panels.
Both the single and double connector
configurations were found to provide enough load
resistance. The difference is mostly related to the
stiffness, where the specimens with double
connectors exhibit smaller deflections due to a
higher degree of composite action. This effect can
to some extent be compensated for by using
closer spacing between the single connectors in
the façade element. Different connectors can also
be used in the elements at different locations of a
building depending on the actual design wind
load. Another advantage with the double
connector configuration is that it can efficiently
withstand both wind suction and wind pressure on
a façade element.

0.9
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Figure 14. Distribution of section moment
components evaluated from FE
The moment component (M3) resisted by the
composite action dominates in both cases,
although it is more pronounced for the double
connector configuration. In both cases, the
distribution of the three components is relatively
constant until the first crack occurs in the lower
panel, around 4 kN for the single connectors (S FE)
and 7 kN for the double connectors (D FE).
Gradually as the panels cracks at increased
loading, their moment resistance (M1, M2)
decreases, and the moment M3 represents an
increasing part of the total moment.
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This paper primarily describes how structural
aspects are considered in the SESBE project
aiming to develop novel architectural façade
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Due to a limited project timeframe, a systematic
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testing and modelling tasks for validation of the
structural performance in a bottom-up fashion.
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Abstract
The paper focuses on the structural concept for the development of novel type “smart” sandwich façade elements. The lightweight, non-loadbearing façade elements are single-story high and span vertically between two floors to which they are connected by an anchoring system. Due to their large area
they carry and transfer significant horizontal (wind) and vertical (self-weight) to the building skeleton.
The large size with the reduced thickness and the use of unconventional materials calls for a better
understanding of the structural performance of the proposed concept. This requires advanced modelling and extensive laboratory testing both at material, component and sub-system level. With the
knowledge gained from testing and modelling, simplified design methods can be developed to ensure
efficient, safe and durable design of the façade elements.

1

1.1

Introduction

Background

There is a vastly growing demand for increased energy efficiency of the buildings we live and work in.
The European construction sector attempts to tackle this great challenge by investigating energy efficient materials and processes. The project SESBE (Smart Elements for Sustainable Building Envelopes), funded by the European Commission, aims at developing sandwich façade elements with high
insulating capabilities while providing a reduced thickness in conjunction with superior mechanical
and durability properties (www.sesbe.eu).
The overall objective of SESBE is to develop smart façade components, which are more lightweight,
thinner and multifunctional as existing solutions. In order to reach these objectives, nanomaterials and
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–technology are employed. By using nanomaterials and –technology, the following objectives can be
reached, which make the façade components „smart‟:
1. Increasing energy efficiency by optimized sealing systems and inorganic insulation
2. Increasing fire resistance of materials by surface functionalization
3. Implementing easy-to-clean/elf-cleaning properties of the façade elements
4. Gaining cost efficiency and an affordable price of the façade elements by using cost effective
raw materials and cost saving technologies.
1.2

Description of the proposed system

The elements developed in this project are composed of prefabricated façade elements, which are attached to the main load bearing structure in situ. These types of elements are often called architectural
concrete cladding [1]. The cladding elements studied here are not part of the primary load bearing
system, which typically consists of slabs and load bearing cross-walls. However, due to their large area
they carry and transfer significant horizontal (wind) and vertical (self-weight) to the building skeleton.
The concept is illustrated in Fig. 1.

Figure 1: SESBE façade element concept.
The proposed façade elements comprises two thin layers of reactive powder concrete (RPC) reinforced
by carbon fibre grids and an intermediate light weight foam concrete insulation. To allow for adequate
load transfer between the RPC layers, they are linked by glass fibre-reinforced polymer (GFRP) connectors (Fig. 1b.).
Two types of elements are being developed within the project: full elements will be used as a tool to
custom design functional and performance properties of façade sandwich elements for new constructions and half elements for refurbishment of existing buildings. At the half elements the inner layer is
missing. The current paper has a focus on the sandwich elements.
One of the challenges when developing a new innovative façade element is to ensure that it will be an
integral part of the building envelope and resist the anticipated structural loads. The present paper describes these challenges and the conceptual design process to ensure an adequate structural behaviour
of the panels, which is essential to provide a safe and serviceable design.
To investigate the overall structural behaviour a typical building is defined. It is assumed that the load
bearing structure consists of floor elements between load bearing cross-walls and the main façades
consist of non-load bearing sandwich elements.
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2

2.1

Design considerations

General considerations

To ensure that the façade elements will perform as expected during the anticipated lifetime of the
building, several aspects should be taken into account at the product design stage. These general considerations are not only useful for the current system, but in general for developing similar concepts.
Creation of a liveable, safe and sustainable built environment requires a compromise of architectural,
functional, structural, economic and environmental ambitions (see Fig. 2). However, these efforts are
often contradictory and to find a balance requires careful planning involving competences from several
fields of knowledge. Furthermore these aspects are often interconnected. For example energy performance of a building involves functional (e.g. building physics), economic (e.g. operation costs) and
environmental issues (e.g. emission rates). Similarly, the choice of architectural form usually has a
high influence on the decision about the structural skeleton of the building and consequently on the
construction costs.

Functional
Architectural

Environmental

Structural

Economic

Figure 2: Concurring ambitions to be considered in design
Within the SESBE project several of these aspects are addressed and developed in parallel to obtain an
optimized, cost-effective and sustainable product. In the following the structural aspects will be discussed more in detail.
2.2

Structural aspects

A fundamental function of a building envelope is to provide shelter for the occupants by ensuring their
safety and comfort. These aspects have a direct impact on the development and design of façade elements. Nevertheless the requirements for structural safety are defined by structural design codes,
which should be fulfilled to ensure an adequate reliability against failure.
It is important to consider that even though these elements are not part of the main load-bearing structure, due to their significant weight, size and stiffness, they will have an effect on the overall structural
behaviour. This might be considered when modelling the structural frame and calculating loads and
structural response in terms of internal forces, stresses, strains or dynamic effects.
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The structural behaviour of the panel is highly dependent on how it is anchored to the load bearing
structure, i.e. how much movement and rotation is allowed at the joints. This is essential considering
local failure at the anchorage zone. Furthermore the anchorage should be designed to have sufficient
strength to prevent the façade panels from falling out. Ductility and stiffness of these joint might be
important to ensure robustness for the entire structural system for example in the case of an explosion.
One of the main concerns from a structural engineering perspective is the design of the connectors
between the RPC panels in order to ensure the transfer of shear forces. This will enable the composite
action between the two layers, i.e. that the sandwich resists bending moments as a whole: one layer
taking up compression and the other one tension. The proposed solution should be verified through
laboratory experiments and numerical modelling. It is also important that simplified calculation models should be established for practical purposes.
A design concept only works if it can be manufactured in a time- and cost-effective manner. This
needs extensive discussion with material providers and manufacturer of the final construction product.
Similarly manufacturing handling, transportation and assembly issues should be carefully considered
even at a rather early stage of the process. These considerations usually limit the overall weight and
sizes of the façade elements. Lifting of the elements will provide special load cases that the panel
should be designed for.
It should be carefully analysed, what are the typical loads regimes and configurations that are expected
to act on the panel. This usually includes dead loads, imposed and environmental loads derived from
typical building configurations assuming several locations with different climatic conditions. (earthquake, explosion, etc.) It is also important that realistic boundary conditions should be assumed when
calculating the effects of loadings.
When combining different materials special attention should be paid to the compatibility of different
parts due to relative deformations. Typical examples are different time and moisture-dependent behaviour (e.g. creep and shrinkage) and differences in thermal expansion and contraction. These phenomena could create significant stresses due to restraining effects and reduce lead to increased maintenance
costs and reduced service life.
2.3

Design targets at different levels

To meet the requirements of these complex aspects a top-down approach is needed. The main question
is how to progressively propagate the top level design requirements (targets) to appropriate specifications for the various subsystem and component levels in a consistent and efficient way. This process,
often called target cascading, is essential in the early development stages of complex products and
systems [2]. In the following section it will be demonstrated, how the design targets of the different
tasks should be cascaded down from the general structural concept, through component behaviour and
material properties as well as connection characteristics. Then necessary testing and modelling tasks
could be identified and the structural performance could be validated by following a bottom-up direction. This will enable a near optimal choice between different concurring alternatives within a reasonable time-frame.

