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Abstract. The aim of this study was to develop a lightweigbimposite facade element for

refurbishment of existing fagades. It was cruaaitinimize the thermal bridges and to undercut the
thermal requirement of the system existing facadsv relement. The awareness of the
environmental impact of the building sector is @asing. In this context, ultra-high performance
concrete (UHPC) materials are shown to be promisiteynatives with advantages such as lower
embodied energy and reduced environmental impaedi®ions suggest that UHPC composite
elements for building envelopes could have othamebes such as an increased service life,
optimized use of building area due to thinner elei®ieand minimized maintenance due to the
absence of reinforcement or use of non-corrosivéareing materials such as carbon fibers. In this
framework, composite elements have been developathiaing an autoclaved aerated concrete
insulation layer with an external UHPC supportiagdr. The results show that the lightweight
composite element has a good performance in terthesmal transmittance and minimization of

thermal bridges.

1. Introduction

The purpose of an adequate building envelope ieg@tion against moisture ingress, heat loss in
winter, excessive heating in summer and noise. @oepts for the interior should be able to buffer
heat and humidity peaks and prevent pollutantsremse. Solutions for components for building
envelope have to be durable, energy-efficient dfwtdable. In this framework the development of
facade elements for refurbishment comprising ulighr performance concrete (UHPC) in
combination with autoclaved aerated concrete (AA®) presented. The use of a mineral heat
insulation material allows increasing the fire sémnce of the composite elements in comparison to
the performance provided by the insulation in exigahpolystyrene insulation (EPS). The aim was
to develop a non-load bearing element to be appbedn existing facade able to undercut the
current thermal requirements. The main design ra@iteere related to the minimization of the
thermal bridges, reaching a thermal transmittarié@® W/(nf-K) (existing wall + facade element
for refurbishment) in order to be marketable alsdhe long term. The exceptional properties of
UHPC are the result of a high packing density bagedn optimized particle size distribution and
significant reduction of water in the cement pastenpared to ordinary concrete [1][2]. The
workability of UHPC is adjusted by adding highlyieient plasticisers, obtaining mixes capable to



flow or even with self-compacting properties. Therywhigh density of the material is of course
beneficial to its durability. Numerous studies skdwhat due to the limited adsorption of moisture
and negligible moisture transport the resistanceUbfPC against any kind of deterioration
mechanism is drastically increased compared to abconcrete. In the case of building envelopes,
the excellent resistance against freeze-thaw attack penetration of chloride ions in marine
environments is a particular advantage [3][4][5]HRC was already applied successfully to
building constructions, such as lightweight roofnstuctions, facade elements [6][7][8] and
protection panels [9]. In this study, light weighhAC with a dry density between 85 and 95 k§/m
was employed. This material provides a low theramdductivity in combination with mechanical
properties adequate for the use as insulation layesmposite elements [10]. In the first partlubt
study the characteristics of the main componergstter with the key phases of the production
technology are presented. In the second part teemtl behavior of the facade element was
assessed.

2. Facade element components

The general idea is to realise the external UHR&l sls a box-shaped element (Fig. 1). Due to
the support from the edges of the box no sheae$oare generated in the UHPC-AAC interface
during transport and service life. Thus, no adddioconnectors are necessary, provided that the
bond between UHPC and AAC is sufficiently high reyent from detachment of the layers when
the composite element is tilted after demoulding dnring transport. Moreover, the edges are
forming a frame and improve the stiffness of the-bbaped element, allowing decreasing the
thickness of the exterior UHPC layer. In the cosnéine cross section of the frame is broadened to
include the assemblies for anchoring and trangporhting. Table 1 gives an overview of the
geometry of the facade element. The design wagdll@séoad assumptions required by Eurocode 2
[11]. In particular, a wind speed of 44 m/s equivdlto a wind load of 1.66 kNAwas considered.
Details of the structural behavior of the facadarednt are reported elsewhere [12].
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Fig. 1. Non-load bearing facade element for rehbient (size in cm).

