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Kurzfassung

Im Vorfeld der gegenstandlichen Masterarbeit wurden im Rahmen eines GroBspritzversuches, Druckfes-
tigkeitsuntersuchungen von zuvor ausgewahlten Trockenspritzbeton- Rezepturen durchgefiihrt. An-
schlieBend wurden die verwendeten Rezepturen im Labor reproduziert und die Druckfestigkeit abermals
bestimmt. Dazu wurden prismatische Probekdrper aus Trockenspritzbeton entsprechend den Mi-
schungsentwiirfen hergestellt. In den anschlieBenden Auswertungen wurden die Laborergebnisse der
Druckfestigkeitsuntersuchungen mit jenen Ergebnissen des GroBspritzversuches verglichen.

Im darauf folgenden Schritt erfolgte die Untersuchung der thermodynamischen Hydratationsvorgange,
welche wahrend der chemischen Reaktion von Wasser mit Zement, Zusatzstoffen und Zusatzmitteln
vonstattengehen. Dazu wurden frische Mischungen mit einem isothermen Kalorimeter wahrend eines
Zeitraums von 24 Stunden beobachtet. Das Ziel dieser Untersuchungen war es den Einfluss von Zusatz-
stoffen auf die Reaktionsverlaufe, und in weiterer Folge auf die Hydrationsmechanismen und die Druck-
festigkeit, zu beobachten.

In einem letzten Schritt wurden die Phasenumwandlungen wahrend der Hydratation an Hand ausge-
wahlter Mischungen mittels Rontgenstrukturanalyseverfahren lber einen Zeitraum von 24 Stunden be-
obachtet. Dazu wurde zum einen der Einfluss eines, in geringen MalBen vorhandenen, Calcium-Sulfat-
Anteiles beobachtet. Zum anderen wurde der Effekt eines Calciumaluminatzementes, auf die Phasenum-
wandlung untersucht.

Zusatzlich zu den zuvor genannten Untersuchungen wurde die Korrelation der Reaktionswarme- und
Druckfestigkeitsentwicklung untersucht. Die dadurch errungen Erkenntnisse kdnnen zukilinftig dazu ge-
nutzt werden, um die Druckfestigkeitsuntersuchungen von Trockenspritzbeton zu beschleunigen und
die noch zu erreichende Druckfestigkeit zu prognostizieren.

Schlagworter: Hydratation, Trockenspritzbeton, Kalorimetrie, Druckfestigkeit, Hydratationswarme, An-
fangshydratation, Hydratationsmechanismen, Rdntgenstrukturanalyse



Abstract

The first step of this master thesis was to investigate the compressive strength development of pre-
selected dry-mix shotcrete mixtures, which were sprayed during the in-situ full-scale test. Therefore, test
specimens of dry-mix shotcrete mortar were produced accordingly to mixtures from the full-scale test.
These samples were tested concerning their compressive strength development. The results were then
compared with the outcomes of the full-scale test.

The next step was to determine the heat release, which occurs through the chemical reaction of water,
cement, other supplementary cementitious materials and admixtures with an isothermal calorimeter
during the first 24 hours. The aim of this investigation was to show the effects of supplementary ce-
mentitious materials on the reaction process and on the mechanisms of hydration.

In a final step, the phase assemblage evolution during hydration of preselected mixtures was observed
through an in-situ X-ray diffraction over a period of 24 hours. Therefore, the effects of very low amounts
of available calcium sulphate in the mixtures, which is a major feature of dry-mix shotcrete in Austria,
were observed. Moreover, the effects of calcium aluminate cement as an additional cementitious mate-
rial in the mixtures were detected.

In addition to that, correlation studies of the heat release and the compressive strength development of
prisms made of dry-mix shotcrete mortar were implemented. This research was conducted to gain a
better understanding of the dependency between the chemical reaction of cement with water, supple-
mentary cementitious materials and admixtures. The accomplishments of this research can be applied
for an initial and fast estimation of the compressive strength development of a dry-mix shotcrete after-
wards.

Keywords: Hydration, Dry-mix Shotcrete, Calorimetry, Compressive Strength, Heat Release, Heat of Hy-
dration, Early-age Hydration, Mechanisms of Hydration
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1 Introduction and Aims

The concrete- and especially shotcrete -technology in combination with the “New Austrian Tunnelling
Method” (NATM) has become the standard technology in tunnelling and underground mining world-
wide for more than 50 years, cf. (Poso and Windshtigel 2014). Regarding this, shotcrete is a mostly hid-
den but very important construction material. It is a physical safeguarding measure during construction
work in building pits and tunnels. Furthermore, shotcrete is used as a rock support and a fixed compo-
nent of tunnel linings. Depending on the specific challenges, shotcrete takes over rock pressure, prevents
from water inlet or protects miners from rock bursts during the construction phase.

In general, there are two different procedures of applying shotcrete on a surface. These methods are
called wet-and dry-mix shotcrete. The most obvious difference between these two types is the mixing
process. Wet-mix shotcrete is a ready-made concrete, which is pumped through a hose to the nozzle. It
is the most commonly used procedure when a high performance is necessary. Though, it is not very
flexible in respect to layoffs.

In contrast, dry-mix shotcrete is cement, which is mixed with a set accelerator and water right at the
nozzle, which is the most frequently used dry-mix method. The dry-mix shotcrete is either premixed
oven-dry or adhesive moist powder. This powder is pumped with compacted air through a hose to the
nozzle. The mixing water and, if necessary, fluid admixtures are added at the nozzle. Figure 1 shows a
schematic illustration of the dry-mix procedure. The addition of water right at the nozzle leads to a
greater operating range. Layoffs are possible, which are convenient in unexpected fault zones during
mining. Moreover, lower water to binder ratios are possible, which are a major parameter in depending
on stiffness and strength development. In addition to previously notified shotcretes, there have been
developed cements without set accelerators in Austria in the 1990s. They contain none or just a very
small quantity of calcium sulphate, which lead to a very rapid reaction with water and within to a very
rapid setting. These binders are regulated in “OVBB-Richtlinie Spritzbeton”, cf. (Osterreichische Bautech-
nik Vereinigung 2009) and cf. (Poso and Windshtigel 2014, 363-70). In this current work, they are abbre-
viated "SPBM".

Dry-mix Procedure:

Dry Mixture

Mixing Water and
if necessary Admixtures
I
Q&,’
Concrets
Compressed Air Spraying Fine Flow Process Nozzle
Machine
| I E—

Figure 1: Dry-mix procedure, adapted from (Ruffert, Brux, and Badzong 1995)"

Nowadays, the environmental aspects and lifecycle costs of a structure became more important. None-
theless, studies showed that the presence of mountain water rich in sulphate or chloride, as well as the
high amount of CO; in the surrounding tunnel environment, weaken the concrete-structure and leads
to a leaching process (Wegmiiller 2001). These leaching process is a major problem for the drainage
system of a tunnel. Moreover, infrastructures such as tunnel are designed and built to remain at least

' (Ruffert, Brux, and Badzong 1995, 25)
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120 to 200 years. Such a long lifespan leads to tremendously high repair and maintenance costs for
society. Seventy-five percent of all costs of maintenance are caused by draining water arising in a tunnel,
cf. (Kusterle 2006, 87-103).

According to the risky and challenging long service life of such infrastructure projects, there is ongoing
research to improve existing technology and to find new methods to fulfil those environmental require-
ments. Thus, it is necessary to have a very well understanding of all kinds of chemical attacks, the hydra-
tion process and the internal structure of shotcrete to accomplish these requirements.

Therefore, the project ASSpC (Advanced and Sustainable Sprayed Concrete) at the Graz University of
Technology, the OTH Regensburg and the material technology university Innsbruck in cooperation with
the "Osterreichische Bautechnikveranstaltungs GmbH" (OBV GmbH) has been initialised. This project has
three main targets that are:

= the development of new shotcrete recipes
= the improvement of shotcrete durability

» the advanced apprehensions of shotcrete

According to that, the aim of this master thesis is to show the correlation of strength development, heat
release and phase assemblage evolution during hydration of dry-mix shotcrete caused by the chemical
reactions of water with cement and/or other binder materials. This assumption shall exhibit the relation-
ship between a rising setting, early-age strength development, and an increasing amount of energy over
time. Further, this work should help to speed up the testing procedure of the early-age compressive
strength testing of dry-mix shotcrete-blends under laboratory conditions. Eventually, this thesis should
help to add clarity to the hardly researched hydration process of dry-mix shotcrete.