3

Structural behaviour and modelling

To be able to assess the top level requirements of a building a global model describing the structural
behaviour is required. The level of detailing of the model should be consistent with the requirements
defined at the relevant design stage. With the aid of the structural model the structural performance
could be analysed both at system and component level.
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Concerning structural performance the requirements for safety and serviceability are usually translated
into engineering terms, such as stresses and deflections. Structural codes usually address the design of
components using the limit state concept. The structural integrity of the entire building is ensured by
appropriate measures for designing for robustness.
3.1

System level

In the current project the primary aim of the global structural model is to determine the relevant loads
acting on the façade element placed in a typical building. Therefore a simple analytical model seems to
be sufficient to analyse different loading situations and estimate their effect on the sandwich panels.
Since the components do not support other element they are not essential for the structural integrity i.e.
the robustness of the structure. If one element fails, the consequences are expected to stay localised
and progressive collapse of the building will not occur. The design strategy for robustness is then allowing the local failure to occur, while preventing disproportionate consequences. Thus an important
issue for non-loadbearing façade elements is to prevent them from falling, especially at larger heights.
This should be taken into account when designing the anchorage system. However, in certain design
situations it might be advisable to limit the strength of connections and components. For example if
the anchorage of the façade elements to the primary structure is too strong an explosion might transfer
forces to the main structure that could lead to progressive collapse of the building.
An important design choice is if the non-loadbearing façade elements are fixed separately to the main
structure or if they are self-supporting, i.e. the façade is supporting itself and the elements are only
anchored horizontally to the main structure. Another important aspect at system level is to account for
the settlements of the supporting structure. If the façade is fixed to reinforced concrete slabs or beams,
there long-term deflections should be taken into account when designing supporting points of the façade.
3.2

Component level

To study the behaviour of the façade system in the SESBE project, structural modelling by means of
FE-calculations is carried out. The FE-model is used to evaluate stresses, deformations and subsequent
cracking caused by the anticipated loads. Due to the combination of novel materials simple analytical
relationships are not yet developed, therefore numerical simulation is extremely useful to understand
the mechanical behaviour. The complex modelling task is supported by experimental data measured at
laboratory testing. Therefore, it is important to start developing the numerical model in parallel with
the testing activities, to define which tests should be carried out and what kind of data should be extracted from them.
The mechanical properties of the materials and the interface will be used as input and the model will
be verified by the ability to reproduce the findings in the component tests regarding deformations,
crack formations, etc. This will include not only the single elements but also the anchorage system.
The tuned structural model will provide insights about the physical behaviour of the façade element
and its interaction with the existing load bearing structure under different load conditions. This will
include dead loads, wind loads, impact loads, temperature and moisture variations.
The main expected outcome is the geometric design requirements for the façade element and restrictions concerning the thickness, in particular of the FRPC panels. It will also provide a base for the
design of the anchorage system and other connection details. The verification of the structural performance of the façade elements is carried out according to the limit state principle of EN 1990 [3].
Therefore the loads acting on the panels should be calculated. This basically includes two types of
loads: vertical permanent loads due to the self-weight (G) of the panel and horizontal variable loads
due to the effects of wind (W), see Fig. 4.
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Figure 4: Structural loads (wind and self-weight) acting on the façade elements.
The wind could act on both the external (Wext) and internal (Wint) surface of the panel according to EN
1991-1-4 [4]. Three load cases (LCs) are investigated for both the ultimate limit state (ULS) and the
serviceability limit state (SLS). In LC1 and LC4 the external surface of the sandwich panel is under
pressure, while the internal surface is under suction. In LC2 and LC5 the external layer of the sandwich is under suction and the internal layer is under pressure. In LC3 and LC6 both – the external and
internal - layers are exposed to wind suction. The load combinations are presented in Table 1.
Table 1: Load combinations
Load case
LC1
LC2
LC3
LC4
LC5
LC6

Combination
1.35G+1.5(We1+Wi1)
1.35G+1.5(We2+Wi2)
1.35G+1.5(We3+Wi3)
1.0G+1.0(We1+Wi1)
1.0G+1.0(We2+Wi2)
1.0G+1.0(We3+Wi3)

Limit state
ULS
ULS
ULS
SLS
SLS
SLS

The above described load cases belong to different wind directions, which the buildings could be exposed to. Verification at ULS corresponds to the failure of the elements and related to human safety.
Due to the application of high strength concrete in the panels, it is not expected to be a problem. However, ULS might be important for the design of the anchorage. Verification at SLS, representing a
lower load level, usually relates to appearance, functioning and comfort of occupants. Since the current
sandwich panels are very slender, SLS requirements are expected to be decisive in their design, especially limitation of deflections and cracking. Cracking should be avoided as much as possible, since
they are irreversible and disturb the visual experience of façades. Further design situations include
loadings at different constructional phases (e.g. demoulding) and accidents.

4

Material testing

To provide valuable input for the verification of the structural model under different load scenarios,
several laboratory tests have been and will be performed. The tests will follow a bottom-up approach
from the material to component level. The material tests are discussed in an accompanying paper [5].
From a structural point of view the main purpose of the material tests is to obtain relevant material
properties, i.e. stress-stain relationships for principal load cases, for the structural model.
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The first test to be carried out at sub-component level will be a small-scale test of the connectors embedded in the concrete. Pull out tests will be carried out with different geometrical configurations containing a small part of the connector and one concrete panel (see Fig. 5a). The tests will help to select
the optimal geometry of connectors. The consequence of the new shape may be necessary to change
the manufacturing technique or material from which the connector is made. Another main focus of the
investigation is to determine the required concrete cover to prevent local failure. These tests are essential to decide if a thickening of the concrete at the connectors is needed.

Figure 5: a) Local failure test of the connectors, b) shear test of the connectors and c) 4-point bending
test of a panel strip.
The second series of sub-component testing will focus on the shear behaviour of the connectors. In this
test a short strip of the sandwich panel will be produced containing a single connector. One of the panels will be supported, while the other one will be loaded in its plane as shown in Fig 5b. Thus the panel
(and the connector) is subjected to shear. A similar test setup has been used in a previous work [6, 7].
In the third series of tests a full-length strip of sandwich panel containing one single connector will be
subjected to 4-point bending (see Fig. 5c). This test will serve as a verification of connector performance and composite action and calibration of the numerical model. Furthermore the bending moment
resistance of the panel will be determined. In addition to the pure bending case constant axial forces
will be applied to the specimens to study the effect of combined bending and compression. This will
enable of the determination of M-N curves to assist design of the elements.
In the last series of testing, the entire component will be investigated. However, it will be slightly
smaller than in reality due to the limitations of the testing device. Cyclic wind loading (both pressure
and suction) will be applied in a pressure chamber (capacity ≈ ± 3 MPa). The maximum element size
is approximately 3×3 m, which allows the testing of full storey height elements including several connectors (see Fig. 6). These tests will support the verification of structural performance and the validation of the numerical model taking into account connectors and anchorages.

5

Conclusions

The present paper described how structural aspects are taken into consideration in the SESBE research
project aiming to develop novel types of architectural façade elements. Because of the short timeframe
of the project (42 month), compared to the traditional development of construction products and systems, a well-defined testing program needs be carried out to verify the structural performance of the
façade sandwich elements. It is therefore essential to break down the high-level design requirements to
specific testing and modelling tasks. This process has been illustrated in this paper.

M. Flansbjer et all.

W

Figure 6: Whole panel wind load test.
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Abstract
Reactive powder concrete (RPC) is a fairly novel material with extraordinary strength and durability
properties. Due to these properties, it is increasingly being utilized also for external facade cladding
thus enabling a considerable reduction in the thickness of concrete elements. Commercial RPC formulations on the market have drawbacks in terms of sustainability due to their high clinker content and
heat curing which is often applied to increase final strength and material density. Within the project
SESBE, funded by the European Commission, improved formulations with higher replacement levels
of cement clinker by supplementary cementitious materials (SCMs) were developed. The work was
carried out at two locations: ACCIONA in Spain and CBI in Sweden. In total three different mix formulations were designed and tested in terms of workability and mechanical properties. The formulations were combined with different types of reinforcements ranging from fibres to carbon fibre textile
grids primarily to enhance the ductility and tensile strength of the material.
The results showed that even with clinker replacement levels of up to 40 % of the total binder amount,
a satisfactory mechanical performance of the RPC mixes could still be achieved. A fairly steep
strength gain rendered heat treatment unnecessary. The materials also displayed good flow properties
and a reasonably short initial setting time. The incorporation of carbon textile fiber grids proved to be
less effective than expected due to their inherent smooth surface; nevertheless with the addition of
random carbon fibers to the mix, the post failure performance of the materials increased multiple
times. The results validated a more sustainable approach for RPC applied to thin facade elements.
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1

