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ABSTRACT

This Master’s thesis project was part of an ongaiegearch project that aims to
develop a facade element for a Passive House sthrtdat can help reduce the
energy and material use, and emissions in the ibgddsector, but at a smaller
thickness than what is typical for Passive Housisw@he research project focuses
on three innovations in combination: green congcrietetile reinforcement and novel
insulation materials. Green concrete is concretk am industrial waste product as the
binder which presumably makes it more environméntéiendly than Portland
cement concrete. Textile reinforcement instead asfventional reinforcement may
decrease the needed concrete volume of a constiuetement by 85%. Vacuum
insulation have 2 to 9 times better thermal resahan conventional insulations. A
facade element developed from the three innovatighde installed in the research
and demonstration arena HSB Living Lab and evatldtging real circumstances.

The aim of this Master’s thesis project was to gtsdrinkage of green concrete and
to model and simulate the temperature distribugiod heat flux in the facade element
when installed in HSB Living Lab. The aim was ateccalculate the U-value of the
facade element with two different frames, one ofbkér and one of steel, that was
developed specifically for the installation in H&®ing Lab and to find the needed
thickness of the facade element that makes it thié Passive House standard.

A literature study was carried out to find possibdutions to reduce the shrinkage of
green concrete and it was found that heat treatraedt addition of quicklime,
gypsum, fly ash, polypropylene glycol and lightsved dolomite, separately had
shown to have a reducing effect. Casting and shgekmeasurements of samples
with fly ash added to the green concrete binder pa$ormed. The results were
compared with results from earlier studies with@iytash, but the fly ash did not
decrease the shrinkage. Numerical simulations stiawat the frames used for the
installation in HSB Living Lab need to be insulatasid two insulated frame
suggestions were developed in a cooperative pragaitulations of the U-values of
the framed facade elements showed that with 100 vaouum insulation in the
element, the U-value will be about 0.22 W4(K) with the timber frame and 0.13
W/(m?-K) with the steel frame. The total thickness af tmframed facade element
was found to be 130 mm at U=0.10 W#(iK) and 104 mm at U=0.15 W/&K).

Key words: Textile reinforcement, facade elemevdsuum insulation, green
concrete, ground granulated blast furnace slaglisdktivated slag,
water glass, shrinkage.
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1 Introduction
1.1 Background

One of the major concerns of the society todayaw hthe world is affected by
people’s way of living. Measurements of temperatmd precipitation show that the
climate is changing and the intensification of exie events such as floods, storms
and droughts are probably consequences of thelghabyening. The awareness of the
greenhouse effect and that some of the world’suress are limited has increased
during the last years. This has resulted in a dliighat towards a sustainable society
where a reduction of greenhouse gas emissions dedraase in the use of materials
and energy are main priorities.

The buildings sector contributes with approximat8@fo of the global greenhouse
gas emissions and accounts for as much as 40% afidbal material use (Roodman
& Lenssen, 1995; UNEP, 2009). The sector is thgelsir user of energy with an
energy use that represent about 40% of the gloteigg consumption (International
Energy Agency, 2013). During the lifecycle of aldiig about 15% of the total
energy used is consumed during production of na$eand during construction and
demolition of the building. As much as 85% of tme’gy is hence consumed during a
building’s operational phase (Petersson, 2009)tanzbnstruct buildings that use as
little energy as possible, for heating and coolings therefore very important. A
concept that has been created to make this possililee Passive House concept
which was created in Germany in the 1990s. TheiNabsBuse concept regulates for
example the U-value, which is a measure of the losat of buildings and building
parts. The simplest way to affect the U-value btidding is by extra insulation in the
building envelope and experts have determined fiten@ed insulation thickness,
from an energy economic point of view, to about 808 to 500 mm for conventional
insulation materials (International Energy Agen@010). As comparison, the
buildings built in end of the 1900s had exterioflwaicknesses of between 200 mm
to 300 mm, both load-bearing and non-load-bearBjgrk et al., 2009; Bjork et al.,
2013). A quadratic house of 108divable area would gain another 19in livable
area if the exterior walls were decreased from B0® to 250 mm thickness. In other
words, the livable area would increase from 18@nd10n% which corresponds to for
example an extra bed room. Thinner walls would a¢swlt in other benefits such as
lighter structures, more daylight and less consumatkrial, which in turn may lead
to less transports to the building site.

1.2 Problem discussion

To reach the energy demands of a Passive Housks, wslilated with conventional
insulation materials often have an insulation thi&ss of about 500 mm. Today there
are newly developed insulation materials, such asuwm insulations, which have
about 2 to 9 times better thermal conductivity tlmmventional insulations. This
means that exterior walls insulated with vacuunulsson can have the same thermal
resistance as walls insulated with conventionaknmls, but at smaller thickness.

In both load-bearing and non-load-bearing extenialls, concrete is one of the most
used materials but a disadvantage with concretex dsiilding material is that
reinforcement is needed to give the material seffictensile strength. Conventional
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reinforcement is made of steel that may corrode thetefore needs to be protected
by a thick layer of concrete, ranging from 20 mm7&® mm (Swedish Standards
Institute, 2008). Due to the needed concrete cooastruction elements, in most
cases, are cast with more concrete than what idede® ensure the load-bearing
capacity of the element. A construction elemenhwibnventional reinforcement has
shown to need up to 7 times more concrete thamatmreation element with textile
reinforcement (Tomoscheit et al., 2012). Hence coete with textile reinforcement
instead of steel reinforcement is a solution thah @decrease the exterior wall
thickness and thereby gain more livable area.

Another disadvantage with concrete is that the rfeature of cement, which is the
usual binder in concrete, produce about 5% of fbbal carbon dioxide emissions.
That is 1/6 of the total amount of greenhouse gaisstons that the buildings sector
contributes to globally. By 2050 the amount of progld cement per year is expected
to be between 44% to 73% larger than it was in 200@rnational Energy Agency,
2009) and consequently, environmental benefits lmargained by an exchange of
binder material. Possible binders are other cememi materials such as the
industrial waste product ground granulated blastdae slag which is produced from
a by-product in the production of iron. The exchaid Portland cement to slag is a
concept that in this report is referred to as greemcrete. However, concrete cast
with slag has shown higher shrinkage than conara$ with Portland cement. The
shrinkage of slag concrete is in fact severe arsdipte solutions to reduce shrinkage
have been found in the literature study in this tdi&s thesis project.