1.1 Procedure

The starting point of this master thesis was the full-scale test of dry-mix shotcrete at the cement plant
of w&p in Wietersdorf during the time of 12" to 16" of March 2018. A preselected collection of different
mixes was tested under realistic conditions. The mixtures with the most promising results were selected
afterwards for further investigations. These investigations included following examination steps.

* Investigations of the early strength development.

= Observations of chemical reaction of mixtures with
a calorimeter during the first 24 hours of hydration

= Detailed examinations of two mixtures through an
x-ray diffraction with Rietveld analyses
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2 Theoretical Principles

This study deals with dry-mix shotcrete, a specific topic in the field of civil engineering. To ensure a better
understanding, the following subchapters give a brief introduction to the basics of dry-mix shotcrete
with a focus on mechanisms at a very early age of hydration.

2.1 Dry-mix Shotcrete

In general, dry-mix shotcrete is a product, which is formed through inorganic chemical- and physico-
mechanical reactions of anhydrous compounds with water. This process is generally known as hydration
and the major constituents are water and cement.

2.1.1 Reactions of Cement with Water in regard to Dry-mix Shotcrete

Cement in general is made by heating a mixture of calcium oxide (CaO), silicon dioxide (SiOy), smaller
amounts of aluminium oxide (Al,O3) and ferrous oxide (Fe,Os3) to a temperature of approximately 1450°C.
Because of this high temperature, a sintering occurs, and clinker is generated. It is a composite of around
67% CaO, 22% SiO,, 5% Al;03, 3% Fe;O3 and 3% other components. The clinker contains four major
phases, which are Alite C3S (tricalcium silicate or CasSiOs), Belite C2S (dicalcium silicate or Ca,SiOa), Alu-
minate C3A (tricalcium aluminate or CasAl;Og) and Ferrite C4AF (tetracalcium aluminoferrite or
CayAlFeOs). (Taylor 2003, 1-2) The setting process results from exothermic reactions of water with these
four major phases. Figure 2 shows this hydration rate by time. It is recognizable that the hydration of
C3A and C4AF is very high at the beginning in comparison with C3S and C;S, based on the condition that
sulphate is rarely available.

1 10 100 1000 10 000

Hydration time (k)

Figure 2: Typical hydration kinetics of pure clinker minerals (C3A
without and with added gypsum)?

2 (Hewlett and Lea 2001)
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The most important clinker-phase for Ordinary Portland Cement (OPC) is the alite. It reacts relatively
quickly, and is essential in terms of early (from the first hour on) and late strength development. The
pure reaction of C3S with water is a rather complex reaction, and it is still not fully understood. At ambient
temperature amorphous calcium silicate hydrate (CSH) with a CaO/SiO; ratio of less than 3.0 and crys-
talline calcium hydroxide also known as portlandite (CH) is formed cf. (Hewlett and Lea 2001, 243).

2(3Ca0 * Si0,) + 6H,0 — 3Ca0 * 28i0, * 3H,0 + 3Ca(OH), 1)

Equation (1) shows the reaction of C3S and water. The progress of this reaction can be described by the
rate of hydration, which can be studied by determining the amount of non-reacted crystalline C3S
through a XRD-analysis. The belite reacts similarly with water but slower and more constantly than the
alite. Therefore, C,S influences the strength development significantly at a later stage. This is mainly
caused by its lower solubility in water. As it is shown in (2), CSH and CH occur.

2(2Ca0 = Si0,) + 4H,0 — 3CaO  2Si0, * 3H,0 + Ca(OH), @)

Through the hydration processes, needle-shaped CSH-phases cover the clinker grains. These CSH-
phases grow against the free pore space, where they interlock each other and build a solid structure.
The CSH-phases occur in cement in different ways. It depends on the water content between the CaO-
and SiO»-layers. In a more detailed perspective, the CSH appears between the two borders CsS¢Hg (to-
bermorite) and CoSeH11 (jennite), for example as CoSH (hillebrandite), CoSsHa (gyrolite), C3SaH3 (afwillite),
C4S3H (foshagite) and CsSeH (xonotlite). The formation of CSH depends on a number of different param-
eters. The most important ones are w/c-ratio, temperature, grinding fineness and the presence of addi-
tional supplementary cementitious materials containing silica cf. (Benedix 2015, 353-54).

Aluminate and Ferrite react with water very rapidly. Especially aluminate is important for the setting
development in the first few minutes. Both are very sensitive to calcium sulphate. The absence of sul-
phate during the reaction of C3A with water leads to an instant setting and a high exploration of heat
energy. C4AH3and C2AHs occurs in a first step, see equation (3). These calcium aluminate hydrates (CAH)
shape crystals and form a chart house like structure, which leads to a setting of the cement-water mixture
right after combining them. The instable calcium aluminate hydrates converts afterwards to C3AHe
(katoite) cf. (4).

2(3Ca0 * Al,03) + 21H,0 — 4Ca0 = Al,05 * 13H,0 + 2Ca0 * Al,0; * 8H,0 (3)
C,AH;; + C,AH; — 2(C3AHg) + 9H 4)

On the contrary, the presence of small amounts (about five percent) calcium sulphate CaO4 * xH20O (C$H,)
act as a set-controlling agent during the reaction of CzA with water. The amount of C$H, influences the
chemical reactions and their outcome. A high amount of C$H, in combination with CzA and water forms
Ettringite (AFt-phase), cf. (5).

3Ca0 * Al 05 + 3(CaSO0, * 2H,0) + 26H,0 — 3Ca0 * Al,04 * 3CaS0, * 32H,0 (5)
CsA + 3CsH, + 26H — C3A(Cs)3Hs, 6)

When the entire C$Hy has been consumed, and there is some C3A left, the C3A is going to react with the
trisulphate and water to monosulphate (AFm- phase) which containing less sulphate.

C3A(CS)3Hs, + 2CsA+ 4H — 3C3A (Cs)Hy, @

CsH, + C;A+ 10H - CsA (Cs)Hy, 8)
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In case of a very low concentration of sulphate in the solution, AFm is formed instead of AFt, see equation
(8). (Stark and Wicht 2000, 192) indicates the formation of AFt and AFm depending on the CsH,/C3A -
ratio, cf. Table 1.

CsH>/C3A Reaction product:

>3.0 AFt and free gypsum

3.0 AFt

1.0-3.0 AFt and AFm

1.0 AFm

<1.0 AFm and C4AH13, CAHg,
or C3A(Cs,CH)H12

0 C3AHs

Table 1: C;A/CsH,- ratio and predicted reaction products

There has been little research on the hydration of tetracalcium aluminoferrite so far. In general it is
supposed, that C4AF reacts similarly but slower than the C:A, (Taylor 2003). In absence of sulphate, the
instable ferrite phases C4(A,F)H13, C2(A, F)Hs, a mix of iron(lll)-hydroxide Fe(OH)3 and aluminate-hydroxide
Al(OH);z arises. The Ferrite-phases decompose in C3(A,F)Hs and water, as it is shown in (9) and (10), after-
wards.

2C,AF + 32H — C,(A F)H,3 + 2C,(A, F)Hy + (A, F)Hs )
C4(A,F)H 3 + C,(A,F)Hg —» 2C3(A,F)Hg +9H (10)

This swift reaction of CzA with water is used for dry-mix shotcrete. The setting process starts rather
immediately, and an additional accelerator is not necessary.

If sulphate is present, aluminate- trisulphate C3(A,F)(Cs)sHs. is formed. This aluminate-trisulphate con-
verts, as shown in (11) and (12), to monosulphate C3(A,F)CsH».