Introduction

Precast concrete façade elements or claddings for housing projects were already used since the end of
the 1950ies in the last century. In Sweden, pre-fabricated modular concrete buildings made the Million
Program possible, which was a housing project realized between the 1960s to the 1970s [1]. The Million Program had equivalents in many other European countries during this time and established the
concrete pre-cast technique on the housing market. Standard steel reinforced concrete (RC) elements
were for a long time dominating the pre-cast market for cement based concrete building envelopes.
From the 1960s to the 1980s, they dominated the architectural landscape in many urban areas all
around the world. The disadvantage of RC is the thickness of elements, which is given by the necessary concrete cover for the reinforcement. For a situation pertaining to a building façade, the concrete
standard EN 206-1 [2] would prescribe exposure classes XC3/XC4 with a minimum cover thickness of
30-35 mm (according to national application standards). This results in a total minimum thickness of a
RC panel of around 80 mm including the thickness of the reinforcement. In fact, many RC façade elements have this minimum thickness, which makes the elements particularly heavy and thick.
Over the last 15 years, new cementitious materials emerged on the market enabling to drastically reduce the thickness and weight of pre-cast façade elements due to the removal of standard steel rebar
and steel meshes against other reinforcement alternatives. Two of those are textile reinforced concrete
(TRC) and ultra high performance concrete (UHPC) and reactive powder concrete (RPC), respectively. Both have been applied for façade elements in form of ventilated façade cladding [3] or as sandwich elements [4]. More and more RPC/UHPC is used as a façade material since both show extraordinary high strength and durability [5,6,7].
The terms ‘reactive powder concrete’ and ‘ultra high performance concrete’ are often used synonymously but RPC uses actually fine sand as aggregate (usually 0/2 mm) and UHPC can have coarser
aggregate sizes (0/8 or 0/16). Both are defined as materials with a compressive strength greater than
120 MPa and a strongly reduced capillary porosity. Heat curing of RPC/UHPC under ambient or water
saturation pressure (steam curing) can considerably increase mechanical strength in the range of 20 to
30 % [8&9] and heat curing at 90 °C is an established process in pre-casting of UHPC/RPC elements
[6]. An important point concerning RPC/UHPC is their high powder content, and to be more specific,
high cement clinker content. The clinker content in RPC/UHPC is usually between 700 and 900 kg/m3,
which makes the material more expensive and seemingly less sustainable. The topic presented in this
paper was therefore to explore how to reduce the high clinker content of a RPC mix by a partial replacement with other materials. The goal was to investigate the replacement of clinker by supplementary cementitious materials (SCM) without causing a loss of performance. An important point was also
to be able to mix the RPC in a standard forced action mixer for concrete with a minimum use of super
plasticizer. The work was performed within the EC funded project SESBE in two locations, in Sweden
at CBI and in Spain at ACCIONA with locally available starting materials. RPC is used in this project
as an outer and inner layer for innovative non-load bearing sandwich panels of a new type.

2

Conceptual approach for textile reinforced reactive powder concrete

The concept of RPC/UHPC is based on two main achievements: i) an optimized particle size packing
including very small particles and ii) a greatly reduced water powder ratio, usually below 0.2. The
theory of particle packing was already well investigated in many studies [10&11] and it is based on
using specific components which complement each other to form an evenly distributed particle size
curve which reaches from particles ≤ 0.1 nm to ≥ 1 mm. The optimization of the amount of the single
binder and aggregate components will reduce the w/b ratio, the amount of super plasticizer and will
enhance the workability of the fresh RPC mix. Within the SESBE project fibre and carbon textile fibre
reinforcement were chosen to reinforce the reactive powder concrete.
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2.1

RPC mix design

Starting materials were based on components available on the market. They consisted of those listed in
Table 1.
Table 1: Components of the RPC mixes

Cement clinker
Silica fume
Fly ash
Slag
Quartz ﬁller
Aggregate
Water

Components
CEM II/A-V 52.5
CEM I 52.5
Fly ash class F
Granulated blast furnace slag
Standard
RPC-CBI1 RPC-CBI2
RPC-ACC
concrete
Silica fume
0,123
0,176
Quartz 0,214
filler 0,191
0
0,033
0,029
0,012
Sand 0/1 mm
0
0,104
0,121
0,046
Sand
0/2 mm
0
0
0
0,094
Super
plasticizer
0
0,038
0,038
0,075
Tap water
0,706
0,433
0,443
0,394
0,171

0,15

0,15

Spain
X
X
X
X
X
X
X
X

Sweden
X
X
X
X
X
X
X

0,165

0,043
The mix design was optimized by a particle packing
model according to Andreasen [12] calculated
1
1
1
1,005
with the software Emma by ELKEM [13]. The mix design was adjusted to locally available materials
in Sweden (by CBI) and Spain (by ACCIONA). In total three final mixes were designed, two by CBI
in Sweden (RPC-CBI1, RPC-CBI2) and one by Acciona in Spain (RPC-ACC). The Acciona mix had
ground granulated blast furnace slag as a main clinker replacement.
Super plasticizer

0

0,028

0,028

Super plasticizer
Water
Aggregate
Quartz ﬁller
Slag
Fly ash
Silica fume
Cement clinker

Figure 1: RPC mix formulations compared to a standard concrete mix (in volume fractions).
Figure 1 illustrates the volume proportions of the three RPC mixes and also shows the differences in
composition compared to a standard concrete. The complexity of the RPC mixes is significant, such
that a RPC mix can easily consist of six to eight different components and the fine adjustment of those
components is essential. If one component changes (e.g. type of cement), the entire mix may need to
be further optimized. As a consequence, RPC and UHPC are considered as not very robust considering
proportioning errors. This is the reason why RPC/UHPC are sometimes found as commercial ready
mixed products in order to avoid errors connected to incorrect proportioning of the RPC components.
The mixes were blended in both, planetary mixes and in forced action concrete mixers. For the latter
method the mixing process lasted a little longer (around 20 minutes) due to the low water/binder ratios, which were below 0.2 for all three mixes. After blending the mixes behaved as self-compacting
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and bleeding was not observed. The slump flow of the mixes after one minute was 65 to 70 cm (RPCCBI1, RPC-CBI2) and 90 cm (RPC-ACC), respectively.
Furthermore, reinforcing RPC was also explored in this work, such that two types of carbon textile
grids were investigated. The two alternatives consisted of a 2d carbon grid (Fig. 2, left) and 3d carbon
grid composed of two layers separated by a distance of 12 mm and interconnected by PP fibers (Fig. 2,
right). The carbon rovings consisted of fiber bundles of 24K (thousands of fibers), which were initially
coated by styrene-butadiene rubber (SBR).

Figure 2: Types of carbon textile fibre reinforcement: 2d grid (left) and 3d grid (right).
2.2

Methods for mechanical properties

The early age and hardened properties of the RPC mixes were characterized by different methods. The
mechanical properties are only reported in this paper. General mechanical properties were measured
for RPC without and with textile reinforcement. Strength testing without reinforcement was performed
on mortar bars for screening purpose (compressive strength, 160 x 40 x 40 mm3) and on cylinders (∅
54 x 100 mm) for compressive and tensile strength, modulus of elasticity as well as poison ratio.
RPC is a fairly brittle material and tests with reinforcement should essentially demonstrate if the brittle
behaviour can be improved by the incorporation of a textile grid. In praxis, load on a panel is typically
introduced in the form of bending forces due to lifting of the panels from the formwork (suction) and
due to wind loads (pressure and suction). In case of first cracks the textile reinforcement will prevent
sudden collapse of the panel and under increased strain would be activated. The composite behaviour
of RPC reinforced by textile reinforcement was investigated by tensile and four-point bending tests.

Figure 3: Setup for tensile (upper left) and flexural strength testing (upper right).
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The reinforced RPC samples consisted of panels of the size 700 x 100 x 20 mm3, which included two
layers of 2d-grid with a distance of 12 mm and 1 layer of 3d grid, respectively. Two different electro
mechanical universal testing machines were used as shown in Figure 3. The tensile test was performed
according to the RILEM TC 232-TDT draft recommendations for textile reinforced concrete [14].
Extensions in the tensile test were measured by a Digital Image Correlation System (DIC), deflections
in the flexural tests were measured by standard displacement transducers at midspan.