1.3 Purpose

This Master’s thesis project was part of an ongaeggarch project calldditra-thin
Envelopeswhich is one of five sub-projects in the projéExt Generation Building
Envelope Systemat the Department of Civil and Environmental Emginng,
Chalmers University of Technology. The project isored by Climate-KIC and
thereby belongs to the Climate-KIC flagship progrdBuoilding Technologies
Accelerator The research projeblext Generation Building Envelope Systetinss to
develop a facade element for a Passive House sthrtdat can help reduce the
energy and material use, and the emissions in tiidifgs sector, but at a smaller
wall thickness than what is typical for Passive bowalls. Separate studies are made
in the research project to evaluate the shrinkdggmal properties and mechanical
properties of green concrete and of green conceatéorced with carbon and basalt
textile reinforcements. Also a combination of tieee innovations green concrete,
textile reinforcement and vacuum insulation is eixed.

1.4 Aim

The aim of this Master’s thesis project was to fpabsible solutions to decrease the
shrinkage of green concrete and to model and stetifee temperature distribution
and heat flux in the facade element when installeldSB Living Lab. The aim was
also to calculate the U-value of the facade elematht two different frames that had
been developed specifically for the installationH&B Living Lab and to find the
needed thickness of a facade element of vacuunabesutextile reinforced green
concrete that has a U-value below the value reduiyethe Passive House standard.

2 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2015:22



1.5 Limitations

In this Master’s thesis project the only insulatraaterial chosen for comparison with
vacuum insulation was mineral wool. Laboratory destere limited to shrinkage
measurements of different concrete mixes and the interval of the measurements
was limited 28 days. The difference between theciia mixes was in particular
different ratios between the contents of the bind\er other additives than fly ash
were tested for their ability to reduce the shrggaf green concrete during the
project. Minimum slag content was half of the binddowever, no sample with slag
as the only binder was cast during the project. Sdredwich element design was the
only design studied for the fagade solution inghgect. Numerical simulations were
performed in the finite element modelling progra@MSOL Multiphysics 5.0.

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2015:22 3



2 Presentation of the Facade Element
2.1 Prefabricated construction elements

In recent years the use of prefabricated constmotiements has increased in the
construction industry. Prefabricated constructitements are wall, roof and floor
structures which are assembled indoors in a facamy delivered finished to the
building site. At the building site, the elementdyoneed to be mounted in the right
places which means that the envelope of a buildargbe completed faster than if it
is completely built on site. Thus, two of the adwaes with prefabricated
construction elements are that the building proeede faster and that the sensitive
building materials will be exposed to possible kaghther conditions during a shorter
time. The construction elements may consist oktftée cross-section of a wall, roof
or floor, or of a part of the cross-section. Anmayée of the latter is, as in this project,
a non-load-bearing facade element which has taipplemented with a load-bearing
structure.

A popular type of prefabricated construction eletrisrthe sandwich element which
typically is constructed of two reinforced concrdegers with an intermediate

insulating layer, see Figure 2.1 (Strandberg, 20Téyay there are many types of
sandwich elements on the market. They can haverattéayers of for example

plywood or steel sheets instead of concrete, aag tan either be load-bearing or
non-load-bearing.

Figure 2.1  Typical construction of a sandwich elam@refabricated wall element
in the factory of the concrete supplier AB Strarighg. (Photo: Angela
Sasic Kalagasidis).
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In the research projettext Generation Building Envelope Systesfisrts are being
made to further develop the standard sandwich elementioned above. Sandwich
elements with a vacuum insulation panel as the coaterial have already been
developed and facade elements with textile reisfdrcconcrete have been
investigated. However, the combination of vacuusulation, textile reinforcement
and environmental friendly concrete has not yehlstadied.

2.2 Performance demands

One of the requirements that the research groughe®fprojectNext Generation
Building Envelope Systenmapose on the facade element is that it shalloperfand

be able to be classified as a Passive House eledétassive House is a building that
iIs heated primarily by internal heat gains from glep the sun and household
appliances such as refrigerators and computers SWealish Passive House standard
iIs based on the international definition of a Rasdilouse but adjusted to fit the
Swedish climate and building regulations. Simpbtest, the Swedish Passive House
standard limits the yearly energy used for heathg building, the overall heat
transfer coefficient and the U-value of glazed isest (Sveriges Centrum for
Nollenergihus, 2012). By the Swedish Passive Hataadard it is not possible to
certify a facade element, but internationally atifieation of building components is
possible to attain from the Passive House Insti(R@ssive House Institute, 2012).
The international recommended U-value of a wakkss than 0.15 W/(fK) and was
consequently used as the limit for the facade aténmethis Master’s thesis project
(BRE, 2011). The target U-value, in the researciegt, is 0.10 W/(rh K).

Another demand that the research group imposeealément is that the thickness of
the wall, even though it performs a Passive Holmment, shall be smaller than what
Is typical for Passive House walls. No specificckimess was required, only an
evaluation of the possibilities was requested.

2.3 Demo site

The research group of the projédext Generation Building Envelope Systemil
have the opportunity to install and observe twadk;elements of vacuum insulated
textile reinforced green concrete at the demok$#8 Living Lab.HSB Living Labis

a project that HSB runs with the main partners @leat University of Technology
and Johanneberg Science Park. It is one of thesfiveprojects in the projedtext
Generation Building Envelope SysteA$B Living Lab is going to be a research and
demonstration arena which will accommodate botidesdial and social spaces, and
the idea is that new innovations created for aasuable living in the future will be
examined under real circumstances. During the autah?015 it is planned for the
residents to move in, and from then and about tarsyforwards researchers will
have the possibility to collect all sorts of datani both short and long-term research
projects in the Living Lab (HSB, 2014).

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2015:22 5



5

Figure 2.2  The first rendering of the research a¢#SB Living Lab (HSB, 2014).