3C,AF + 12CsH, + 110H — 4 C5(A,F)(Cs)3Hs, + 2(A, F)Hs (11
3C,AF + 2C5(A,F)(Cs)3Hs, + 14H — 6C5(A, F)CsHy, + 2(A, F)H, (12)

In general, dry-mix shotcrete consists of a cement, a sprayable binding agent, with a low content of
sulphate in comparison with OPC. This low amount of sulphate leads to a very rapid setting in cement
or shotcrete pasts and an additional accelerator is not necessary, cf. (Springenschmid 2007, 37). The
amount of sulphate

However, the speed of hydration is not only influenced by the available clinker-phases, but also through
the speed of cooling during the clinker production, defects in the crystal lattice, size of crystals and the
presence of external oxides (for example K;O and Na,O). Further, the grinding fineness, the w/c-ratio,
ambient temperature and the mixing manner and time influence the manner of reaction in an indirectly
way, cf. (Verein Deutscher Zementwerke 2008).
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2.1.2 Hydration Mechanisms of Dry-mix Shotcrete

The hydration of cement at ambient temperature is characterised by four different periods. These peri-
ods are described in detail in the following paragraphs. The hydration mechanisms and within the setting
behaviour of dry-mix shotcrete is influenced significantly by the presence or absence of calcium sulphate.

Pre- induction period

Immediately after the contact of cement with water, swift and very intense reactions evolves. An intense
liberation of heat energy can be observed as well, at this stage of hydration. Alkali sulphates, which are
present in cement, dissolve in H,O within seconds. CsS dissolves similarly, and because of this reaction,
CSH phases precipitate at the surface of the cement particle. This reaction is accompanied by an increase
of Ca®* and OH—ion- concentration in the liquid phase. In addition to that, silicate ions enter the liquid
phase, even though their concentration is very low.

The reaction of cement with water is highly infected by the presence or absence of calcium sulphate.
The presence of small quantities (up to five percent) of calcium sulphate, which is typical for OPC, lead
to a reaction with C3A. A gel-like material occur at the CsA-surface. This gel transforms slowly into long
shaped crystals (AFt). cf. (Taylor 2003, 265-66). In absence (or in presence of very small quantities) of
calcium sulphate, C3A reacts quickly with water and hexagonal crystals, in the form of C;AHs or C4AH1g,
grow on the CsA-surface. These hexagonal crystals build bridges between cement particles and a setting
occurs. This effect is exploit in terms of dry-mix shotcrete (in Austria).

Induction (dormant) period

After the pre-induction period of fast hydration. The CAH-crystals build a barrier between the solution
and the non-reacted C3A and the hydration rate slows down significantly for one or two hours (in case
of dry-mix shotcrete). The liberation of heat energy decreases significantly at the same time, cf. (Hewlett
and Lea 2001, 244-45) Meanwhile, the concentration level of CH in the liquid phase reaches its maximum
and declines afterwards. The SO42-level (if there is something left) remains constant as the fraction con-
sumes in the formation of AFt-phases. Further information about this period, and in particular about
reasons of slowing down and the later increase of hydration, can be found in (Taylor 2003, 246, 259, 260,
262)

Acceleration (post-induction) period

This stage is characterized through an accelerated hydration process, where nucleation and growth of
the hydration products starts again. The C3S hydration accelerates and CSH begins to form. In addition
to that, the C;S hydration starts. Portlandit precipitates out of the liquid phase and because of that, the
concentration of Ca?* declines in the liquid phase. The CAH-crystals precipitates from the CsA-particle
and the barrier between the solution and the non-hydrated CsA is disrupted. The reaction of excessive
C3A accelerates again. cf. (Taylor 2003, 266).

Post-acceleration (deceleration) period

After reaching a maximum, the rate of hydration slows down gradually. An amount of non-reacted ma-
terial declines and the hydration-rate becomes diffusion-controlled.

Additional CSH-phases are formed due to the continuing hydration process of C3S and B-C.S. As a result
of that, the formation of calcium hydroxide declines.
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Period: Kinetics of the hydration
process:

Chemical reaction:

Effects:

Pre-induction pe-  chemical controlled, rapid
riod reaction

lons get dissolved

alkaline pH-value

Induction period  slow period and nucleation

lons get dissolved and
CSH- nucleation

Begin of setting

Acceleration pe- Chemical controlled rapid
riod reaction

Begin of formation of
CSH- phases

End of setting and
begin of hardening

Post acceleration Chemical and diffusion con-
period trolled reaction

Formation of CSH-
phases

influence early
strength development

Table 2: Summarized stages of the hydration process
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2.1.3 Heat of Hydration

As described in chapter 2.1.2, the hydration process can be divided in different periods. Each period
comes with different chemical reactions and therefore with different amounts of heat release. Figure 3
shows a typical hydration curve for an ordinary Portland cement (OPC). This curve is similar to heat
curves of dry-mix shotcrete. As postulated in (Hewlett and Lea 2001, 270), conducts the presence of
small amounts of K* to a tiny initial endothermic peak right after adding mixing water. The rapid hydra-
tion of C3S and C3A in the pre-induction period leads to an exothermic reaction and a rather intense
liberation of heat. The heat release as well as the hydration rate in the following dormant period de-
creases and reaches its minimum. After this induction period, the heat liberation and the hydration rate
increases again, and a second exothermic peak can be observed for OPC after few days. This second
increase mainly comes from the hydration of CsS, the formation of CH and the CSH-phases. After this
phase, the deceleration period occurs. The heat release decreases and reaches a low, but constant, level.
In some cements, a small peak or shoulder occur at the degreasing branch of the second peak. As de-
scribed in (Hewlett and Lea 2001, 270-71), this peak probably occurs because of the renewed formation
of AFt. There may is another shoulder, which comes from the conversion of Aft- to AFm. In opposite to
OPC, reactions of dry-mix shotcrete happens much faster. The inflection point after the dormant period
appears approximately after two to ten hours. The following acceleration period emerges after about
eight to eighteen hours of hydration.

50

(J/(vg))

0 ] 12 18 24 30- 36 42 48 54 &0
Hydration time (d}
Figure 3: Example of heat of hydration curve of an OPC3
1: initial endothermic peak; 2: initial exothermic peak; 3: inflection point (dormant period ends); 4: peak
of acceleration period; 5: AFt formation; 6: conversion of AFt to AFm

The general heat release results of the hydration process. It is influenced by the composition of the
cement, its finesse and the surface area to volume ratio. The total heat release of the complete hydration
process is approximately the sum of the heat releases of each constituent. Concerning this matter
(Hewlett and Lea 2001, 271) gives enthalpy values for the hydration of each pure clinker mineral.

3 (Hewlett and Lea 2001, 270)
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2.1.4 Influences on Hydration, Setting and Hardening Procedure

As described in 2.1.1, the structure, the density and within the compressive strength of solid cement
paste is highly influenced by the hydration process and the water cement ratio. Up to a value of about
0.40, all added water is consumed and only gel- and air pores occur. These pores are not connected with
each other. Starting from a w/c-ratio of 0.40, capillary pores appears. They are connected with each other
and responsible for the water transportation through the lime. Capillary porosity lowers the compressive
strength and influences the durability properties of a structure.
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Figure 4: Pore- Distribution as a function of w/c ratio*

Findings in (Feldman and Cheng-yi 1985) show that a cement partially replaced with supplementary-
cementitious materials, is less deformable for a given porosity than an ordinary cement paste. Feldman
measured the Young's modules, compressive strength and mercury porosity, which indicates the amount
of capillary pores. The authors assumed that this might be the case because of a higher amount of CSH-
phases and a lower amount of CH.

A substitution of cement with active SCMs greatly decreases the permeability to water, given that the
hydration has well advanced. Results in (Marsh, Day, and Bonner 1985) show a partly substituted cement
by 30% of fly ash with a permeability of 10-">4 m/s. In comparison to that, a pure sample of Portland
cement had a permeability of 10-""7 m/s. Furthermore, similar results were found for partly substituted
cement in silica fume or ground granulated blast furnace slag.