Table 1. Geometrical parameters of the facade element forliishment.
Length Height UHPC ext. layer |AAC insulation |Total thickness |Weight [Weight
[cm] [cm] thickness [cm] thickness [cm] |[cm] [ka] [kg/m?]

480 300 3.5 26.5 30.0 1880 125




21 UHPC

Due to the extraordinary high strength and the hlighsity of UHPC, it is possible to produce
very thin and durable facade elements. The useHRP@ for light-weight elements would reduce
the environmental impact in relation to manufactgritransport and installation processes. The
UHPC adopted is based on Dyckerhoff Nanodur® teldyyo Nanodur compound contains
ultrafine components (Portland cement, blast fugrglag, quartz, synthetic silica) smaller than 250
um that are dry mixed intensively. In this way tl@rtogeneity and dense packing of the particles is
reliably achieved and the wet mixing process of thePC with a standard concrete mixer is
simplified significantly (Table 2). Nanodur cemeista CEM Il B-S 52.5 R according to the
standards [13].

Table 2. Composition of UHPC mixtures and obtained density.

Nanodur® Compound 5941 |Sand Superplasticiser Water Dry density
[kg/m’] [kg/m’] [kg/m’] [kg/m’] |[kg/m?
1050 1150 17.9 178.5 2440

Further reduction of embodied energy was achieyedplacement of Portland cement with less
energy intensive types of cement or supplementanyeatitious materials (SCM) originating also
from industrial residuals. Solutions are referredrtinimum compressive strength of 100 MPa for
non-load bearing applications and high qualityhed formed UHPC surface. With screening tests
three superplasticizers were identified for optimarorkability of the fresh UHPC. Shrinkage of the
UHPC was identified as potential problem with relgao bond behaviour and large sizes of
composite elements. With the use of a shrinkagaeeiad admixture promising results were
obtained.

2.2 AAC

The material structure of AAC is characterized bgadid skeleton and aeration pores being
formed during the aluminum-driven expansion of tslarry. The solid skeleton consists of
hydrothermally synthesized crystalline calciumesite-hydrates (thereof mainly tobermorite) and,
moreover, minor contributions of unreacted sande Tdam-like structure of AAC, with its solid
skeleton acting as partitioning walls between tleeation pores [14], leads to an optimum
correlation between weight and compressive strengillions of aeration pores lead to a low
thermal conductivity making AAC a good thermal ilsging material. Thermal conductivity
depends on temperature, density, structure (pgya@sid chemical nature of the material. In AAC, it
is largely a function of density and moisture cobt@as shown in [15]. For this reason,
improvements of the thermal performance of AAC badn mainly achieved by reducing the dry
density (Fig. 3a). Although the strength of the agmmg solid skeleton could be steadily improved
in the last decades, decreasing the dry densityelnyl leads to losses in the compressive strength
(Fig. 3b). In other words, the material propert@fsAAC always represent a compromise of
mechanical and thermal properties. In case of @iceminimum mechanical requirement, options
for reducing the thermal conductivity are limitedhe lowest range of thermal conductivity
(declared valueshio.dars in the range of 0.042.047 W/(mK) [10][16] was accomplished at dry
densities between 85 and 115 k§/Due to its extremely low mass, such light-weigic is a
pure insulation material without any load beariagacity (Table 3). The difference is only the dry
density, being achieved by altering the amountl@ih&um (the more aluminum the lower the dry
density).
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Fig. 2. Correlation between AAC dry density anarthal conductivity (a); compressive strength (b).

Table 3.  Composition of AAC mixtures and obtained density.

Cement |Sand Quick lime [Anhydrite/ Mineral aggregateAluminium® |Dry density
kg/m’]  |kg/m’]  |[kg/m’] gypsum [kg/m] |[kg/m’] [kg/m’] [kg/m’]
250-500 |256400 |56250 3670 106200 58 85-115

2Used as porosing agent/blowing agent.