2.4  Construction of the facade element

The construction of the facade element is of tweeila of textile reinforced green
concrete with an intermediate layer of a vacuunulat®on panel, see the principle
sketch in Figure 2.3. Since no extra concrete caseneeded to protect the
reinforcement from corroding the concrete panels lbea made thinner than if the
reinforcement had been of steel. The research gafuphe projectUltra-thin
Envelopesas suggested a maximum thickness of 30 mm ofdherete panels and
in the Master’s thesis project the concrete layeese assumed to be 25 mm thick
which is equal to the thickness of the concretee[sacast in the laboratory, see Figure
4.4 in Chapter 4.2. The needed thickness of thewradnsulation panel, with regard
to the demand of the U-value of the element, cafobied in Chapter 5.3.

For the installation of the facade element in thgearch arena HSB Living Lab the
element needs to be exchangeable. Therefore twaibp@grames were designed by
Mohammad Sadegh Khani, master student, and Sheg M&yg and project manager
of the HSB Living Labproject at Chalmers University of Technology. Qofethe
frames was designed completely in cross-laminatedber and consists of three
aerogel insulated parts, see Figure 2.4. The twts paarked with a darker color in
the figure are intended to be permanently mountethe existing structure of HSB
Living Lab. To these two parts the third removabéet, marked with a lighter color,
is supposed to be assembled and in turn act dsatime for the facade element. The
second suggested frame was designed with a loadestructure of rectangular
steel profiles, see Figure 2.4. The steel franmagant to be removable and connected
to the existing structure via additional permanentbunted steel profiles. The steel
alternative is further equipped with aerogel insalaand a covering layer of timber.
The exposed parts of both frames are to be coweitadjalvanized steel plates.

6 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2015:22



TEXTILE REINFORCED GREEN CONCRETE
VACUUM INSULATION PANEL
TEXTILE REINFORCED GREEN CONCRETE

Figure 2.3  Principle sketch of the textile reinfedcgreen concrete fagade element.

Figure 2.4  Left: The cross-laminated timber frarhere without galvanized steel
covers. Middle: The load-bearing structure of thee$ frame. Right:
The steel frame equipped with insulation (in ye)lowovering timber
and galvanized steel covers.

2.5 Materials of the facade element

2.5.1 Green concrete

Concrete with an industrial waste product as tineldsi can have a significantly lower
impact on the environment during its lifetime thaoncrete containing ordinary
Portland cement (Jiang et al., 2014) and this exghaf binder concept is therefore
called green concrete. The green concrete cordisisbinder referred to as ground

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2015:22 7



granulated blast furnace slag produced from a bgywst in the production of iron.
The by-product is called blast furnace slag whgHhaund together with iron in a
liquid state in the blast furnace. To become grograhulated blast furnace slag, a
substance suitable as binder material, the by-mtodas to be rapidly cooled down
with water to solid form and then ground into powdsee Figure 2.5 (Cervantes &
Roesler, 2007).

When ordinary Portland cement is used in concragelgC-S-H) is produced from

the hydration process that binds the componentoérete together. The formation
of the gel is very important since it gives the aate its strength (Cervantes &
Roesler, 2007). To make the C-S-H gel form in theeg concrete mix the ground
granulated blast furnace slag needs an alkalineragmaent, i.e. it needs to be
activated with an alkaline solution (Jiang et @D14). In this study a solution of
liquid sodium silicates, also known as water glassised as activator of the slag in
which the silicates contribute to the strength.fé&#nt activators give different

properties to the slag concrete and alkali-actovagjeound granulated blast furnace
slag concrete has shown to have better compressreagth than concrete with
ordinary Portland cement as the binder (Chi eRél12).

Figure 2.5  Ground granulated blast furnace slagh@dk: Sandra Bentland)

2.5.2 Textile reinforcement

Fabrics used as reinforcement in concrete can beii@etured in a variety of ways.
Different materials such as carbon, aramid, aliedistant glass and basalt fibers can
be used and the yarns made from the material fibars be arranged in several
manners (Brameshuber, 2006). In the research préjéca-thin Envelopesthe
studied textile reinforcements are of carbon arghlbasee Figure 2.6. When a textile
reinforcement is manufactured, yarns composed a@bupousands of thin threads are
woven or knitted into different patterns. The remcement can be made two or three
dimensional and the yarns can be arranged in diftedirections, whatever fits the
application area of the concrete (Brameshuber, 2006

8 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2015:22
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Figure 2.6  Left: A concrete mold reinforced with carbon textile. Right: A
concrete mold reinforced with a basalt textile. ¢Rh Helén Jansson)

2.5.3 Vacuum insulation

Vacuum insulation is usually in the form of a panghich consequently is called
vacuum insulation panel. A vacuum insulation parselconstructed of a core
surrounded by a multi-layered metalized polymenfdr a foil of aluminum that acts
as a sealant. The core material is usually of fusifida, precipitated silica, glass
fibers, polyurethane foam or polystyrene foam fr@hich the air has been removed.
The thermal conductivity)d, which depends on the core material of the ingnat
panel, has been measured to approximately 0.004n\WJ)( and to about 0.020
W/(m-K) if the panel becomes punctured (Simmlealgt2005; Berge & Johansson,
2012). In comparison mineral wool, which is onetloé most used conventional
insulation materials, has a thermal conductivityabbut 0.036 W/(m-K) (Petersson,
2009). Due to the early aging of vacuum insulapamels a thermal conductivity of
0.006 W/(m-K) should be used in design purposesithe core is wrapped with an
aluminum foil film, and 0.008 W/(m-K) when the casesurrounded by a metalized
polymer film (International Energy Agency, 2010heT design values are based on
the thermal conductivity of a panel at an age oual25 years.

In the projectNext Generation Building Envelope Systerasuum insulation panels
with a core of fumed silica wrapped with a polynfien are studied, see Figure 2.7.
Hence, the design value of 0.008 W/(m-K) was useithgut value for the numerical
simulations in this project.