2.2 Properties of Supplementary- Cementitious Materials and Admixtures

Supplementary- Cementitious Materials (SCMs) or admixtures can be part of a dry-mix shotcrete mix-
ture. These SCMs or admixtures affects the properties of dry-mix shotcrete in a physical or chemical
manner. In general, SCMs and admixtures influence mineral growth, density, porosity and therefore the
deformation behaviour of dry-mix shotcrete.

4 (Czernin 1980)
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In a more detailed perspective two main effects emerges. First a physical filler effect occurs with addition
of small amounts of inert fines (<125um) to the blend. Therefore, fine particles occupies the space be-
tween coarser grains and less water is necessary. This lead to a low compressive strength increase. A
higher amount of inert fillers reduces the compressive strength again. Findings in (Krstulovi¢, Kamenié¢,
and Popovic¢ 1994) showed a linear decrease of compressive strength with increasing filler proportions.
Second, additional reactive fines lead to an increase of strength. This effect enhances with smaller par-
ticles and is attributable to a greater reaction surface area, cf. (Reschke, Siebel, and Thielen 1999).

2.2.1 Ground Granulated Blast Furnace Slag

Ground granulated blast furnace slag (GGBFS) is a latent-hydraulic side product in the production of pig
iron. It originates from a rapid down cooling process of molten blast furnace slag through water or air.
Only the fast down cooling process generates CS in a beta-modification, which is necessary for a hy-
draulic reaction, cf. (Belie, Soutsos, and Gruyaert 2018, 7-15).

Besides this reaction, there can be additional reactions for example with sulphates of cement. The addi-
tional CSH- phase causes less capillary pores and the amount of gel pores increases. As a result, the
amount of free CH decreases. See also (Benedix 2015) for further information.

2.2.2 Metakaolin

Metakaolin (MK) (Al;Si>O7) is a clay mineral, which is dehydrated by around 600 to 900°C. It reacts with
CH pozzolanic to CSH-phases and stratlingite (Belie, Soutsos, and Gruyaert 2018, 191-93). The survey of
(Antoni et al. 2012) showed that a coupled substitution of OPC with MK and limestone yields better
mechanical properties and a tougher structure. Moreover, the study showed a decline of CH if MK and
limestone is present. Findings in (EI-Diadamony et al. 2016) showed equal results, whereas a substitution
of cement with MK up to 20 percent leads to an increase in compressive strength in comparison to pure
cement.

In addition to these previous findings, recent investigations at the Graz University of Technology showed,
a reduced leaching potential of dry-mix shotcrete mixtures in presence of MK, cf. (Thumann and Rock
2017). On the contrary, the reduction of the amount of open porosity through a substitution of dry-mix
shotcrete with MK could not be determined. Further findings of OPC and MK in (Frias and Cabrera 2000),
confirmed these results and showed no significant difference of OPC and OPC in combination with MK
in porosity during the first seven days.

2.2.3 Calcium Aluminate Cement

Calcium aluminate cement (CAC) is a non-Portland cement, which is used in this work in a mixed binder
system mostly in combination with cement including calcium sulphate. The addition of CAC to Portland
cement can possible leads to a very rapid setting. This behaviour is caused by the CAC, which reacts with
the calcium sulphate. This reaction disturbs the normal set control process of OPC and calcium sulphate.
The needed amount of CAC depends on the type of calcium sulphate, cf. (Engineering Information, Inc
2003, 66-88). In general, CAC consists of a combination of Ca0, SiO; and Al,Os. The composition is quiet
distinct in comparison to Portland cement, as it can be seen in subsequent Figure 5.
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Figure 5: Composition range of CAC compared with OPC>

The physical hydration process of OPC and CAC is quiet the same. In both reactions of the anhydrous
binders with water, hydrate phases occur. However, the chemical reactions highly differ from each other.
The CAC- ions dissolves in water and gives a solution where different types of hydrates occur. Following
equation (13) shows a typical reaction at temperatures up to 65°C, cf. (Engineering Information, Inc 2003,
69-70).

3CA+ 12H > C;AH, + 2AH, (13)

In opposite of the reaction of OPC (which is described in 2.1.1), the reaction of CAC with water only slows
due to one of the reacting agents is used up or there is a lack of space for the formation of hydrates.
This behaviour is illustrated in following Figure 6. This reaction manner leads to a very swift hardening
and compressive strengths of more than 40 MPa at 24 hours. On the other hand, this short and intense
reaction tends to result in a relatively short time where the heat of hydration evolves, cf. (Engineering
Information, Inc 2003, 75-77).

Reacting grains

Hydration products

Figure 6: Reaction of OPC with H (left) in comparison with CAC with H (right)®

2.2.4 Limestone Powder

The limestone powder (CaCOs) serves as a filler physically in a first glance. This lead to a denser package
of cement- and limestone-grains in a paste. On a closer consideration, the limestone powder acts
through a chemical reaction either, which influence the formations of AFt and AFm-phases, cf. (Matschei,
Lothenbach, and Glasser 2007). The presence of fine limestone produces monocarbonate
(C3ACaCO311H;0) also known as AFmc. It should be mentioned that the formation of this AFmc was

> (Engineering Information, Inc 2003)

6 (Engineering Information, Inc 2003)
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first detected at 7-127 days of hydration, cf. (Taylor 2003, 302-3). Beyond that, finding in (Briendl et al.
2018) showed a positive effect of ultrafine limestone powders on the early strength of wet-mix shotcrete.
This effect increases with a rising particle surface area.

2.2.5 Aggregate

Aggregates in the sphere of concrete are commonly used as a filler. The amount of aggregates reduces
the amount of cement in concrete. Depending on the density of the aggregate, it builds a structure,
which is able to transfer a load from one grain to another grain in the hardened concrete. The compres-
sive strength of common aggregate is much higher in comparison to an OPC- paste. An ordinary con-
crete collapses under compressive strength by occurring cracks, starting at the transition zone between
the OPC- paste and the aggregate surface. A well-bonded connection is necessary for a high load- bear-
ing capacity. Therefore, shape, density and surface character of single grains influence the whole system
of dry-mix shotcrete significantly. Apart from these facts, the shape of single grains has a large influence
on the rheological behaviour and on the necessary compressive energy.
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2.3 Calorimetry

Calorimetry is a method to measure thermal energy from chemical or physical processes regardless of
whether these processes are exothermic or endothermic reactions. Therefore, energy, which is the heat
flow of a process, is determined by a calorimeter. Depending on the leading issue, there is a wide range
of different types of calorimeters, which operate differently. In the current study, an isothermal calorim-
eter was used. The following subchapter describes this type of calorimeter and its functional principles
in detail.

2.3.1 Basics of Thermodynamic Reactions

Chemical changes are connected with energy changes, mostly in a way of liberation or absorptions of
heat energy. This process depends on available base material concentrations. Heat energy, which is lib-
erated or absorbed through a chemical reaction, is denoted as reaction enthalpy AHg. It is the difference
of heat energy of a final to an initial state. A positive AHg describes an endothermic and a negative AHr
describes an exothermic reaction. In case of an endothermic reaction, heat has to be absorbed from the
surrounding. An exothermic reaction, on the other side, liberates heat at the surrounding, cf. (Benedix
2015, 81-86)

The first law of thermodynamics states that, the energy exchanges of a closed system, which comes from
work W or heat energy Q, with its surrounding, is equal to changes of the inner energy AU of the system.

AU=Q+W (14)

The inner energy AU consists of:

= kinetic energy

= energy from molecular interchanges
» energy of chemical bonds

= atomic energy and its electrons

The impacts of volume changes, which are frequent in gases, are not as important for liquid and solid
phases. They can be ignored for the objective work. For such simplification, it is true that the inner energy
AU corresponds to the reaction enthalpy AH. Moreover, under such conditions, the reaction enthalpy
can be determined by a calorimeter.
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2.3.2 Isothermal Calorimetry

An isothermal calorimeter, as shown Figure 7, consists of six main parts. These are a body with a constant
temperature within, a heat sink, which keeps the temperature stable, a channel for a sample, a heat flow
sensor for the sample, a channel for a reference and a reference sensor.