3
3.1

Results and discussion
Without reinforcement

The development of the compressive strength of the three different final RPC mixes is shown in Figure
4. All three strength curves followed a similar trend. After 28 d and 56 d, respectively, the differences
in strength were only marginal for all three mixes. However, mix RPC-CBI2 showed a lower strength
within the first 24 h of hydration but still well above 20 MPa. It is important to note that after only a
short time period, the compressive strength was significant. The initial setting time was determined for
RPC-CBI1 at 5.5 h and RPC-CBI2 at 7 h. The slower setting and lower initial strength of mix RPCCBI2 was due to the higher content of fly ash in the mix.

Figure 4: Development of compressive strength for the three different mixes.
Table 2: Summary of results mechanical strength (28 d) of RPC mixes without reinforcement given as
mean values and standard deviations in parenthesis.
Mix
RPC-CBI1
RPC-CBI2
RPC-ACC

Comp. str.
MPa
147.2 (2.3)
135.7 (4.3)
135.0

E-modulus
GPa
49.7 (1.7)
49.9 (2.4)
48.3

Ultimate
strain ‰
3.89 (0.16)
4.07 (0.30)
-

Poison ratio
1
0.216 (0.021)
0.223 (0.014)
0.209

Tensile str.
MPa
5.14 (0.48)
3.96 (0.74)
-

In Table 2 results are listed of specimens without reinforcement. The results show that the differences
between the CBI and ACCIONA mixes are not significant. The high values of 50 GPa for the Emodulus and the post peak behaviour indicate the extreme brittleness of the material with a sudden and
almost explosive failure.
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3.2

With reinforcement – tensile and flexural behaviour

The mixes RPC-CBI1 and RPC-CBI2 with textile reinforcement were tested. Both mixes showed a
similar failure mode, independent of the textile reinforcement (2d or 3d). In both cases, minimal crack
propagation took place, such that one crack (bending) and three cracks (tensile) appeared (Figure 5,
left). The initial part of the load versus midspan deformation was relatively stiff for the un-cracked
specimens. The crack formation was very brittle and a clear load drop in the load-deformation relation
characterized the onset of a crack. Some smaller load drops could be attributed to minor cracking within the clamping length (Figure 5, left). The observed behavior is different to test results from textile
reinforcement in standard or high strength concrete, wherein the textile reinforcement increases the
ductility of the material to a certain level by distributing the load along the textile grid [15]. As a consequence, the post peak performance is signified by a smaller drop in load and a much quicker gain of
the original maximum load resulting in a multitude of small cracks within one panel. For the
ACCIONA mix similar results can be expected.

Figure 5: Results from tensile (upper left) and flexural (upper right) tests with mix RPC-CBI1 with 2d
carbon textile fibre reinforcement. Lower graph: Results flexural tests with mix RPC-CBI1 with 2d
carbon textile grids and additional carbon fibres. Blue: textile grid only, green: textile grid and carbon
fibres.
If the bond could be improved, the load transfer length would be shorter hence allowing for the formation of multiple cracks along the sample. Accordingly, a stiffer behaviour of the panel and more
closely spaced cracks with small crack widths would be observed, yet at the expense of a decrease in
deformation capacity. RPC is a brittle material having poor ductility, which could cause inefficient
flexural capacity if the incorporated tensile reinforcement ratio is so-to-say insufficient. Random fibres
can be incorporated in RPC to primarily increase the toughness. This is demonstrated in test results in
shown in Figure 5 (lower graph), were 1.0 mass-% carbon fibres were added additionally to the carbon
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grid. The results show a much higher strain hardening and increase in capacity (green curves) compared to the panels without fibres and only carbon textile grid (blue curves). The addition of random
fibres is also presumed to have improved the bond between the textile grid and concrete matrix due to
the added effect of crack bridging.

4

Aspects of sustainability

Both approaches, from CBI and ACCIONA, have shown that it is possible to create a reactive powder
concrete with a high replacement level of clinker, which can harden sufficiently fast under ambient
conditions. The mechanical properties lay within 135 to 150 MPa, which are more than enough for the
envisaged panel applications. The replacement levels of both approaches are high, thus lowering the
cement clinker content of RPC considerably (Fig. 6).
However, designing a RPC mix is more challenging compared to a standard concrete mix since there
are many more components, which need to be adjusted. Also, workability and setting is of prime importance for the production process of the panels and this is strongly related to the type and amount of
RPC’s constituents. If setting is delayed too much because of too high amounts of clinker replacements, form-stripping times will be extended and the production process will no longer be profitable.
Furthermore, it is desirable to reduce the amount of super plasticizer as much as possible in order to
reduce the total costs of the concrete. By utilizing industrial waste products such as fly ash and slag
sustainability and costs can be further adjusted. However, it has to be kept in mind that these so-called
waste products have become by itself desired raw materials for cement and concrete production, which
means that their availability is also limited in practice.
It was shown that with RPC, the bond between the textile grid and concrete matrix is of prime importance, which requires further investigation. Improved results can be achieved by mixing a certain
amount of fibers in addition to the textile grid, which also poses certain limitations such that costs
increase and workability is negatively influenced particular with carbon fibers.

Figure 6: Clinker replacement levels by supplementary cementitious materials (SCMs) for the RPC
mix approaches of CBI and ACCIONA (on the total solid content of concrete).
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Abstract. This paper describes the synthesis and characterization of a set of textile reinforced
reactive powder concrete (RPC) mixes that have been prepared in the framework of the SESBE
project which aims to develop façade panels for the building envelope. In order to reduce the
environmental impact, high concentration of type I and II mineral additions were added to the
mixtures (up to 40% of cement replacement). The mechanical properties of the materials were
analysed showing high values of compression strength thus indicating no disadvantages in the
compression mechanical performance (~140 MPa) and modulus of elasticity. In order to enable
the use of these materials in building applications, textile reinforcement was introduced by
incorporating layers of carbon fibre grids into the RPC matrix. The flexural performance of
these samples was analysed showing high strength values and suitability for their further
utilization.

1. Introduction
There is a vastly growing demand for increased energy efficiency of the buildings we live and work in,
which is one of the great challenges of the European construction sector, including materials and
processes. The EU has set ambitious energy-saving goals: to achieve a reduction 20% of the total
energy consumption, a reduction of 20% of Green House Gases (below 2005 level) and for 2050 to
ensure that most buildings and districts will be energy-neutral and have zero CO2 emissions (Energy
Policy set by the European Council in March 2007).
This work has been developed within the SESBE project, which aims to develop façade elements
(sandwich and half sandwich) with high insulation ability and at the same time a reduced thickness in
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conjunction with superior mechanical and durability properties. Reactive powder concrete (RPC) has
been chosen as the material for the outer layer of such façade elements. RPC is a cement-based
material characterized by the property that its microstructure is optimized by a precise gradation of all
particles in the mix to yield maximum compactness and a greatly reduced water/powder ratio, usually
below 0.2. The theory of particle packing has been previously investigated in many studies [1,2] and it
is based on using specific components which complement each other to form an evenly distributed
particle size curve which reaches from particles ≤ 0.1 µm to ≥ 1 mm. The optimization of the amount
of the single binder and aggregate components will reduce the w/b ratio, the amount of super
plasticizer and will enhance the workability of the fresh RPC mix.
It uses extensively the pozzolanic properties of highly refined silica fume and other mineral
additions. The superior properties are achieved by the optimization of the binder chemistry and by
strongly reducing the binder porosity, in particular capillary porosity. In this context RPC should be
more appropriately seen as a cold ceramic rather than a concrete [3]. Due to these properties, it is
increasingly being utilized also for external façade cladding thus enabling a considerable reduction in
the thickness of concrete elements. However, commercial RPC formulations on the market have
drawbacks, the present work has been aimed to investigate and mitigate such barriers. In terms of
sustainability due to their high cement content and heat curing which is often applied to increase final
strength and material density. In this work, supplementary cementitious materials (SCMs) such as F
class fly ash (FA) and ground granulated blast furnace slag (GGBS) have been used in order to
partially replace the commercial cement. Moreover, in this work the RPC materials have been cured at
room temperature.
Its toughness makes RPC a fairly brittle material, in order to improve this behaviour, fibre and
textile reinforcement is typically incorporated in panels made of RPC. In this way, the reinforcement
will prevent sudden collapse of the panel upon first cracking and would be activated under increased
strain. In the present work, in order to enable a significant reduction of thickness and reduce the
brittleness of these elements, panels of reactive powder concrete reinforced with carbon fibre textile
grids have been developed. The composite behaviour of RPC reinforced by textiles has been
investigated by uniaxial tensile and four-point bending tests.
The presented work has been carried out at two locations: ACCIONA in Spain and CBI in Sweden,
in order to use local materials, being especially interesting in the case of SCMs which properties vary
depending on the procedure. In total, three different mix formulations were designed and tested in
terms of workability and mechanical properties. The matrices were reinforced with carbon fibre textile
grids primarily to enhance the ductility and tensile strength of the material.
2. Materials and methods
This chapter describes the materials used for the synthesis of the RPC mixes, the mixing procedure
and the analytic methods for their characterization.
2.1. Materials
Three RPC matrices were prepared with commercially available materials. The proportions of the
components used in each of the cases have been collected in table 1. In total, three final mixes were
designed, synthesized and characterized, two by CBI (C1 and C2) and one by ACCIONA (A1).
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Table 1. Materials used for the RPC mix design. All the amounts are given in wt% except the
water/cement ratio.
Component