3. Production technology

3.1

The purpose of this section is to present the prbthehnology used for producing UHPC-AAC
composite elements. First trials were dedicatetheécone-step production of the box-shaped UHPC
elements, i.e. the exterior UHPC layer and theotg edges are cast with a single concrete batch.
For this purpose a ‘floating body’ was adopted. phetection of the floating body against buoying
upwards requires accurate measures when full hgdrogressure is considered. In the case of full-
scale elements, where the buoyancy may reach lales, it might be too complex to accurately
fix the floating bodies. Therefore, in a secondrapph, further trials were dedicated to a two-step
production procedure of the UHPC box with the upitug edges of the box being cast on top of the
exterior layer after initial hardening (Fig. 6). ©mlay after the cast of the exterior layer the
upturning edges were cast. The UHPC was pouredtir@agap between the rigid frames of the
formwork at one corner of the formwork. The UHPCswaasily flowing around. More details of
this procedure are reported in a previous study [17

Manufacturing of UHPC boxes

Top view
A A
Ay A
7 UHPC UHPC
WHPG Rigid frame/block
(a) Formwork (b) Section A-A (c)

Fig. 3. Procedure for two-step production of boagdd UHPC elements: (a) cast of exterior layer; (b)
placement of a rigid frame as internal formworkhamdened exterior layer; (c) cast of upturning edge



Due to the two-step manufacturing procedure the OlBBxes cannot be regarded as monolithic
like in the case of the one-step manufacturindgatn, a distinct layering was observed, visibleaas
joint between exterior UHPC layer and upturning esdgFig. 7). In order to evaluate the bond
strength between the two UHPC layers, preliminageas and pull-off tests were performed.

Upturning edge

Fig. 4. UHPC box manufactured with the two-stepcprlure: joint between exterior UHPC layer and
upturning edges.

3.2 Manufacturing of insulation

Two different approaches for the application of iheulation were applied. The first one
involved casting AAC onto prefabricated UHPC layghereas the second one was based on gluing
prefabricated AAC blocks (60 cm x 40 cm x 18 cm)oobHPC surface by using mineral base
mortar as an adhesive. In the first approach th@UHoxes were filled with fresh AAC slurries so
that the swelling process induced by the reactidhealuminium and the set of the AAC occurred
inside the UHPC boxes. After 24 hours the elemesmt® autoclaved. After autoclaving two AAC
composites samples revealed severe crack formgieaymably as a consequence of differences in
thermal strain between the AAC insulation layer #malencasing UHPC box. The observed results
suggest that the pursued strategy of manufactwidgC-AAC facade element is not suitable for
AAC with dry densities> 175 kg/ni. It is assumed that the observed cracks botheilAhC and in
the UHPC box are a consequence of a restrainech&helilation of the material in particular during
the cooling phase of the autoclaving process, tieguin tensile stresses. The autoclaving of the
UHPC-AAC composite elements showed disadvantadatedeto: weak bond between UHPC and
AAC; detachment of the external UHPC layer (caghmfirst step) from the upturning edges (cast
in the second step); a diffused colour change yndgbrm) on the UHPC surface after autoclaving.
For these reasons the production technology focasesdmore reliable production process based on
AAC blocks (Table 4) glued on the UHPC layer. ThiAblocks are glued on the back side of the
exterior UHPC layer with a rapidly hardening mindrased adhesive with low shrinkage. The tests
confirmed a good adhesion between AAC blocks aadJXHPC layer.