Figure 7: Schematic illustration of an isothermal calorimeter’

The chemical reaction of a binder in combination with additives with water is basically an exothermic
reaction. Heat energy is released. The temperature in the isothermal calorimeter operates on a constant
level. The generated heat is going to be compensated, and the necessary energy is recorded. This energy
is equivalent to the emitted energy from the hydration process. However, the amount of heat, which is
generated through hydration, is influenced by two main parameters. These influencing factors are the
water- cement ratio and the temperature of the sample. The early hydration kinetics increase with a
decreasing w/c-ratio, which in all probability comes from a higher concentration of alkali ions in the pore
solution In general, investigations on dry-mix shotcrete with an isothermal calorimeter are influenced
mainly by following properties. These are:

»=  Water- to- cement ratio

»  Fineness of powder

»= Surrounding and precursor temperature
» Sulphate content

= Organics/admixtures

=  Mineralogy

The w/c- ratio influences the heat flow of a sample. On one hand, the heat peak occurs earlier in time
and it is higher with a decreased w/c — ratio. This may be due to a higher concentration of alkali ions in
the initial pore solution. (Danielson 1962) On the other hand, the long- term hydration rate and the
cumulative heat flow (after a period for example 24 hours) is reduced, cf. (Bentz, Peltz, and Winpigler
2009).

The fineness of powder, especially the fineness of the cement grains influences the rate of realised en-
ergy (temperature). Finer cement releases more energy than coarser grained cement, and this leads to
a higher temperature, cf. (Bentz, Sant, and Weiss 2008).

Another important factor in terms of hydration and heat release is the temperature of the sample, its
raw materials and it is surrounding environmental. Findings in (Kim, Moon, and Eo 1998) have shown,
that, comparing to an ambient temperature of 20°C, the early strength development raises with a higher

7 (Scrivener, Snellings, and Lothenbach 2016, 39)
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and declines with a lower temperature at the beginning of the hydration process. However, this temper-
ature effect decreases by time and has just a little influence on the later- age strength.

2.4 X-ray Diffraction (XRD)

X-rays are electromagnetic waves with a wavelength ranging from 108 to 10> meters. They occur when-
ever charged particles (ions or electrons) hit a material and get stopped.

Many products, which occur during the hydration process, have a crystalline structure. Atoms, ions or
molecules of minerals are regularly ordered in an abstract, representational crystal lattice. The smallest
periodic repeating unit in a crystal lattice, which shows the full properties of a crystal structures, is a unit
cell. This unit cell or parallelepiped is characterised by the parameters a, b, ¢, o, B, y. A basic example is
shown in Figure 8. The parameters a, b and c represent the x-, y-, and z-, axis of coordinates in a right-
handed trihedron. The angle between b and c is named ¢, the angle between a and c is named B and
the angle between a and b is named y. A, b, and c are vectors with their starting point at the point of
origin, where from, they spread out in the three dimensions. These three vectors build in combination
with the three angles a, p and y (90° or 120 °) a suitable initial lattice for a unit cell and describe the
geometry of mineral.

Figure 8: Basic example of a Bravais lattice®

Planes in such a three-dimensional lattice intersects with two or three axis of the defined coordinate
system. The vectors a, b and c describe these intersection points, if they are multiplied with integer
numbers m, n and p. This integer numbers are called WeiBsche indices. However, for crystal analysis, the
Miller indices h, k and | are more commonly used. These are the reciprocal values of the WeiBschen
indices multiplied by the least common multiple (Icm). These indices are integers, which are the smallest
axis intercepts whom describe the orientation of a plane.

The distance of two coexisting planes is described by the vector dn, and it is drawn from the origin of
the unit cell to intersect the plane (hkl) at an angle of 90° ¢f. (Krischner and Koppelhuber-Bitschnau 1994,
67-69).

The wavelength of x- rays are in the same scale as interatomic distances. Thus, if an x- ray strikes an
electron in an inner shell of an atom, the electron gets stimulated and it oscillates in the same wavelength
as the x- ray wave. Because of that, the electron become a source for new rays. As it is shown in Figure
9, two beams of parallel x- ray waves with a wavelength of A have different distances, if they strikes
different lattice planes. This constructive interference yields Bragg'’s law off diffraction as shown in equa-
tion (15). This law relates the diffraction angle 20 and the vector dhu.

8 URL: https://de.wikipedia.org/wiki/Datei:Triclinic.svg#/media/File:Triclinic.svg [15.10.2018]
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nxA=2xdy, *sin® (15)

As it is shown in Figure 9, the interference is two times d * sin(B), with d as the distance between two
lattice planes and 6 as the angle of incidence defined as the angle between the incoming beam and the
plane. The order n is an integer number, and it gives the number of planes, which are passed.

‘ \ ® ®
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Figure 9: Bragg diffraction from a cubic crystal lattice®

In general, wavelength and geometry are known, whereas the plane distance is unknown. Equation (15)
has to converted and rewritten in the form of (16). The equation (16) in combination with equation (17),
which is only correct in case of a cubic lattice, leads to (18). ai represents the lattice constant in a unit
cell. In a further step, the mineral can be identified in combination with a database where aj is listed for
each mineral.

nxa

2 *sin® = dhi (16)
a;

7t _—d

Ak« (17)

nx AJhE « kP« 17 (18)

p = q;
2 *sin@® ¢

2.4.1 Data Analyses

XRD-observations are collections of diffraction patterns of planes of crystal lattices. The following Figure
10 shows an example of XRD-analyses. Each diffraction peak is attributed to the scattering from a specific
set of planes. The Miller indices (hkl) identifies the different types of atomic planes and within the struc-
ture of the sample.

Diffraction patterns are characterised by:

= Peak position
=  Peak widths
= Peak intensities

9 URL.: https://commons.wikimedia.org/wiki/File:Bragg XRD.svg [29.08.2018]
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Figure 10: Example of a XRD-analysis™®

The peak position is determined by size and symmetry of the unit cell. The angle 26 depends on char-
acteristics of the instrument such as wavelength. The peak widths and shapes are influenced by param-
eters of the instrument and the microstructure. The peak intensities are determined by the position of
atoms in the unit cell. The absolute intensity is the number of x-rays, which are observed in a given peak,
and depends on instrumental and experimental parameters. On the other hand, the relative intensities
are independent from the instrument and is the absolute intensity of a peak divided by absolute intensity
of the most intense peak of the diffraction pattern. In general, peak areas are more reliable in terms of
intensities than peak heights, cf. (Speakman).

In a further step, the peak list of a diffraction pattern needs additional analysis through the Rietveld
method. This method describes the diffractogram as a mathematical function of the diffraction angle.
Beside this diffraction angle, the function depends on spatial arrangement of the atoms. Therefore, an
initial model (database of references) is necessary. These references are a collection of known source
materials, which are descripted in several databases for example the American Mineralogist Crystal
Structure Database. A comparison with such database of references (initial model) determines the phase
composition. This is a continuous process, where alignments takes place. The findings are updated and
refined in each step. Therefore, the least square method is mostly used. It can be said that, this approach
deliver approximate results. In general, the XRD in combination with the Rietveld method provides the
following information (Krischner and Koppelhuber-Bitschnau 1994) :

= Crystal structure (cell parameters a, b, ¢, o, B, y of a mineral)
» |dentification of minerals and phase composition
*  Amount of minerals in a sample

10 (Scrivener, Snellings, and Lothenbach 2016, 110)
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3 Experimental Arrangements

The beginning of the objective work was a full-scale test (FST) of dry-mix shotcrete in Wietersdorf. A
series of different blends was tested under realistic conditions. The most promising mixtures got scruti-
nised. These further investigations took place in a laboratory and consisted of compressive strength
tests, isothermal calorimetric investigations and in-situ XRD analysis. The following chapter shows ex-

perimental assemblies and test implementations of the examined mixtures.