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2015:22 9



Figure 2.7 A vacuum insulation panel with a cordurhed silica. The layer closest
to the silica core is a core protection and the evatost layer is a
multi-layered metalized polymer film. (Photo: ABe&lrge, PhD student
at Chalmers University of Technology)
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3 Methodologies Used in the Project
3.1 Literature study

In the Master’s thesis project a literature studgswperformed to find possible
solutions to reduce the shrinkage of green conceste Chapter 4.1. A systematic
research was performed of all articles publishemvéen the years 1980-2015 using
the database Web of Science. The strategy fonttialisearch was using keywords in
different combinations and to sort the results &gvance. The keywords used were
concrete, slag, ground granulated blast furnacegslalkali-activated, shrink,
shrinkage, sodium silicate, water glasgtivator and also the acronyms of ground
granulated blast furnace slag and alkali-activaséaty which areggbs and aas
respectively. The titles of the articles were raad only the ones that could possibly
include solutions to the shrinkage problem of cetercontaining ground granulated
blast furnace slag activated with sodium silicagxevsorted out for further reading of
the abstracts. The abstracts could more specifitalll if the articles were relevant or
not.

The initial search resulted in a few interestinticles where in particular two articles
were of great interest and the continued literatergew therefore emanated from
them. The articles were read through to learn ftbenstudies and to find sources in
the texts that could be interesting as well. Alse titles of articles that had cited the
two selected articles were read in case they hadedaout similar studies. New

keywords were chosen based on keywords in theestiag articles and a second
search was performed in the same way as the AirBawchart of the process can be
seen in Figure 4.1. When source articles were oohd in the database Web of
Science the database Google Scholar was usedoaspdetnent.

—" Search in database with different combinations of keywords ‘

‘ Title reading of the search results ‘

‘ Sorting of interesting articles ‘

‘ Abstract reading of the interesting articles ‘

l

‘ Sorting of interesting articles ‘ '—‘

‘ Reading of articles ‘ J.\‘F)stract I:eadlng .of artllees
l citing the interesting articles

Abstract reading of source
articles listed by interesting
information

‘ Articles of interest ‘

Figure 3.1 A flowchart showing the methodology usetie literature review.
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3.2 Experimental studies

Casting of different concrete mixes in the labonatwas carried out in the Master’'s

thesis project to evaluate the effect of fly ashsiag concrete with regard to

shrinkage. The difference between the concrete srnilkat were cast in the project
was in particular difference in the ratios betwdled contents of the binder. In the
concrete mixes without fly ash, that had been dastglier, the binder consisted of
ground granulated blast furnace slag and Portlanaeat. In the concrete mixes with

fly ash casted in the Master’s thesis project tineldr consisted of ground granulated
blast furnace slag, Portland cement and fly asle. Mixes contained different ratios

of slag-cement and slag-cement-fly ash to evaltheesffect of an increased fraction

of slag in the concrete. Minimum slag content wals bf the binder. The procedure

of the experimental studies is presented in Chapfand the results and conclusions
can be found in Chapter 4.3.

3.3 Numerical simulations

Stationary numerical simulations were performedthie finite element analysis
software COMSOL Multiphysics 5.0 to simulate tengtere distribution and heat
flux in the facade element and to calculate thealii of the element, see Chapter 5.
The U-value was calculated by surface integratibtihne heat flux through the facade
element with three different frames; one uninsulateel frame and the two insulated
frames, of steel and cross-laminated timber, d@esicspecifically for the installation
in HSB Living Lab. In addition, the needed thickeed a facade element of vacuum
insulated textile reinforced green concrete wasutated with regard to the target
U-value of 0.10 W/(hK) that the research group of the projdleixt Generation
Building Envelope Systerhas demanded.

12 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2015:22



4 Study of Green Concrete
4.1 Excessive shrinkage of green concrete

Green concrete made of alkali-activated slag hasany studies shown high drying
shrinkage. An example is in the study presenteddbyan At et al. (2009) who
found that slag concrete activated with water g&sks up to six times more than
concrete containing Portland cement. Also in presiexperiments made in tinext
Generation Building Envelope Systemproject at the Department of Civil and
Environmental Engineering, Chalmers University acfinology, it was found that
the green concrete pulverized very easy as a re$ulbhe drying shrinkage and
therefore gave no good test results. To solve phidlem a literature study was
performed according to the methodology presentéchiapter 3.1.

Most of the relevant articles presented differetditives that had shown to reduce the
shrinkage of alkali-activated slag concrete. Yuiaal &(2014) found that an expanding
admixture made from anhydrite and quicklime reduttes drying shrinkage of
alkali-activated slag concrete since portlanditdoisned and compensates for the
shrinkage. The idea of adding quicklime as the edjpay agent they refer to Nagataki
& Gomi (1998) who used it to compensate for shrgekaf ordinary concrete.

Bakharev et al. (2000) found that adding gypsurthéoalkali-activated slag concrete
lowered the shrinkage. The reason was found tcheddrmation of two expansive
phases, one of them ettringite. Palacios & Pué®@87) used an admixture based on
polypropylene glycol which made it possible to reeluthe shrinkage of
alkali-activated slag concrete with 50% at a re@atiumidity of 50% and with 85% at
a relative humidity of 99%. With a reduction of 83k& shrinkage of alkali-activated
slag concrete is comparable with the shrinkage @tldhd cement concrete. The
reason for the reduction of shrinkage in this cmae found mainly to depend on the
surface tension of the pore water which decreageshwhe admixture was added.

By adding light-burned dolomite, which containsatege magnesium oxide, Shen et
al. (2011) lowered the shrinkage of alkali-actigatdag concrete. The reduction of
shrinkage was due to the reactive magnesium oxigiehwexpands when it reacts
with water and becomes magnesium hydroxide.

Another solution to the severe shrinkage of alkalivated slag concrete was found
by Bakharev et al. (1999). They investigated hezdtiment of alkali-activated slag
concrete and found that it reduces the shrinkagh wiuch an amount that the
shrinkage becomes similar to that of Portland cengencrete. A pre-treatment at
room temperature for two hours was found to deeretiee shrinkage of the

alkali-activated slag concrete even more. The medeo the lowered shrinkage is

unsure, but Bakharev et al. mention a possibleoretsbe the lower water content in
the C-S-H structure which is an effect of the Hesdtment.