Table 4. Material properties of light weight AAC blocks 0d2cording to [10].
Parameter Dry density | Declared CompressiveWater vapour| Water Water
[kg/m?] thermal strength diffusion absorption | absorption

conductivity | [MPa] resistance | [kg/m?] [kg/m?]
A10,dry coefficient [-]
[Wi(m-K)]

Standard | EN 1602 [18] EN 12667 [19] EN 826 [20] - N E609 [21] | EN 12087 [22

Value 8595 0.039 >0.2 2 <2 <3




4. Thermal performance

Following the targets of the European Commissidated to the primary energy demand for
buildings by 3% December 2020 all new constructions shall be weagko-energy buildings
(NZEB). In this framework the goal of facade elemsehere proposed is therefore to achieve or
undercut a thermal transmittance of 0.15 Wk A first assessment of the thermal behaviour of
the composites elements was carried out considérmghysical and thermal properties reported in
Table 5. The goal of thermal modelling was to clatm the thermal behaviour of the facade
element, i.e. overall thermal transmittandde thermal transmittance of the facade element was
calculated according to EN ISO 6496 [23] applyirig Bhysibel software [24]. The temperature
distribution (isotherms) for the facade elementpresented in Fig. 5. The values of thermal
transmittance are reported in Table 6.

Table 5. Physical and thermal properties of the materia¢slus

Component Function Dry density [kg/m Thermal conductivity [W/(nK)]
UHPC Structural 2440 15
AAC Insulation 90 0.042

2The thermal conductivity of 0.042 W/(K) was used as design value; it corresponds tadedtidry
thermal conductivity\1o, ary < 0.0392 W/(rrK) [10].

mm+20 [C]
]
F

+15

+10

+5

0
-5
-10

15

_

Fig. 5. Temperature distribution of the facade @pin

Table 6. Values of thermal transmittance of the facade elerfur refurbishment.

Total thermal transmittance Thermal transmittance in the central patAU
[W/(m?K)] [W/(m?*K)] [W/(m*K)]
0.23 0.15 0.08

aThe differenceAU is due to the heat lost at the edges of the faedeiment.

To validate the efficiency of the thermal solutideveloped on the existing facade it was
compared the thermal behaviour of typical wall g/pe Poland (years of construction 197995)
before and after a potential intervention using théPC-AAC composite element. According to
polish regulations newly constructed buildings neechinimize their energy consumption down to
90-120 kWh/nt per year and meet a thermal transmittance forreattevalls of 0.30 W/(rhAK)
(Table 7). However, from thes1of January 2014 polish building regulations [25hdpally
decreasing these values to achieve respectivelkV8B/n? per year and thermal transmittance
of 0.20 W/(ntK) in 2021.



Table 7.

of buildings.
Time of National standards and guidelit Thermal transmittanckr|Average energy consumptio
construction external wall [W/(ndK)] |per year [KWh/Mj
Jan 2014 Updated technical standards fg0.25
Dec 2016 the buildings
Jan 201% Updated technical standards fg0.23
Dec 2020 the buildings
>Jan 2021 |Updated technical standards fd0.20
the buildings

National requirements for values of thermal trattamce depending on the construction time

N

Below a selection of typical external wall typeshuoiildings, which need to be refurbished, are

presented and characterized (Tablel08 The results show that in both cases the utgedfHPC-
AAC composite element allows to undercut considgrdie thermal requirements. In all cases the
refurbished facade reached a value of thermalrmatance of 0.12V/(n?K). These results allowed

an improvement in the range of-78% in comparison to the initial values before refshment.

Table 8.

Existing wall type 1 in Poland.

Year of construction

Building overview

Externall wdl sketch

19706-1985

Technology of construction

Building constructed in an industrialized
prefabricated technology. Materials used are: f
concrete blocks, gravel concrete, EPS and plas

Before intervention

_ ThicknessThermal. _ byall thermal
No.|Material type [cm] conductivity transmittance
[Wi(m-K)] [W/(m?*K)]
1 |Internal layer of plaster 1.0 0.82
2 |Gravel concrete blocks 15.0 1.3
3 |Cellular lightweight concrete 15.0 0.35 0.52
4 |EPS 5.0 0.042
5 |External finishing layer of cement-lime plast&i0 0.82
After intervention
1 |Internal layer of plaster 1.0 0.82
2 |Gravel concrete blocks 15.0 1.3
3 |Cellular lightweight concrete 15.0 0.35
4 |EPS 5.0 0.042 0.12
5 |External finishing layer of cement-lime plast&i0 0.82
6 |UHPC 3.5 15
7 |AAC 26.5 0.042

bThe linear and point thermal transmittance areimdtided in the wall U values.sR 0.13 mK/W; Rse=

0.04 n?K/W according to [23].