Sample No.:

Compressive & Bending Tensile Strength:

Calorimetry:

1h

w
>
[e2)]
>

24h

28d

0-24h

W2-03-01
W2-03-02
W2-04-01
W2-04-02
W2-10-01
W2-10-02
W2-11-01
W2-11-02
W2-12-01
W2-12-02
W2-13-01
W2-13-02
W2-13-03
W2-14-01
W2-14-02
W2-14-03
REF-1-01
REF-1-02
REF-1-03
REF-1-04
REF-2-01
REF-2-02
REF-2-03
REF-2-04

X X X X X X X X X X X X X X X X X X

X X X X X X X X X X X X X X X X X X

X X X X X X X X X X X X X X X X X X

X

X X X X X X X X X X X X X X X X X

X: examined

: hot examined

Table 3: Overview of the experimental programme
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3.1 Raw Materials
The following Table 4 to Table 7 represents and describes the base material of this work.
Description Shortcut: Density  dso BET Blaine
[g/cm?] (um] [m?/g]  [m?/g] approxi-
mate value
Binder:
CEM | 52.5 N — SRO C3A-free CEM-SRO 3,26 8,0 0,96 4193
“Spritz-Bindemittel DT" SPBM-2 3,14 8,0 1,03 4002
Meso- filler (MEF):
Ground granulated blast fur- MEF- 2,91 8,6 0,91 3919
CaAlCem PP CAC-222 3,21 13,9 -- --
CaAlCem SC1 CAC-SC1 3,00 -- --
High- hydraulic lime NHL-50T 2,75 -- --
Micro- filler (MIF):
Limestone powder “Extra GU” MIF-CAL-EGU 2,72 1,2 5,65 *(23594)
Metakaolin SF MIF-MET-SF 2,47 2,1 8,59 *(28273)
Aggregate:
Dolomite "Eberstein premix” GK-DOL-0/8 2,84 -- --
Admixtures:
Accelerators (powder) EB S49 AF -- --
Rebound- reducer 1 RP1 NAF
Rebound- reducer 3 RP3 AMI
Rebound- reducer 4 RP4 BENTO
Table 4: List of raw materials that was used in Wietersdorf 2018
Description: Ser. No.: Shortcut: Density d50 BET
[g/cm’] [um] [m?/g]
Cement:
CEM 152.5 N — SRO C;3A- free 395/16 CEM-SRO 3.26 7.97 0.96
Spritz-Bindemittel DT -- SPBM-2 3.14 7.99 1.03
Meso- filler:
Ground granulated blast furnace 387/16 MEF-HUS_4500 2.91 8.58 0.91
CaAlCem PP 420/16 CAC-222 3.21 13.86
CaAlCem SC1 CAC-SC1 3.00
Micro- filler:
Kalkmehl Extra GU 342/16 MIF-CAL-EGU 2.72 1.16 5.65
Metakaolin SF 389/16 MIF-MET-SF 247 2.12 8.59
Aggregate:
Holler 0/4 -- Holler 0/4 2,60-2,66 -- --
Admixtures:

Superplasticizer: Sika® Vis-
coCrete®-20 HE

FM 554_113/18

Table 5: Base material for laboratory experiments
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Sample No.: 395-297/16 388-283/16 342-227/16 389-287/16
Shortcut: CEM | SRO SPBM-2 MIF-CAL-EGU MIF-MET-SF
Material: CEM I SRO SB-Durocem Limestone powder Metakaolin
Lol 4.0 1.8 42.6 2.0
Na20 04 0.7 0.1 <0.1
MgO 1.2 2.0 1.5 <0.1
Al203 2.9 6.1 0.1 447
Sio2 20.2 20.6 1.1 50.7
P205 <0.1 0.3 <0.1 <0.1
SO3 2.3 1.2 <0.1 <0.1
*S _ _ _ _

K20 04 0.7 <0.1 <0.1
CaoO 64.0 63.4 54.6 <0.1
TiO2 0.2 03 <0.1 1.7
MnO <0.1 0.1 <0.1 <0.1
Fe203 43 2.8 0.1 0.6

)3 99.8 100.0 100.0 99.7

Table 6: Chemical components of base materials
Sample No.: 395-297/16 388-283/16 342-227/16 389-287/16
Shortcut: CEM | SRO SPBM-2 MIF-CAL-EGU MIF-MET-SF
Material: CEM | SRO SBA?® Limestone powder Metakaolin
Calcit 94 0.5 95.5 --
Dolomit -- 0.8 39 --
Anhydrit 33 -- -- --
Basanite 1.3 1.2 -- --

Alit C3S M3 56.1 59.1 -- --
Belit b-C2S 134 13.8 -- --
Aluminate C3Ac 0.7 7.6 -- --
Aluminate C3A0 1.3 37 -- --
Ferrit CAAF 12.8 8.2 -- --
Aphtitalit 0.9 0.7 -- --
Arkanit -- 0.6 -- --
Portlandit 0.7 2.5 -- --
Free lime CaO -- 0.3 -- --
Periclas -- 1.0 -- --
Magnetit -- -- -- --
Anatas -- -- -- 1.7
Quarz -- -- 0.6 0.5
Cristobalit -- -- -- --
K- Feldspat -- -- -- 0.5
Albit/ Plagioclas -- -- -- --
Mullit -- -- -- --
Gehlenit -- -- -- --
Muskovit -- -- -- --
Kaolinit -- -- -- 29
Amorph -- -- -- 94.4
3 99.9 100.0 100.0 100.0

2 Spryable Binding Agent

Table 7: Mineralogical components of base materials
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3.2 Full-Scale Test

The full-scale dry-mix shotcrete test took place in Wietersdorf (Carinthia, Austria) at a cement plant in
the time from 12 to the 16 of March 2018. One of the assignments was to investigate the mixtures of
ordinary Portland cement (OPC) with some other supplementary cementitious (SCMs) and admixtures
in terms of strength development. Each mixture was weighted and mixed on site. The dry mixture was
pumped through a hose to the nozzle, whereas water was added in a certain amount by a professional
nozzleman. The shotcrete was sprayed towards a wall where boxes were placed in advance. These boxes,
filled with hardened shotcrete was investigated afterwards through different tests. This chapter 3.2 and
its subchapters gives a brief overview of the findings in terms of strength development. Detailed infor-
mation are evident in the report (Juhart J. et al. 2018).

3.2.1 Aggregates for the Dry-mix shotcrete of the Full-Scale Test

The shotcrete at the full-scale test was made with the aggregate “Eberstein 0/8". This is aggregate con-
sisting of dolomite with a maximum grain size of 8 mm. The following Figure 11 shows the grain-size-
curve of the used aggregate. In addition to that, Figure 11 shows the ideal maximum-density-curve and
the upper and lower grain-size borders, which are recommended by the “Osterreichische Bautechnik
Vereinigung” (OBV), a society of building techniques in Austria.

According to that illustration, it can be seen that the applied aggregate is in line with the idealistic max-
imum density curve at the upper part of the diagram. However, smaller grain sizes are underrepresented
in comparison with the optimal grain-size distribution, which can be calculated with equation (19).

d; Jos (19)

Dmax

A= (

,[g/(‘;] Grain-Size-Curve: Dolomit Eberstein 0/8
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Figure 11: Grain-size-curve of the aggregate, which was used at the full-scale test
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3.2.2 Recipes

The following Table 8 shows all mixtures from the full-scale test in Wietersdorf. The greyish rows were
selected for further investigations in the laboratory. Moreover, the dark grey coloured row was modified

in the laboratory.