As a result of the literature review it was decidsdthe research group to make an
experimental study in the laboratory based on thdiss that used magnesium oxide
and polypropylene glycol as shrinkage reducersduaition it was also decided to try

other polymers than just polypropylene glycol amdtudy the effect of fly ash as part
of the binder since the research group had fouad akkali-activated fly ash has

shown less drying shrinkage than alkali-activated.sThe experimental studies will

be performed during the autumn in 2015, exceptherstudy of fly ash which was

started when this Master’s thesis project was edrout.
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4.2 Procedure of the experimental studies

The experimental studies that were performed tduata the effect of fly ash in slag
concrete with regard to shrinkage included castingjfferent concrete mixes:

* Water-activated blends that contained water, sslad, cement and fly ash.
» Alkali-activated blends that contained water glass)d, slag, cement and fly
ash.

To be able to evaluate the effect of the fly aghrésults from the shrinkage study of
the concrete mixes mentioned above had to be caupaith studies of mixes
without fly ash. Therefore results from earlier s performed by PhD student
Shuping Wang at the Department of Civil and Envinental Engineering, Chalmers
University of Technology, were used for comparisbhe results were obtained from
shrinkage studies performed at:

« Water-activated blends that contained water, sslad,and cement.
» Alkali-activated blends that contained water glass\d, slag and cement.

As can be seen in the lists of concrete mixes akBowse of the mixes were activated
with water which activates the hardening processeofient. Slag, however, needs an
alkaline environment to be activated which can beegated by an alkaline solution

such as water glass. An alkaline environment ig eteated when cement reacts with
water and hence the hardening process in a slagrteconcrete can be activated
without an alkaline solution. However, when thegsta cement ratio increases in a
water-activated concrete the rate of the hardepiogess slows down. In the end the
objective is to totally exchange the binder in gete from cement to slag and

alkali-activation may then be preferred since &alaile solution increases the setting
rate, and hence decreases the setting time, otelagete. In all the mixes minimum

slag content was half of the binder.

For all the blends the same manufacturing process fallowed. Sand was first dry
mixed with ground granulated blast furnace slagtl&wd cement and fly ash. Water
or water glass was added to the dry mix and the was blended to the right
consistency. The concrete paste was then put intdansee Figure 4.2, which were
vibrated. When the casted prisms had cured undestiplfor 48 hours they were
weighted and their lengths were measured, see d-iguB. After the first
measurement, which hence was performed beforeksiygnhad started, the prisms
were put to dry in a climate room that has a tempee of 20°C and a relative
humidity of 50%. After some time the prisms willjast to the temperature and
relative humidity in the room which makes the skaige stop. Normally, the rate of
shrinkage slows down within 28 days which means tifa trend of the shrinkage is
visible quite early after casting, and the differenin weight and length was
consequently measured by PhD student Shuping Wahg3a 5, 7, 11, 14, 21 and 28
days after the first measurement. Measurementheffurther shrinkage will be
continued by the research group in the sub-projsmiv-carbon Materials In
Figure 4.4 textile reinforced green concrete testgbs, cast in the research project,
can be seen.
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Figure 4.1  Dry ingredients of the concrete mixesSand. 2: Fly ash. 3: Cement.
4: Ground granulated blast furnace slag. (Photon&a Bentland)

Figure 4.2  The molds, each for casting of thresms of the sizes 160x40x40 inm
(Photo: Sandra Bentland)
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Figure 4.3 Left: The prisms after 48 hours of cgrtifhe small steel bars were
casted into the prisms so that they would fit ithe measurement
equipment. (Photo: Sandra Bentland) Right: The mesasent
equipment that tells the difference in length coregato the wood
prism. (Photo: Helén Jansson)

A = = o » # f — £ 4
Figure 4.4  Prisms and textile reinforced concren@ls cast in the project Next
Generation Building Envelope Systems. (Photo: Héérsson)
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4.3 Results and conclusions of the experimental study

The results from the shrinkage studies are showhigares 4.5 to 4.8, of which
Figures 4.5 and 4.7 are results from earlier studesformed by PhD student Shuping
Wang. The plotted lines in the figures correspamddncrete mixes with different
slag-cement and slag-cement-fly ash ratios in thedo. However, no data about the
different ratios can be seen in the figures anddlason to that is that the information
needs to be kept secret for an upcoming publicatiothe results by PhD student
Shuping Wang.

In the figures it can be seen that the blends dhatalkali-activated generally shrink
more than the blends that are water-activated, cupbiout 2.3 times more. The
difference of the shrinkage between the two aatrgagenerally increase with the
increased fraction of slag. The water-activated@amhas a shrinkage close to the
shrinkage of Portland cement concrete that in Khge tests has shown a shrinkage
behavior very close to that of the water-activasadhple in Figure 4.5 that has the
smallest fraction of slag. The shrinkage of Podlaement concrete at 28 days after
curing has hence been measured to about 1mm/m. owes already mentioned in
Chapter 4.2 alkali-activation may be preferred oweater-activation since
alkali-activation decreases the setting time ofdiecrete.

In Figures 4.5 and 4.7, which show the results fearlier studies, it can be seen that
the shrinkage increase with the increased fraatibslag. In Figures 4.6 and 4.8,
which show the results from the studies with fly,as can be seen that the shrinkage
decrease with the increased fraction of slag aatttie shrinkage increase with the
increased fraction of fly ash.

In Figures 4.6 and 4.8 reference lines are plotted correspond to the lines in

Figures 4.5 and 4.7, respectively, that has theesaotor and symbol as the reference
lines. The reference lines are plotted since tmete mixes that they correspond to
have a specific slag-cement ratio that represaheedtart value, to which fly ash was

added, for all the concrete mixes plotted in Figuet and 4.8. This means that the
effect of the fly ash on the shrinkage can be $8ecomparing the results in Figures

4.6 and 4.8 by the respective reference lines. €prently, it can be seen that for
both the water-activated fly ash samples and tkalisdctivated fly ash samples the

shrinkages are larger than the shrinkages of fieear@ce concrete mixes. This means
that fly ash as part of the slag-cement binderallgtuncreases the shrinkage of the
concrete, which was not expected. More researokasled to examine the reason for
this unexpected behavior.
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5 Modelling of the Facade Element
5.1 Design input

Numerical simulations were performed in the finikéement analysis software
COMSOL Multiphysics 5.0 to simulate temperaturdribsition and heat flux and to
calculate the U-value of the facade element. Asaaly mentioned in Chapter 2.3 the
research group of the projedext Generation Building Envelope Systemil$ have
the opportunity to install the facade element atdemo site HSB Living Lab. Some
of the numerical analyses were hence performeddtuate the possible performance
of the facade element when installed. The facagiments, including the frames, will
cover an area of 1.2x3.6°mach and will be installed in between two ordinamll
and two ordinary floor elements in HSB Living Labo model this situation a
drawing of HSB Living Lab was used as a basis, Sgare 5.1. Drawings for the
modelling of the two frames were provided from tlesigners.