C1

C2

A1

31

27

22

3.1

2.7

1.1

6.7

9.2

15.7

51.6

53.3

52.5

Water

6.3

6.3

6.6

Superplasticizer

1.3

1.3

1.9

w/c

0.23

0.27

0.30

Cement

a

Silica Fume
SCMb
Aggregates + quartz filler

c

a

For C1 and C2, CEM II/A-V 52.5 cement was used. For A1 CEM I
52.5R was used.
b
F class FA was used in both cases, for A1 GGBS was also used
(GGBS/FA 2.34)
c
C1 and C2 were prepared with quartz filler and aggregates (0/0.2,
0.1/0.3, and 0.2/1 mm), A1 was prepared with quartz powder (0/100 µm)
and aggregates (0/600 µm and 0/2 mm)

The mix design was optimized by a particle packing model according to Andreasen [4] calculated
with the software Emma by ELKEM [5]. The mix design was adjusted to locally available materials in
each location. Mix A1 had ground granulated blast furnace slag as the main cement replacement.
As it has been previously mentioned, reinforced RPC was also explored in this work. Carbon fibre
textile grids were incorporated in the RPC matrices and their flexural behaviour was investigated by
means of four-point bending tests. Two alternatives consisting of one or two layers of a 2D carbon
grid (figure 1) have been analysed. Additionally, a 3D carbon grid composed of two layers
interconnected by a low-modulus polyester (PET) spacer with a thickness of 12 mm (figure 2) was
used. Initial works pertaining to the 3D carbon reinforcement have been initiated and will be published
in a future paper. The grids are made of carbon rovings consisting of fibre bundles of 24K (thousands
of fibres), the surfaces of which were initially coated by approximately 15 wt-% styrene-butadiene
resin (SBR). The mesh sizes are indicated in figures 1 and 2 for both types of grids. In this work, the
reinforced RPC panels have been denoted as RC1, RC2 and RA1, whereby R stands for reinforced
followed by the matrix type. The inclusion of an additional polymer coating to the carbon grid surface
was also investigated and is denoted with “-C”.
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Figure 1. 2D carbon fibre textile grid.

Figure 2. 3D carbon fibre textile grid.

2.2. Methods
2.2.1. Mix protocol.
In all cases, the RPC mixes were prepared according to the following procedure: firstly, the cement
was homogeneously mixed with the supplementary cementitious materials (fly ash and blast furnace
slag). Then, 75% of the previously mixed solution containing water and the superplasticizer additive
was added and mixed for 4 minutes. After that, the aggregates, quartz powder and silica fume were
incorporated into the mixture and all the components were mixed for 5 minutes. Finally, the remaining
(25%) water/superplasticizer solution was added and mixed for 5 more minutes. All the mixtures were
prepared in 50 L planetary concrete mixers and the mixing rate was set at 60 rpm. The rheology of the
RPC fresh mortar matrixes was analyzed by a flow table test according to the European standard EN
1015-3. The result of the test consisted of the maximum diameter of the mortar mass measured after
60 s.
2.2.2. Preparation of the carbon grid reinforced RPC samples.
The samples were cast in wood molds. The form consisted of a panel shape in the size of 700 x 100 x
20 mm3, see figure 3. In the case of the 2D carbon grid, 2 layers were included in each sample to
attempt to match the geometry and placement of the 3D grid. In samples with the 3D grid, only one
layer was used as the 3D grid already incorporates two carbon textile layers. In order to position the
textile grids properly within the samples, they were cut a little larger and fixed by the formwork
sidewalls. Thereafter, the RPC paste was poured into the molds penetrating through the mesh and
allowed to harden at room temperature, as per figure 4. The specimens were demolded after 24 hours
and cured in a wet room at 20 ºC and 96% relative humidity.

Figure 3. Schematic representation of the reinforced RPC panels.
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Figure 4. Photography of the RPC being cast with two 2D carbon grids as reinforcement.
2.2.3. Measurements.
The mechanical properties of the RPC materials with and without reinforcement were investigated by
analysing different parameters. Compressive strength was measured on prismatic and cubic
unreinforced specimens for screening purpose (160 x 40 x 40 mm3 and 100x 100 x 100 mm,
respectively) and on cylinders (∅ 54 x 100 mm and ∅ 150 x 300 mm). Tensile strength, modulus of
elasticity as well as Poisson’s ratio were also measured in the latter specimens. The compressive
strength and the elastic properties were measured according to standards EN 12390-3 and EN 1239013, respectively. The uniaxial tensile test was performed according to the RILEM TC 232-TDT draft
recommendations for textile reinforced concrete. Deformations in the tensile test were measured by a
Digital Image Correlation System (DIC), while deflections in the flexural tests were measured by
standard displacement transducers at midspan. The flexural behaviour of the reinforced RPC panels
was measured using four-point bending tests according to standard EN 12390-5.
3. Results and discussion
3.1. Characterization of the RPC matrices
3.1.1. Rheology.
After blending the mixes, the mixes behaved as self-compacting and bleeding was not observed. The
slump test was carried out on fresh concrete according to EN 12350-2. The maximum diameter
reached was 65 to 70 cm (C1 and C2) and 90 cm (A1), respectively. The slump flow values evidence
the suitability of the synthesized RPC pastes for their potential use at larger scale.
3.1.2. Mechanical characterization of the unreinforced RPC matrices.
The mechanical properties of the RPC samples were evaluated by measuring the compressive and
tensile strength, elastic modulus, ultimate strain and Poisson’s ratio. The values of these parameters,
measured at 28 days of age, are summarized in table 2. The results show that the differences between
the mixes are not significant. However, mix C1 showed a slightly higher value of compressive
strength, attributed to the higher proportion of cement in its composition. The elevated value of 50
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GPa for the E-modulus and the post peak behaviour indicate the extreme brittleness of the material
with a sudden and almost explosive failure.
Table 2. Results of the mechanical properties of unreinforced RPC matrices tested at 28 days of age.
Compressive
strength (MPa)

E-modulus
(GPa)

Ultimate strain
(‰)

Poisson ratio

Tensile strength
(MPa)

C1

147.2 (2.3)

49.7 (1.7)

3.9 (0.2)

0.22 (0.02)

5.1 (0.5)

C2

135.7(4.3)

49.9 (2.4)

4.1 (0.3)

0.22 (0.01)

3.9 (0.7)

A1

135.0 (2.4)

48.3 (0.1)

0.21 (0.02)

The development of the compressive strength of the three different final RPC mixes is shown in
figure 5. All three strength curves showed a similar course. After 28 and 56 days of age, respectively,
the differences in strength were only marginal for all three mixes. However, mix C2 showed a lower
strength within the first 24 h of hydration but still well above 20 MPa. It is important to note that after
only a short time period compressive strength was significant. Initial setting time was determined for
C1 at 5.5 h and C2 at 7 h. The slower setting and lower initial strength of mix C2 was attributed to the
higher content of fly ash in the mix.

Figure 5. Development of compressive strength for three different mixes.
3.1.3. Characterization of the reinforced RPC materials.
The RPC mixes with one and two layers of textile reinforcement grid were tested. Figures 6 and 7
show the load versus deflection of the specimens composed of A1 and C1 matrices reinforced with
one layer and two layers of carbon grid, respectively. In both cases, during the initial stage it was
possible to appreciate the contribution of the RPC matrix until its brittle failure, reaching load values
between 1000 and 1400 N. In the case of RA1 specimens, after the first load drop, it was possible to
observe the contribution of the reinforcement, represented by an increment of the load/deflection
curve, reaching a value close to that shown in the failure peak. After this stage, the specimens showed
a gradual loss of their flexural capacity until a final failure of the reinforcement occurred after large
deflections. In the case of RC1, the contribution of the reinforcement and the so-called increase in
flexural capacity after first cracking of the matrix was not observed and the test was terminated due to
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the continued pull-out of the reinforcement. It is thought that the observed behaviour for RC1 could
result from poor bond at the interface of the reinforcement grid and matrix, which should be further
investigated.