Ege E§ E§
gw 5 £ 5 £ S )
; 3 2 T O T O 3 0 &
S ) O g9 o9 @ w : "
P 8 ~ 2858 JE TE O3 I @ 2
3 @ = =% JE . OF : g = =
3 S m SS¢ YEo UE- 4 L u 3T
3 = % U8g 358 338 = S S 3
W1 0,60 80% 20%
W2 0,47 90% 7% 3%EB?
W3 0,49 90% 10%
W4 0,47 70% 10% 15% 5%
W1-WH 0,49 80% 20%
W5 0,51 80% 19.3% 0.7% RPMP
W6 0,47 80% 19.85% 0.14% RPMP
W7 0,60 80% 20%
W8 0,50 80% 10%
(W9) -- 70% 20% 10
%
W10 0,41 70% 10% 20%
W11 0,45 70% 5% 15% 5% 5%
W12 0,50 75% 15% 5% 5%
W13 0,38 70% 20% 10 1.2%FM¢
%
W14 0,46 50% 7% 3% 30% 5% 5% 0.8%FMe
0.14% RPMP
2 accelerator b rebound reducer ¢ plasticizer

Table 8: Blends from the full-scale test in Wietersdorf

3.2.3 Compressive Strength Results

The very early CS-test was made soon after spraying during the first 24 hours of hydration. Therefore, a
bolt was pushed with a powder actuated nail gun into the young but solid shotcrete. The ratio of pene-
tration depth and extraction force occasioned in combination with the conversion curves from the man-
ufacturer to the approximate CS-value. This method is a standardised procedure. Detailed information

about the exact implementation can be seen in (ONORM EN 14488-2 2006).

In addition to that, drill cores, 100 millimetres in diameter, was taken from the sprayed shotcrete surface.
These drill cores got labelled and stored under water and was brought to the laboratory at the Graz
University of Technology. Following this, the cores got stored under water until the twenty-eighths day
of hydration. Then they were tested for CS.
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Figure 12: Experimental arrangement:
1: Powder actuated nail gun; 2: Nail; 3: Nail with a washer
and an unscrewed head; 4: removing device

The following table indicates the results from the CS-test after ten minutes, six hours and 28 days. The
greyish coloured lines are those who are reproduced in the laboratory.

Sample No.: Shortcut: Early strength*  Strength
10 min. 6h 28d
IN/mm? [N/mm?  [N/mm?]

W1 Ref SPBM80 1,0 1,8 46,7

W1 WH WH Ref SPBM80-HUS20 1,2 30 60,9

W2 Ref SR0O90-CAL7-EB3 0,05 4,0 66,3

W3 SR090-CAC(SC1)10 1,1 4,5 66,3

W4 SR070-CAC(SC1)10-HUS15-CAL5 2,1 8,0 78,2

W5 SPBM80-HUS19-RPM1 1,2 3,0 60,2

We SPBM80-HUS20-RPM3 1,1 4,5 57,5

W7 SPBM80-HUS20-RPM4 0,7 1,9 431

W8 SPBM80-HUS10-NHL10 1,0 50 48,8

(W9) SPM70-HUS20-CAL10 FM -- -- --

W10 SBM70-CAC(222)10-HUS20 2,0 8,8 60,3

e T

W12 SPM75-HUS15_CAL5-MET5 1,0 30 69,8

W13 SPM70-HUS20_CAL10 FM 1,0 5.1 74,8

W14 SPBM50-CAC(222)7-CAC(SC1)3-HUS30-CAL-MET5- 0.9 4,5 63,2

RPM3-FM
*estimated

Table 9: Compressive strength results from the full- scale test

" (Juhart J. et al. 2018, 11)
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3.3  Laboratory Tests

This chapter describes the experimental arrangements in the laboratory, which tried to verify the results
of the full-scale test in Wietersdorf. The investigations contained bending tensile strength tests, com-
pressive- strength tests as well as calorimetry- and XRD-analyses. The following subchapter gives a de-
scription of these tests.

3.3.1 Raw Material and Recipes

The following Fehler! Verweisquelle konnte nicht gefunden werden. represents the list of materials
with their properties and shortcuts followed by Table 10 and Figure 13, which presents the selected
mixtures from the full-scale test. It should be mentioned that mixture W2-11b is slightly different to W2-
11. It contains five percent of CAC SC1 instead of five percent CAL EGU.

L b
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3 & =238 <=s5% Seg OF - v = B
E 5§ B5 B33 5t gigu £ £ 0%
@ = Ga UUJ UG58 Uww = = S <
W3 0.50 90% 10%
W4 0.50 70% 10% 15% 5%
W10 0.50 70% 10% 20%
Wi11b  0.50 70% 5% 5% 15% 5%
W12 0.50 75% 15% 5% 5%
W13 0.38 70% 20%  10% 1.2% FM?®
W14 0.50 50% 7% 3% 30% 5% 5% 0.8%FMm?
REF 1 0.50 100%
REF 2 0.50 90% 10%
2 FM: plasticizer
Table 10: Mixtures produced in the laboratory
Blending overview:
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

W2-03 10% I A —
W2-04 10% 15% 5% I —
w2-10 I, 20% 10%
W2-11b | 5% 15% 5% 5%
W2-12 [ S O A 15% 5% 5%
W2-13 O A —— 20% 10%
W2-14 I S OO 2 30% 5% 7% 5%
REF 1 | O
REF 2 10% I ——

B Durocem T 113/18 CAC SC1 MEF-HUS-4500  279/16
MIF-CAL-EGU 342 CAC-PP-222 348/16 MIF-MET-SF 227/16
B CEM I 52,5N SRO 297/16 395

Figure 13: Mixtures with its components
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3.3.2 Aggregate of Dry-mix Mortar for Laboratory Tests

The objective dry-mix shotcrete samples were made with the aggregate “Holler 0/4". This is an aggregate
with a maximum grain size of 4 mm. The following Figure 14 shows the grain-size-curve of the used
aggregate. In addition to that, the figure below shows the ideal maximum-density-curve, which was
calculated with equation. (19). According to this illustration, it can be seen that the objective aggregate
does not correspond to the optimal curve.

100

[%] Grain-Size-Curve: Holler 0/4
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1,78 768
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—s— Grading curve Maximum Density Curve d [mm]

Figure 14: Grain-size-curve of used aggregate in the laboratory tests



Experimental Arrangements 33

3.3.3 Mixing Procedure

The data quality depends on a realistic manufacturing method, which is realizable by a single person.
The following method was developed and tested through many trials before the actual tests has started.

Manufacturing method of test specimen W2-02 to 14:

At the beginning, the raw materials and the entire equipment needs to be prepared. Therefore, the
raw materials need to be stored in the laboratory for at least 48 hour to achieve ambient temperature.
An oiled formwork, which consists of three moulds for three prismatic samples (40x40x160mm), is
placed on a vibrator next to a mixer. The mixing-routine starts with weighting water, aggregates,
powders and if needed admixtures in appropriate quantity. Therefore, each mix consist of 600g pow-
der (cement and other admixtures), 1200g aggregate and 300g water (for a W/B- ratio of 0.50). The
different types of powder are mixed with the aggregate in a bowl to be sure that all raw materials are
perfectly distributed in the dry mixture. In a next step, the entire water is filled into the mixing bowl,
and the mixer is turned on with 150 rpm per minute. Then, the entire ready dry-mixed powder is
added and mixed for 15 seconds with 300 turns per minute. After that, the finished mixture is filled in
the prepared prismatic formwork, which vibrates for at least 30 seconds to get the dry- mix shotcrete
compacted. Lastly, covers an oiled glass plate the formwork, and the formwork is stored by 100%
humidity until the first bending tension- and compressive strength- test starts.

3.3.4 Bending Tension- (BT) and Compressive-strength-Test (CS)

In general, the test cycles are six (+15min) and twenty- four hours (£15min) as well as twenty-eight days
(£8h) after the first addition of mixing water (time of manufacturing), cf. (ONORM EN 196-1: 2016 10 15
2016). In addition to this test cycle, BT- and CS-tests were performed for the reference mixtures REF1
and REF2 after one (+5min) and three hours (+5min).

In a first step, all manufactured samples were stripped from there formwork, the overall dimensions were
measured (£0.01mm) and the weight were determined (£0.01g). The obtained data (length, width,
height and weight) were documented afterwards. In a second step, the bending tension and the com-
pressive strength was tested through destructive tests according to the ONORM EN 196 — methods of
testing cement. The BT was determined by the “ToniNORM"-machine, an instrument from “ToniTechnik”,
shown in Figure 16. The samples broke under pressure in two, nearly equal sized pieces. The cracking
load was documented for further evaluations. Each of these two-pieces were tested afterwards, depend-
ing on there state of hydration, in a CS-testing machine. The CS-testing instrument, which was used
during the first 24 hours, was the "AUTOGRAPH AG-50kNG" from "SHIMADZU" and the tests were per-
formed with a crosshead speed of Tmm/min. Later CS-investigations were conducted with the “Toni-
NORM” from “ToniTechnik”, which is shown in Figure 15.