The material properties used in the modelling, the. thermal conductivities of the
materials, can be found in Table 5.1. The thernoaldactivity of textile reinforced
green concrete was found from testing by the rekegroupBuilding Physicsat the
Department of Civil and Environmental Engineering.
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Figure 5.1  Section of the ordinary walls and floordHSB Living Lab.
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Table 5.1 Thermal conductivity of the materialscusethe modelling.

Material Thermal conductivity A [W/(m-K)]
HSB Living Lab, ordinary walls and floors

Polycarbonate board 0.210
Battens 0.140
Insulation board 0.035
Polyisocyanurate insulation 0.024
Rockwool 0.036
Gypsum board 0.220
Fermacell 0.32
Chipboard 0.140
Facade element frames

Steel 60
Timber 0.140
Aerogel insulation 0.020
Facade element

Vacuum insulation panel 0.008
Textile reinforced green concrete 1.27

5.2 Preliminary modelling

521 Aim

The preliminary analyses were mainly performed talgate the effect of an
uninsulated frame on the U-value of the fagade efgnmAs mentioned in Chapter 2.2
the facade element shall be able to be classifeed #assive House element and
therefore needs to have a U-value of less than WABY-K). However, it is also
mentioned that the target value is 0.10 W/(K).

The analyses were also performed to determine at mimimum distance, from the
facade element edges, the measurement equipmentohas positioned in HSB
Living Lab to measure a one-dimensional heat floa perform measurements where
the heat flow is one-dimensional is important i tlesults are to be compared with
results from numerical simulations of the fagadsarent.
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5.2.2 Models

During the preliminary modelling of the facade edsrhthe design process of the
element frames had not yet been initiated. Theeefosimple uninsulated steel frame
was modelled to evaluate the need of insulatiorthan frame. Two models were
created: one of the facade element without franteame of the facade element with
the uninsulated steel frame. In this way the eféé¢he uninsulated steel frame could
be evaluated with regard to the difference in Usealbetween the models.

The facade element was modelled with two layerg@5omm textile reinforced green

concrete and an intermediate layer of vacuum itismlawhich was modelled as

100 mm thick which was assumed to be a suitablg stdue. The frame was

modelled as a 50 mm high rectangular steel prafitth a medium inside with a

thermal conductivity ten times higher than thasoll air. The reason for this is that

the air inside the frame will not be still due teettemperature difference between
indoor and outdoor climate.

In a third model the facade element with the simgikel frame was modelled as
installed in HSB Living Lab, see Figure 5.2. As ¢&@nseen, the connecting walls and
floors are not fully modelled. Instead they are eltatl so that they extend about one
meter from the connections. This is a simplificatithat is further explained in
Chapter 5.2.3.

\

) |

Figure 5.2 3D models of the facade element. Léfe facade element. Middle: The
facade element with an uninsulated steel framehtRighe framed
facade element as installed in between two wall malfloor elements
in HSB Living Lab.
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5.2.3 Simplifications

The temperature distribution and the heat flux wesluated due to a temperature
difference of one unit, i.e. the boundary condgiam the models were chosen as 0 °C
on the exterior surfaces and 1 °C on the inteniofagses. The surfaces at the edges
were assigned an adiabatic boundary condition whamiesponds to total thermal
insulation. Since the consequence is that no haatpass through these surfaces,
which is not the reality, this is a simplificatioised in the modelling.

Most of the simplifications in the preliminary mdiiteg concern the modelling of the
ordinary walls and floors in HSB Living Lab.

» In the floor the 34x70 mfbattens were not taken into account. Instead the
floor layer was modelled as a homogenous insuldéger.

* The UPE-profiles of 110 mm height were not takdo sonsideration.
* The hat profile in the floor was modelled as adstdiyer of steel.

* In the walls no battens were modelled in the apr glad no vertical studs were
modelled in the insulation layers.

* The wind and vapor barriers were not modelled.
* The connecting walls and floors were not fully mitete see Chapter 5.2.2.

The simplifications were considered acceptable esirtbe battens, studs and
UPE-profiles are located relatively far away frohe tfacade element and since the
effects of the wind and vapor barriers will be utceable. The connecting walls and
floors were not fully modelled since only a shottemsion of them is needed to make
sure that the adiabatic boundary condition at ttges does not affect the temperature
distribution and heat flow in the simulations oé ttagcade element. However, the joint
between wall and floor has been modelled as aayrats possible, but without
consideration of the fasteners. Some of the simptibns can be seen when Figure
5.3 is compared with Figure 5.1.
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Figure 5.3  Section of the 3D model. Vertical setta the upper joint between
floor and the framed facade element.
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5.2.4 Heat simulations

To evaluate if there is a need of insulation in flhgade element frame the U-value
was calculated for the facade element with and amitHrame. The U-values were
calculated by surface integration of the total Heat magnitude in Watt which was
further divided by the surface area if.r8ince the heat flux was evaluated due to a
temperature difference of 1 °C, or 1 Kelvin, thea@&ecomes W/(hK) which is the
unit of the U-value.

The U-value of the facade element without frame vadsulated to be 0.08 W/@K)
and the facade element with an uninsulated stewhdrwas calculated to have a
U-value of 8.76 W/(ri K) which shows there is a need of insulation & fitame. To
further substantiate that insulation is neededrtbelation thickness was increased to
250 mm which only lowered the U-value to 4.28 WA(9).