Figure 6. Flexural test results of RA1 with one layer of carbon grid reinforcement (lines correspond
to independent tested specimens).

Figure 7. Flexural test results of RC1 with two layers of carbon grid reinforcement (lines correspond
to independent tested specimens).
Figure 8 depicts the flexural characterization of the RC1-C specimens reinforced with two layers of
carbon grid additionally treated by the aforementioned polymer coating. It can be seen that the three
specimens showed a rather similar behaviour, however particularly the initial pre-cracking stiffness
differed slightly due to material variability. The first peak corresponds to the contribution of the stiff
RPC matrix followed by a series of multiple cracks and so-called crack stabilization, which is a
favourable behaviour for this type of reinforced matrix. Compared to RC1 (figure 7), the first cracking
load was slightly lower despite the fact that the same matrix is applied in RC1-C. The failure load was
also lower than in the case of RC1, which could be explained by the fact that multiple cracking took
place causing the matrix to subsequently lose stiffness. In this case, the RPC matrix did not undergo a
brittle failure and it was observed that far from losing its flexural capacity, the additionally coated
reinforcement led to a continuous increment of the flexural strength to around 80-100% with respect to
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the unreinforced matrix. It is worth highlighting that the scatter of the results is relatively low,
compared to the typical scatter values characteristic of the discontinued fibre reinforced concrete
materials.

Figure 8. Flexural test of RC1-C with two layers of additionally coated carbon grid reinforcement
(lines correspond to independent tested specimens).
4. Conclusions
The presented work has been developed in the framework of a project which has as an ultimate goal to
produce panels for the building envelope and improve energy efficiency of the buildings in Europe.
For this application, RPC has been chosen as the material to form the external layer of the panels and
three sets of RPC mixes have been designed, prepared and characterized at two different locations
(CBI and ACCIONA). In order to reduce the environmental impact of the materials, high amounts of
mineral additions have been used to replace the cement.
The mechanical analyses evidenced the superior mechanical properties of the RPC matrices,
characterized by high values of compressive strength (135-147 MPa) and modulus of elasticity (~50
GPa). In order to counteract the brittleness of the RPC and improve the flexural behaviour, textile
reinforcement has been used in the form of one or two layers of carbon fibre textile grids. The flexural
behaviour of the resulting panels was studied by four-point bending tests revealing the positive
contribution of the reinforcement. This effect was especially evidenced when using two layers with
additional coating, whereby the brittle first cracking was followed by multiple cracking and an
increment of the flexural load resistance of about 80-100% with respect to the value of the
unreinforced matrix.
5. References
[1] De Larrard F and Sedran T 1994 Cement and Concrete Research 24 997
[2] Teichmann T and Schmid M 2004 Int. Symposium on Ultra High Performance Concrete
(Kassel: Kassel University Press) p 313
[3] Richard P and Cheyrezy M 1995 Cement and Concrete Research 25 (7) 1501
[4] Andreasen A H M 1930 Kolloid-Zeitschrift 50 217
[5] [Available]: https://www.elkem.com/silicon-materials/high-performance-concrete
Acknowledgments
This project has received funding from the European Community's Seventh Framework Programme
NMP.2013-1 under Grant agreement no: 608950

8

Grand Agreement no.: 608950

4.5

Annex E – Excerpts from journal publications

D6.3 Reports/articles

E

Structural performance of GFRP connectors in composite sandwich façade
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Abstract
To take structural aspects into consideration in the SESBE research project, focusing on the development of “smart”
façade elements a systematic testing and modelling program has been developed for the verification of the structural
performance of the façade sandwich elements.
The present paper mainly focuses on the verification of the mechanical performance of the glass fibre reinforced
polymer (GFRP) connectors of the novel type of façade element composed of reactive powder concrete (RPC) panels
with foam concrete insulation between them. Because of the reduced thickness of the large façade elements, the
performance of the connectors is critical for the entire structural concept.
The first series of the testing and modelling programme concerning connector performance are presented here. The
results suggest that sufficient strength and ductility of the connectors can be ensured using GFRP in the proposed
thin light-weight façade elements.
Key words: sandwich façade elements, reactive powder concrete, foam concrete, glass fibre reinforced polymer
connectors, carbon fibre reinforcements, structural performance
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Abstract
Reactive powder concrete (RPC) is a fairly novel material with extraordinary strength and
durability properties. Due to these properties, it is increasingly being utilized for external
facade cladding thus enabling a considerable reduction in the thickness of concrete
elements. Commercial RPC formulations on the market are usually expensive and less
sustainable due to high cement clinker contents. In this study, improved RPC formulations
with higher amounts of supplementary cementitious materials (SCMs) were developed.
The formulations were combined with different types of reinforcements ranging from steel
fibres to fibre textile grids primarily to enhance the ductility and tensile strength of the
material.
The results showed that even with clinker replacement levels of up to ca. 40 % of the total
binder amount, a satisfactory mechanical performance of the RPC mixes could still be
achieved. A fairly steep strength gain rendered heat treatment unnecessary. The materials
displayed good flow properties and a reasonably short initial setting time. The
incorporation of carbon textile fibre grids proved to be highly effective in improving the post
failure performance of the RPC. The results validated a more sustainable approach for
RPC applied to thin facade elements.

Keyword: Façade, reactive powder concrete, textile reinforcement, durability, strength
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Photocatalytic oxide films in the built environment
Lars Österlund* and Zareh Topalian
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SE-751 21 Uppsala, Sweden
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Abstract. The possibility to increase human comfort in buildings is a powerful driving force
for the introduction of new technology. Among other things our sense of comfort depends on
air quality, temperature, lighting level, and the possibility of having visual contact between
indoors and outdoors. Indeed there is an intimate connection between energy, comfort, and
health issues in the built environment, leading to a need for intelligent building materials and
green architecture. Photocatalytic materials can be applied as coatings, filters, and be
embedded in building materials to provide self-cleaning, antibacterial, air cleaning,
deodorizing, and water cleaning functions utilizing either solar light or artificial illumination
sources – either already present in buildings, or by purposefully designed luminaries. Huge
improvements in indoor comfort can thus be made, and also alleviate negative health effects
associated with buildings, such as the sick-house syndrome. At the same time huge cost
savings can be made by reducing maintenance costs. Photocatalytic oxides can be chemically
modified by changing their acid-base surface properties, which can be used to overcome
deactivation problems commonly encountered for TiO2 in air cleaning applications. In
addition, the wetting properties of oxides can be tailored by surface chemical modifications
and thus be made e.g. oleophobic and water repellent. Here we show results of surface acid
modified TiO2 coatings on various substrates by means of photo-fixation of surface sulfate
species by a method invented in our group. In particular, we show that such surface treatments
of photocatalytic concrete made by mixing TiO2 nanoparticles in reactive concrete powders
result in concrete surfaces with beneficial self-cleaning properties. We propose that such
approaches are feasible for a number of applications in the built environment, including glass,
tiles, sheet metals, plastics, etc.