Table 9.  Existing wall type 2 in Poland.

Year of construction Building overview Externall wdl sketch
1970-1985
Technology of construction
Buildings constructed in the system industrialized
prefabricated system (V¥B) were performed fro
the large scale, finished, prefabricated elements.
Before intervention
. Thermal bWall thermal
No.|Material type il;:rrlrl]c]:kness conductivity transmittance
[Wi(m-K)] [W/(m?*K)]
1 |Internal layer of plaster 1.0 0.82
2 |Structural layer of reinforced concrete 15.0 2.2
3 |Mineral wool insulation 6.0 0.040 0.56
4 |External finishing layer of concrete 6.0 1.2
After intervention
1 |Internal layer of plaster 1.0 0.82
2 |Structural layer of reinforced concrete 15.0 2.2
3 [Mineral wool insulation 6.0 0.040 0.12
4 |External finishing layer of concrete 6.0 1.2
5 |UHPC 3.5 15
6 |AAC 26.5 0.042

bThe linear and point thermal transmittance areimdtided in the wall U values.sR 0.13 mMK/W; Rse=
0.04 n?K/W according to [23].

Table 10. Existing wall type 3 in Poland.

Year of construction Building overview Externall wdl sketch
1985-1995 '
Technology of construction —
Multi storey, multi-family residential building T
constructed with large-dimensions elements - L
cellular concrete blocks.
Before intervention
. Thermal bWall thermal
No.Material type E‘lq(]:kness conductivity transmittance
[W/(m-K)] [W/(m?K)]
1 |Internal layer of plaster 1.0 0.82
2 |Cellular lightweight concrete blocks 43.0 0.21 0.43
3 |External finishing layer of cement-lime plasie® 0.82
After intervention
1 |Internal layer of plaster 1.0 0.82
2 |Cellular lightweight concrete blocks 43.0 0.21
3 |External finishing layer of cement-lime plasie® 0.82 0.12
4 |UHPC 3.5 15
5 |AAC 26.5 0.042

bThe linear and point thermal transmittance areimdtided in the wall U values.sR 0.13 mMK/W; Rse=
0.04 n?K/W according to [23].



Conclusions

The box-shaped concept is a simple and robustisolfibr the facade elements. Besides the
good structural performance, the concept enablisiegit protection of the insulation material
during transport, installation and use. Additiopaldue to the absence of reinforcement and
connectors through the insulation, the productiechhology does not involve major labour-
intensive tasks, which is desirable for scale-ube Two-step casting is a reliable technique to
produce the composite elements. The structural vielna of the facade elements is mainly
influenced by the presence of the upturning edpes are able to increase the stiffness of the
element and to reduce the thickness of the extéaal. The insulation material has no influence
on the structural behaviour of the UHPC boxes.dnctusion, the quality of the bond between the
external layer and the upturning edge is a keyrpater to define the bearing capacity of the
element. The production technology, based on thestep manufacturing of UHPC boxes and
‘gluing’ of AAC blocks on hardened UHPC was founal lbe the best option. The one-step
manufacturing of full-scale UHPC boxes appearscdmmplex and will not be investigated further.
For the facade element for refurbishment a limitedrmal transmittance value of about 0.23
W/(m?K) was observed. No point thermal bridges were dete The influence of the edges as
potential thermal bridges should be also considekmvever, the possible heat loss can be
minimized applying insulation materials and anchgrsystems. The validation of the efficiency of
thermal solution was assessed considering a pateafurbishment intervention on existing walls.
The results show that the application or the UHGKCAfacade element allows undercutting the
value of thermal transmittance of more than 70%e Value of thermal transmittance obtained is
considerably below the threshold that will be idwoed in Poland for the buildings in 2021.
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