The influence of the frame on the temperature ibigion and heat flow in the facade

element was analyzed by vertical sections takethenmiddle of the element. The

sections can be seen in Figures 5.4 to 5.6, in lwliiee isotherms show the

temperature distribution and the normalized arr@lvew the direction of the heat

flow. As can be seen in Figure 5.4, when the irigaiahickness is 100 mm, the heat
flow is one-dimensional 150 mm from the elementeedg Figure 5.5, where the

insulation thickness has been decreased to 25 hedistance from the element edge
to the one-dimensional heat flow is further valetht
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Figure 5.4  Temperature distribution and heat flomedtion. Vertical section in the
middle of the facade element showing the bottomdéritie element
with a frame of a rectangular steel profile. Theufation thickness is
100 mm.
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The credibility of the results can also be confidr®y the vertical section in Figure
5.6 where the element is modelled as installed $BHLiving Lab. In Figures 5.4 to
5.5 there was a possibility that the temperatus&idution and heat flow was affected
by the adiabatic boundary conditions at the elereeges. Due to the extended walls
and floors, in the model of the installation in H&B/ing Lab, the temperature
distribution and heat flow in the facade elemenna affected by the adiabatic
boundary conditions and the result is thereforeamealistic. Still, it can be seen from
Figure 5.6 that even in this case the one-dimeasiogat flow is found 150 mm from
the facade element edge.

Summarizing the preliminary modelling it was comtgd that the frame needs to be
insulated if the facade element shall have the dppity to be classified
internationally as a Passive House element. It wé® concluded that the
measurement equipment in HSB Living Lab needs tgdmtioned at a minimum
distance of 150 mm from the facade element edge.
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Figure 5.5 Temperature distribution and heat flomedtion. Vertical section in the
middle of the facade element showing the bottomddritie element
with a frame of a rectangular steel profile. Theufation thickness is
25 mm.
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Figure 5.6  Temperature distribution and heat flomedtion. Vertical section in the
middle of the facade element showing the lower ection between the
element and the floor in HSB Living Lab. The insalathickness is
100 mm and the frame is of a rectangular steelilgrof

5.2.5 Convergence study

To ensure that the results of the simulations havgood accuracy a convergence
study was performed. The temperature in the poicated a quarter into the wall in

the corner between the frame and the facade eleseatFigure 5.7, was calculated
with five different mesh sizes. In Table 5.2 th&edent meshes are presented with
names and element size ranges. They are pre-defif@@MSOL and possible to use

instead of custom-made meshes.

From the table it can be seen that the temperatutiee chosen point converges to
0.28102 °C. It can be seen that thermal andFine meshes give the same results as
the Finer mesh, and due to this is sufficiently accuratage. The heat simulations of
the facade element were performed withRireer mesh, which from this convergence
study has shown to be sufficient.
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Figure 5.7  Point in the fagcade element from whiesuits for the convergence
study were obtained.

Table 5.2 Results from the convergence study ofafede element based on the

mesh size.
Mesh Mesh size [mm] Temperature [°C]
Extremely coarse 252-1800 0.28045
Coarser 144-684 0.28090
Normal 64.8-360 0.28102
Fine 36-288 0.28103
Finer 14.4-198 0.28102

5.3 Final modelling

5.3.1 Aim

The final analyses were performed to determineUhalue of the facade element
when it is framed with the two frame alternativagygested specifically for the
installation in HSB Living Lab. The aim was alsodetermine the total thickness of
the facade element, i.e. without frame, if it is reach the target U-value of
0.10 W/(n?-K) claimed in the projedtiext Generation Building Envelope Systems

5.3.2 Models

The models created in the preliminary modelling everused for the calculation of
some of the U-values. Also, two new models weratee: during the final modelling;
a model of the cross-laminated timber framed fagdement and a model of the steel
framed facade element. The models of the frameg Wwased on drawings obtained
from the designers of the frames.
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5.3.3 Simplifications

In the frame models no steel covers, fasteners dightens were taken into account.
The steel covers and air tightens were neglectext ghey have a small impact on the
heat flux due to their small thickness and theefasts were judged to take too much
modelling effort compared with their expected effea the heat flux. Also, some

minor simplifications of difficult geometries weneade.

As in the preliminary modelling the heat flux wastefrmined due to a temperature
difference of one unit, with the boundary condisathosen to O °C on the exterior
surfaces and 1 °C on the interior surfaces. Agtia, surfaces at the edges were
assigned total thermal insulation.

5.3.4 Heat simulations

As in the preliminary modelling the U-values in theal modelling were calculated
by surface integration of the total heat flux magee in Watt which was divided by
the surface area in 3rand the temperature difference in K to obtain to raf
W/(m?-K), i.e. the unit of the U-value.

For the cross-laminated timber framed element atedl with a 100 mm vacuum
insulation panel the U-value was determined to @2 ON/(n?-K). For the steel
framed element insulated with a 100 mm vacuum atgun panel the U-value
became 0.13 W/(fK). It should be noted again though that the datmns were
performed with simplifications in the modelling atitht the U-values therefore are
expected to be somewhat higher in reality.

For future use of the fagcade element in buildimgsich then may be unframed and
permanently installed, the U-value at differentmedat thicknesses was calculated.
The U-value dependent on the insulation thickndssnimeral wool and vacuum
insulation, respectively, can be seen in Figure Bt relation between U-value and
thickness of the vacuum insulation is plotted betth regard to the design value of
the thermal conductivity and with regard to theetrthermal conductivity, see
Chapter 2.5.3. The U-value at different sandwigmant thicknesses can be seen in
Figure 5.9, where two 70 mm thick conventionallynferced concrete layers were
added to the mineral wool and two 25 mm thick texteinforced concrete layers
were added to the vacuum insulation panel. The extwnally reinforced concrete
layers will be at least 70 mm each due to neededrete cover. It can be seen in the
figures that to reach the target U-value of 0.1@riv®/K) the facade element needs to
be 130 mm in total, of which 80 mm is the vacuusulation thickness. 360 mm of
mineral wool is needed to reach the target U-valbih results in a total sandwich
element thickness of at least 500 mm. The limiugain the international Passive
House standard of 0.15 W/K) is reached by 54 mm vacuum insulation or 240 mm
mineral wool. The sandwich element thicknesses édérezome 104 mm and about
380 mm respectively.
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It can be noted that the difference in thicknesswben the facade element and a
sandwich element of mineral wool and conventior@icecete, is big and that the
facade element hence will result in more livableaatighter structures, more daylight
and less consumed material compared with the cdiovexh sandwich element.
Again, if the target U-value of 0.10 W/{nK) is to be reached the facade element
needs to be 130 mm thick and the mineral wool eteémeeds to be 500 mm thick. To
revert to the example in Chapter 1.1; the livabilaan a quadratic house of 100m
would increase to 115hif the exterior wall thickness is decreased frod® 5nm to
130 mm. The difference in thickness between thelwar elements is illustrated in
Figure 5.10.