1. Introduction
World-wide, 30-40% of all primary energy is used in buildings and up to 40% of greenhouse gas
emissions come from the building sector, mostly from energy use during the lifetime of buildings [1].
Here, new materials have an important role for future green buildings and for upgrading today’s
buildings. These materials can be used in a number of devices and in new coating technologies that
can be integrated or added into the built environment. Proof-of-concepts have already been
demonstrated or even commercialized in a few cases. Examples include controlling the input of visible
light and solar energy in smart windows, pollutant abatement of urban (outdoor) air via photocatalysis
occurring on exterior building surfaces, self-cleaning surfaces that avoid build-up of contaminants and
hence reduces maintenance costs, daylight through light piping systems, hot water or warm air via
selective absorption in solar collectors, electricity through building-integrated solar cells, providing
coolness via infrared-selective emission towards the clear (night) sky, demand-controlled ventilation
by the use of air quality sensors, phase change materials as heat sink and source in construction
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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elements, and superior thermal insulation via nanomaterials (aerogels) based vacuum panels. Materials
for these applications have many features in common, not only regarding applications area but also
materials types, and are now appearing as an international research field with strong internal cohesion
[2].
Energy, comfort and health in the built environment are intimately connected. It is well
documented that indoor air quality deterioration is due to occurrence of a large number of chemicals,
or classes of chemicals. Among the most important categories of chemicals that occur in the indoor air
are volatile organic compounds (VOC). The most commonly found are BTXS (benzene, toluene,
xylenes and styrene), terpenes (α-pinene, limonene, etc.) and carbonyls (formaldehyde, acetaldehyde,
and acetone). They originate from an increasing number of household products, electronic devices,
and synthetic building materials. Simultaneously, changes in building design devised to improve
energy efficiency have meant that modern homes and offices are frequently more air-tight than older
structures. Whilst these improvements have led to more comfortable buildings with lower running
costs, they also provide indoor environments in which contaminants are readily produced and may
build up to much higher concentrations than those found outside. Recent reports indicate that adverse
health effects are intimately linked to ventilation rates in buildings, although the literature does not
provide clear evidence on particular agent(s) for the effects. The limited available data suggest that
inflammation, respiratory infections, asthma symptoms and short-term sick leave increase with lower
ventilation rates. Home ventilation rates above 0.5 air changes per hour have been shown to be linked
to a reduced risk of allergic manifestations among children in a Nordic climate [3]. Higher ventilation
rates in offices, up to about 25 l/s per person, are associated with reduced prevalence of sick building
syndrome (SBS) symptoms. However, air ventilation is not unproblematic and may be unwanted. It
requires energy supply in the heating, cooling, and ventilation (HVAC) system to warm/cool the fresh
air, which scales with ventilation rate, and may also cause discomfort.
Surfaces that repel or decompose contaminants such as dirt particles, organic or inorganic
molecules or even bacteria, without the need of external labor force or by the use of decontamination
agents, are considered to be self-cleaning or easy-clean. It is a concept that has been introduced into
different applications in which maintenance free surfaces are desirable [4, 5]. Broadly speaking, and
by no means exhaustive, the self-cleaning effect can be divided into three main categories depending
on the mechanism by which they operate. These are: (i) Hydrophilic or hydrophobic surfaces, whereby
the wetting properties primarily are modified by surface structuring [4], (ii) photocatalytic surfaces
where highly oxidizing species attack pollutants and ultimately convert them into CO2, H2O and
mineral acids aided by light irradiation (preferably sun or indoor air illumination if it is to be a “selfcleaning” action) [5], (iii) surface charging or modification of chemical interactions and surface
acid/base properties [6, 7]. Here we present a combination of the latter two strategies for cement
surfaces following an approach we recently have demonstrated for TiO2 thin films on glass substrates,
namely surface modification by means of photo-fixation of SO2 leading to acidic sulfate moieties.
These were found to exhibit olephobic or dirt repellent properties as probed by the adherence of a fatty
acid [8, 9]. In particular, we show results of beneficial wetting and photocatalytic properties of
reactive powder concrete samples with added TiO2 nanoparticles at various concentrations up to 5
wt% TiO2.
2. Materials and methods
Concrete samples with various concentrations (0, 1, 3 and 5 wt%) of TiO2 pigment (Aeroxide P25,
Evonik Industries AG) were made by mixing the pigment with reactive powder concrete. The
following commercially available materials were used in the concrete sample manufacturing: Nanodur
5941 (Dykerhoff), undensified silica fume (Elkem), Limus 25 (Nordkalk). Glenium ACE (BASF). The
amount of Nanodur was adjusted according to replacement level of Aeroxide P25 TiO2 powders. The
use of high performance and ultrahigh performance concrete require the use of large amounts of filler
material (size < 125 μm), a low water to cement ratio (w/c) and higher amounts of super-plasticer (SP)
than in regular concretes. The w/c ratios can be very low, in the range of 0.18 - 0.25. This requires a
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different mixing method and duration compared to standard methods, in particular more vigorous and
longer periods of mixing. Here, a 1 liter Hobart paddle mixer set at speed “1” was used for the entire
mixing sequence. After mixing the dry ingredients, water was added and further mixing was done for
1 min at speed “1”. The entire amount of SP was subsequently added and mixing was continued until
the dry mass turns into a paste. Rheology measurements of the paste were performed to ensure that it
meets the required consistency. The paste was then allowed to “rest”, i.e. allow air bubbles to escape
from the paste. The paste was cast into standard prism forms (160 mm × 40 mm × 40 mm), and
vibrated. The final casted concrete sample were finally covered with plastic and placed in a moist
atmosphere at 20 °C.
Samples for further photocatalytic and self-cleaning measurements with dimensions 40 × 40 × 3
mm thick were cut from the concrete cast and polished to obtain a smooth surface. All samples were
then left to be equilibrated 50 days in air after manufacturing before further processing. Prior to use all
samples were then heated in air at 150°C for 1 h to remove excess water from the manufacturing and
then kept in air at room temperature for 1 day before they were used in experiments.
The concrete samples were surface functionalized by means of photo-fixation of SO2 according to a
method which has been described elsewhere [8, 9]. Briefly, the samples were heated to 150°C for 1 h
in a gas mixture of air and 50 ppm SO2 and simultaneously irradiated with UV-A light (λ = 375 nm).
This procedure produces SO2 bonded to oxygen vacancy sites, which after protonation in air yields
sulfate terminated TiO2 surfaces with acidic properties [8, 10]. Figure 1 shows a photograph of the
setup used for surface functionalization in this study which allows for functionalization of samples of
the order 10 cm × 10 cm.