Figure 5.10 lllustration of the needed thicknessaafandwich element of vacuum
insulation and textile reinforced green concreteftfl and a sandwich

element of mineral wool and conventionally reinéta@oncrete (right)
if a U-value of 0.10 W/(#K) is to be reached.
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6 Conclusions

This Master’s thesis project was part of an ongaiegearch project at Chalmers
University of Technology. The research project atmslevelop a facade element for
a Passive House standard that has great potentiedlucing energy and material use,
and emissions in the buildings sector, but at alleméhickness than what is typical
for Passive House walls. To reach the energy desnaha Passive House, a thickness
of about 300 mm to 500 mm conventional insulatisnneeded in the building
envelope. With decreased wall thicknesses morélivarea can be gained, and there
Is also other benefits such as lighter structunesre daylight and less consumed
material, which in turn may lead to less transptwtthe building site.

The research project focuses on three innovationsombination: green concrete,
textile reinforcement and novel insulation matexi&reen concrete, i.e. concrete cast
with slag in the binder, has shown higher shrinkéngen concrete cast with Portland
cement, and one of the aims of this Master's thpsigect was therefore to find
possible solutions to the severe shrinkage. Aditee study was hence carried out
and it was found that heat treatment and additibiguicklime, gypsum, fly ash,
polypropylene glycol and light-burned dolomite, aeggely had shown to have a
reducing effect on the shrinkage. As a result efliterature study it was decided by
the research group to make experimental studiegviuate the additions of
magnesium oxide and polypropylene glycol. In additit was also decided to try
other polymers than just polypropylene glycol amdtudy the effect of fly ash as part
of the binder.

During the Master’'s thesis project the experimestaldy of fly ash was started.
Samples that contained sand, slag, cement andlilyativated with either water or
water glass, were casted and the shrinkage of dhgles were measured during
28 days. To be able to evaluate the effect oflhash the results from the study were
compared with earlier studies of samples withoyt d&sh. From the comparative
shrinkage study it was concluded that the sampiéisated with water shrink less
than the samples activated with an alkaline salutamd that the difference in
shrinkage between the water-activated and theialkti’ated samples increase with
the increased fraction of slag. However, watervatéid slag concretes harden much
slower than alkali-activated slag concretes ands ittherefore preferred to use
alkali-activation in many cases. From the compaeasitudy it could also be seen that
fly ash increased the shrinkage of the slag coecrigie expectation was that the fly
ash would decrease the shrinkage since it had btmamd in the literature that
alkali-activated fly ash shrink less than alkalireated slag. More research is needed
to examine the reason for the unexpected behavior.

Since the fagade element of vacuum insulated éexginforced green concrete
developed in the research project will be installed observed during real
circumstances at the demo site HSB Living Lab, iend this Master’s thesis project
was to simulate the possible temperature distobutind heat flux in the facade
element by a finite element analysis software. #ar installation of the facade
element in the research arena the element needs txchangeable and therefore
needs to be mounted into a frame. The aims of nlaé/ses regarding the installation
in HSB Living Lab were to determine at what minimuhstance from the facade
element edges a measurement equipment needs tmdigorned to measure a
one-dimensional heat flow, to evaluate the effdctio uninsulated frame on the
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U-value of the facade element and to determineUdhwalues of the fagade element
with two frames that had been developed specifidall the installation. It was found
that the heat flow is one-dimensional 150 mm frbm ¢lement edge. The U-value of
the facade element without frame was calculatdakt6.08 W/(r K) with a vacuum
insulation panel of 100 mm thickness, and the Wwalf the facade element with an
uninsulated steel frame was calculated to be 8.76n¥AK). When the insulation
thickness was increased to 250 mm the U-value lomigred to 4.28 W/(mK) which

is 42.8 times more than the target U-value of 0/{rfWK) that was claimed by the
research group. The numerical simulations hencestidhat the frame used for the
installation in HSB Living Lab needs to be insuthtghich affected the design of the
two frame suggestions that were developed in ae@abipe project.

The two frame suggestions were mainly of crossitameid timber and steel,

respectively. By numerical simulations the U-valwéghe framed facade elements
were determined in the Master’s thesis project. Unealue of the cross-laminated

timber framed facade element was about 0.22 WKinand the U-value of the steel

framed facade element was about 0.13 \&/Kh These U-values were obtained with
100 mm vacuum insulation in the facade elementceSithe calculations were

performed with simplifications the U-values canéected to be somewhat higher
in reality.

The Master’s thesis project also aimed to find nleeded thickness of the vacuum
insulated textile reinforced green concrete facatiement that makes it fulfil the
Passive House standard. The numerical simulatioowed that the total thickness of
the facade element needs to be 130 mm to resaltUavalue of 0.10 W/(fK), of
which 80 mm is the vacuum insulation thickness. rBsult in a U-value of
0.15 W/(n?-K) the facade element needs to be 104 mm, of whithmm is the
vacuum insulation thickness. 360 mm of mineral wisoheeded to reach the target
U-value which results in a total sandwich eleméntkness of at least 500 mm since
each conventionally reinforced concrete layer rteduk at least 70 mm due to needed
concrete cover. The limit value in the internatiofassive House standard of
0.15 W/(n?-K) is reached by 240 mm mineral wool and the sacitvelement
thickness hence becomes about 380 mm.
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