Figure 1. Setup used for surface functionalization
of oxide coated substrates consisting of a chamber
with a sample holder and heating plate inside (not
visible), gas inlet and outlet, UV transparent
window, and UV source consisting of a fancooled UV-LED array (λ = 375 nm), which is
mounted face-down on the window.
A photocatalyst indicator ink, resazurin (Rz), was used for the rapid assessment of the
photocatalytic activity of the concrete samples [11, 12]. It is a commonly used oxidation-reduction
indicator in e.g. cell viability assays and as pH indicator, and commercially available as sodium salt.
The Rz ink is blue as prepared and irreversibly turns into the pink colored resorufin (Rf) under
chemical reduction due to photo-induced reactions (figure 2). In our case the photo-reduction occurs
via electron transfer from TiO2 irradiated with light larger than the band gap, Eg, of anatase TiO2, i.e.
Eg, > 3.2 eV, or λ < 388 nm).
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Figure 2. Photo-reduction of resazurin to resorufin by TiO2.
A thin layer of 0.09 wt% Rz ink in deionized water (Ink Intelligent Ltd., Belfast, United Kingdom)
was applied onto the concrete samples using a K-bar, and subsequently dried in air and dark
conditions for 24 h. Digital photos of the samples were taken prior to irradiation. The samples were
then irradiated with UV-A light (λ = 365 nm, ∼10 mW cm-2) for 20 sec, and again photographed.
Repeated cycles of UV-A irradiation and photography were performed for a total of 14 min irradiation
time, thus yielding a time series of images capturing the photo-induced reactions of the Rz ink on the
concrete surfaces. Image analysis was done with the software ImageJ to extract the RGB (red, green
and blue) values from the image files. RGB data extraction was carried out on the same sample
position with the same number of image pixels for all samples and image series. The blue signal
decreases and the red signal increases as the Rz is reduced.
The wetting properties of the concrete samples were acquired by measuring the contact angle of
applied droplet of water onto the surface of the samples employing an optical contact-measuring
device (OCA15EC, DataPhysics Instruments GmbH, Filderstadt, Germany). The device is equipped
with a CCD camera, an automatized syringe control system, and image analysis software. Droplets of
water with 5 μl volume were applied onto the surface of the samples by the sessile drop method and
digital images were acquired from the top and horizontal view, respectively. A rinsing test was also
performed with the samples kept at an angle of 45° to study how water was removed from the surface,
as the droplet slides along the tilted surface. In these latter experiments two concrete samples were
used: one containing 5 wt% TiO2 and one which had been further functionalized as described above.
In each case 20 μl of water droplets were applied onto the surfaces and images were recorded when
the drops reached the end of the samples.
3. Results and discussion
3.1. Photocatalytic activity measurements
Figure 3 shows results from photocatalytic activity test on pure and surface functionalized (S) concrete
samples containing 0, 1, 3 and 5 wt% TiO2. The columns marked “No UV” is photographs before UVA irradiation, and the columns marked with “UV” depict samples that have been irradiated with UV-A
light for 14 min, after which a pink colored areas emerge on samples denoted 1; 1,S; 3; 3,S; 5; and 5,S,
respectively. The pink color signals that the samples are photocatalytic active and capable of reducing
Rz upon UV-A irradiation. The pure samples (0 and 0,S) show no visible pink color, which indicates
that it is the addition of TiO2 which makes the samples photo-active. Similarly, by inspection of figure
3, it follows that TiO2 particles are not evenly distributed on the substrate surfaces.
Figure 4 shows the results obtained from the RGB image analysis extraction process performed
on the same set of samples as those shown in figure 3. The data are presented as normalized B and R
values as a function of UV-A irradiation time. For each data set the R and B values were subtracted by
the value at time t = 0, i.e. the initial color of the sample without irradiation to be able to make intersample comparisons of the relative color change. It is seen in figure 4 that initially the blue color
rapidly increases and that the red color simultaneously decreases during the first few irradiation
cycles, depending on sample type.
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Figure 3. Resazurin dye photocatalytic activity test on pure and surface
functionalized (S) concrete samples containing 0, 1, 3 and 5 wt% TiO2. The
samples were irradiated with UV-A light and a total irradiation time of 14 min.
Resazurin changes color from blue to pink upon reduction, which is clearly
visible on samples containing TiO2 at concentrations >1 wt% (right panels)
We attribute this to the basic surface properties of the dried concrete samples and the pH sensitivity
of Rz, as the concrete surface gradually is re-hydroxylated after the surface functionalization
procedure. After extended UV-A irradiation (> 3-5 cycles) the red (blue) color starts to increase
(decrease), which shows that the irreversible TiO2-mediated photo-reduction of Rz to Rf occurs and is
the dominant reaction pathway for Rz. The RB-values for both pure and surface functionalized
samples with additions of 1, 3 and 5 wt% TiO2 follow the same trend. The change of the R and B
values for the sample 1,S is much smaller than sample 1 without surface functionalization. The
difference in RB-values between samples with and without surface functionalization becomes very
small at 3 wt% TiO2, and becomes negligible or even reverse at 5 wt% TiO2.
This suggests that the photocatalytic activity increases with TiO2 concentration and that the surface
functionalization does not inhibit the activity at high enough TiO2 concentration (≥ 3 wt%). For
concrete samples without TiO2 (0, and 0,S) a similar RB color change is observed, albeit weak and not
visible by direct inspection of figure 3. We tentatively attribute this to the presence of small amounts
of photo-active oxide particles in concrete.
Assuming pseudo first-order photocatalytic reaction kinetics of Rz, the average reaction rates for
reduction of Rz (blue to pink) obtained over several spots on the concrete sample are determined from
RGB color change analysis to be approximately 7⋅10-3 min-1 for both the pure and surface
functionalized concrete (without addition of TiO2 nanoparticles), thus indicating a weak photocatalytic
activity. We attribute to small concentrations of photoactive oxide components in concrete. For the
concrete samples with additions of TiO2 nanoparticles the rate is not improved at low concentration of
TiO2 (1 wt%), and after surface functionalization it is even lowered (∼ 6⋅10-3 min-1). At higher TiO2
concentrations (3 wt% and 5 wt%) the reaction rate increases by 40-60%, which is also manifested in
the more distinct color changes (blue to pink) occurring over several parts of the concrete surfaces
seen in figure 3.
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Figure 4. Normalized red (R) and blue (B) color signals as a function of UV-A irradiation time
extracted from the images depicted in figure 3. The hollow blue and red symbols (□ and ○) correspond
to B and R values of pure concrete samples without addition of TiO2, and solid symbols (■ and ●) the
corresponding values for surface functionalized concrete samples containing varying amounts of TiO2
as indicated in each diagram.
3.2 Wetting measurements
Figure 5 shows results from contact angle measurements on concrete, surface functionalized concrete,
concrete with 5 wt% TiO2, and surface functionalized concrete with 5 wt% TiO2, respectively. The
contact angle for all samples lies between ~10° to 15°, which is characteristic for hydrophilic surfaces,
and it is slightly larger for the functionalized samples.
The latter result can be understood from the fact that chemical interactions are mostly dominated
by the interfacial acid interactions which influence the strength of the adhesive bonds at the interface
and thus control the wetting [13]. The increasing wetting angle on the chemically modified cement
surface indicates exchange of protons between neighboring molecules and functional hydroxyl and
sulfate groups [7].
Figure 6 shows top view photographs from sessile drop contact angle measurements on concrete
samples (a) with 5 wt% TiO2, and (b) surface functionalized concrete with 5 wt% TiO2 corresponding
to figure 5c and figure 5d, respectively.
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Figure 5. Sessile drop contact angle measurements on (a)
concrete, (b) surface functionalized concrete, (c) concrete with 5
wt% TiO2, and (d) surface functionalized concrete with 5 wt%
TiO2.
In figure 6a it is seen that the water droplet is quickly spread on the sample without surface
functionalization after it is applied on the surface, and that it absorbs in the hygroscopic concrete
sample over a large surface area. In contrast, on the surface functionalized concrete sample shown in
figure 6b, the wetting area is much smaller and stays as a drop on top of the surface for extend times,
as water is repelled from the surface and slowly dries (evaporates).

Figure 6. Top view image from sessile drop contact angle
measurements on concrete samples (a) with 5 wt% TiO2, and (b)
surface functionalized concrete with 5 wt% TiO2..
Figure 7 shows results from rinsing test applied to concrete samples containing 5 wt% TiO2 with
and without surface functionalization. Droplets of 20 μl in volume were applied onto the sample
surfaces, which were held at an angle of 45°, and the rinsing behavior was noticed as the drop flowed
down the surface. It is evident that the droplet flows much more easily on the surface functionalized
sample, and that much more water is absorbed on the non-functionalized sample leaving dark moisture
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traces. This further shows that the surface functionalization repels water and improves the selfcleaning properties of the concrete surface.

Figure 7. Top view image from sessile drop contact angle measurements on concrete
samples (a) with 5 wt% TiO2, and (b) surface functionalized concrete with 5 wt% TiO2.
The tilting angle of the samples was 45° and the volume of the applied droplet was 20 μl.
Water absorbs in the hygroscopic concrete sample without surface functionalization as it
slides along its surface. On the surface functionalized concrete sample most water slides
off and the trace of absorbed water is much smaller.
The modification of surface acidity can be utilized also to alleviate problems of deactivation in gasphase photocatalysis. It is well-known that adsorption of reaction products inhibits adsorption of gas
pollutants due to strong interaction with surface sites. In particular, carboxylic acids and their ions
bind strongly to oxide surfaces such as TiO2 [6]. This is due to formation of strongly bonded bridging
bidentate carboxylate ions. The bonding of formate, which is a common intermediate in degradation of
VOCs, is weakened on sulfated TiO2 and results in considerable improvement of the sustained activity
if the surface functionalized photocatalyst compared to untreated anatase TiO2 [14].
4. Conclusions
We have shown that by mixing TiO2 nanoparticles with reactive powder concrete and further
chemically functionalize the casted concrete sample a surface with enhanced self-cleaning properties
is obtained. In particular, the photocatalytic activity and the wetting properties of concrete samples
made by mixing TiO2 nanoparticles (0, 1, 3 and 5 wt% TiO2) and reactive powder concrete have been
measured with and without surface chemical functionalization. Samples containing 1-5 wt% TiO2,
regardless of surface functionalization, show enhanced activity. The surface functionalized concrete
samples with 5 wt% TiO2 concentration showed similar or even higher photocatalytic activity
compared to the non-functionalized samples containing the same TiO2 concentration. All samples –
with and without surface functionalization – exhibited hydrophilic wetting properties. The selfcleaning properties as measured by the rinsing properties of applied water droplets at inclined sample
angles were found to be superior for surface functionalized samples with added TiO2. Water was
found to slide off the surface of functionalized concrete samples without being absorbed in the
hygroscopic, porous concrete surface much more readily than the non-functionalized sample
containing the same TiO2 concentration. We envisage that by adding thin TiO2 layers on special
concrete products, e.g. by spray pyrolysis, or otherwise, a protective and fully functional self-cleaning
coating with added surface chemical properties can be obtained following the methods outlined here.
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We have previously shown that sulphate surface functionalization of TiO2 thin film glass leads to
dramatically improved oleophobic properties [8, 9], and sustained gas-phase VOC photodegradation
activity [14]. It should thus be straightforward to extend the surface functionalization scheme to other
surfaces, such as tiles, metal sheets, and plastics. This development would open up possibilities to
introduce a second generation of photocatalytic materials in the indoor setting with improved wetting
properties combined with photocatalytic activity.
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