Instrument: Max. Load Capacity: Accuracy:

SHIMADZU Autograph AG-50kNG 50 kN within 1% indicated test force
ToniTechnik ToniNorm (CS) 300 kN quality class 1 (EN ISO 7500-1)
ToniTechnik ToniNorm (BT) 10 kN quality class 1 (EN ISO 7500-1)

Table 11: Machine specifications
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Figure 15: Compressive Strength-testing Figure 16: Bending tensionl—testing
machine “ToniNORM" (300kN) machine “ToniNORM" (10kN)

Figure 17: Compressive strength-testing machine "SHIMADZU AUTOGRAPH AG-50kNG"
(50kN)
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3.3.5 Calorimetry

The following paragraph describes the implementation of isothermal, calorimetrical investigations with
a calorimeter. The current device is the “I-Cal 4000 HPC", a calorimeter with four channels from calmetrix.
It has an operating temperature ranging from 5°C to 70°C (+/- 0.02°C), and is calibrated on a tempera-
ture of 20°C. It measures the thermal power in Watts with a drift < 0.05uW/g/h. This calorimeter comes
with the software CalCommander, which is able to show thermal power and heat flow in real time.

Realization of calorimetrical investigations on specimens W2-02 to 14, REF 1 and REF 2:

At the beginning, all powders, aggregate and mixing water need to be prepared and stored next to
the calorimeter in the laboratory for at least 48 hours to reach the ambient temperature of the calo-
rimeter. Then, all sample cups are weighted and labelled. Next, the dry-mix blends are prepared and
blended as it was described in 3.3.3. The sample cups were filled immediately with a tablespoonful of
extracted mixture. Following this, the filled sample cups are rapidly set in the channels, where the
energy flow is measured every 15 seconds, for at least 24 hours. In the final step, all samples were
removed and weighted to get the mass of the specimen itself.

Figure 18: Calorimeter "I-Cal 4000 HPC" Figure 19: Inside look of isothermal test units

3.3.6 X-ray Diffraction (XRD)

The in-situ XRD-investigations with fresh dry-mix shotcrete demanded a very rapid realization to follow
the hydration process for approximately 24 hours. Therefore, 90 measurements was mad, whereas each
observation ranged from about nine to 50° (20) and lasted approximately 15 minutes. This procedure
expresses a compromise of data quality and the requirement of studying as many hydration steps as
possible during the early stage of hydration.

However, the database for the following investigations was the American Mineralogist Crystal Structure
Database (AMCSD). These XRDs-patterns were mad with a copper anode. The current XRD dives oper-
ates with a cobalt anode. Therefore, an angular transformation has to be made and the 26-angle from
the database has converted to a cobalt anode with equation (20). The two variables in this equation are
the wavelength of cobalt (L1) and the wavelength of copper (L,).

L
20(Co) = 11459156 * sin~1 {L—l + sin[0.00872664 * 26(Cu) | } (20)

2

With:

L, =1.7891 L, =1.5418
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Realization of the XRD investigations for specimen REF 1 and REF 2:

First, the pre-weighted base material, the blender, a sample holder and a piece of a “Kapton”-film
need to prepare as close as possible to the diffractometer. When the preparation is done, the back-
ground of the “Kapton”-film needs to determine by using a single crystal silicon wafer. This back-
ground has to subtract from the measurements afterwards. In the main step, the mixture needs to be
produced. The mixing procedure and composition is equal to the procedure of mortar-samples, cf.
3.3.3. The only distinction between the past samples for XRD-analysis and mortar samples is the ad-
ditional aggregate in the mortar samples. A small amount of the mixture has to extract from the pot.
The extracted material needs to be filled and coated smoothly into the sample holder as fast as pos-
sible. Then, the surface has to covered with a “Kapton” film (7.6um) right afterwards to prevent the
paste from drying during the in-situ experiment. In a final step, the sample holder is placed in the
diffractometer to measures the sample in time steps of about 15 minutes continuously for about 24
hours in the range of 9° to 50° (two theta).

igure 20: XRD chamber Figure 21: XRD-machine
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4 Experimental Results

This chapter presents the results from the laboratory test. First, the CS-accomplishments are shown fol-
lowed by the results from the calorimeter- and XRD-investigations. The detailed results can be seen in
the appendix, whereas appendix A displays the properties of each sample, appendix B exhibits all stress-
strain-curves from each sample and appendix C shows the heat release curves from the calorimeter.

4.1 Strength Development of Dry-mix Shotcrete

According to 3.3.4, this chapter presents the result of compressive strength tests of dry-mix shotcrete at
testing intervals of six hours, 24 hours and 28 days for the samples W2-03 to W2-14. In addition to that,
the samples REF-1 and REF-2 were tested even at one and three hours. For a better survey, the results
of specimens with CEM | 52,5N SRO-cement and SPBM2 are marked in different colours. In the following
diagrams, samples containing SRO-cement are blue, those containing SPBM2 are coloured green.

4.1.1 Compressive Strength of Series W2-03 to W2-14

As it is shown in Figure 22, mixtures W2-04 and W2-11b, have by far the greatest CS-values after six
hours, whereas W2-10, W2-12 and W2-14 have relative small CS-values. The CS-results after 24 hours
look differently in comparison to results than those after six hours. Sample W2-10, W2-12 and especially
W2-13 made up leeway compared with to W2-04 and W2-11b. Moreover, W2-13 has the greatest CS-
value after 24 hours. The results of the CS-investigations after 28 days show nearly the same CS-values
for samples with SRO-cement independently from their supplies. However, samples containing SPBM2
show a stronger dependency of added SCM- and admixtures. The detailed CS-results for each test series
are shown in following Table 12. The table displays the sample standard deviation (SSD) in addition to
the CS-results.
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Sample: 6h CS SSD 24h CS SSD 28d CS SSD
IN/mm?] IN/mm?] IN/mm?] IN/mm?] IN/mm?] IN/mm?]
W2-03 2.51 0.08 17.84 0.72 47.94 1.13
W2-04 3.27 0.13 17.08 0.47 50.81 1.51
W2-10 1.65 0.05 12.53 2.23 35.39 1.15
w2-11 3.35 0.15 16.65 1.53 40.25 248
W2-12 1.28 0.13 15.53 0.83 45.60 2.98
W2-13 2.50 0.13 26.65 1.40 58.58 2.1
W2-14 1.02 0.03 9.32 0.41 46.18 0.74

Table 12: CS-results of samples W2-03 to W2-14 with sample standard deviation (SSD)

4.1.2 Compressive Strength of Series REF1 and REF2

The bar chart below represents the results of mixtures REF1 and REF2. The very early CS-levels of the
greenish coloured REF1 and the bluish REF2 are almost equal. The CS-values of both increases equally
by time until the first 24 hours of hydration. In comparison to that, the CS-development of both mixtures
differ from each other in later stages. The following illustration shows a significantly greater CS-value of
REF2. The detailed CS-result for each test series is shown in Table 13. The table includes the SSD in

addition to the CS-results.
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Figure 23: Results from CS-tests at 1h, 3h, 6h, 24h and 28d
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REF-2

Sample: 1hCS SSD 3h CS SSD 6h CS SSD 24h SSD 28d SSD
IN/mm?  [N/mm?  [N/mm? [N/mm? [N/mm? [N/mm? [N/mm? [N/mm? [N/mm? [N/mm?

REF 1 1,23 0.06 1.30 0.03 2.15 0.25 19.32 0.68 36.95 2.78

REF 2 0,96 0.03 1.18 0.08 2.57 0.20 19.19 0.67 51.09 4.62

Table 13: CS-results of samples REF 1 and REF 2 with SSD
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4.2 Calorimetry

This chapter contains the results of thermodynamic examinations of dry-mix shotcrete. The chapter is
divided into four sections. The first section presents the outcomes of the investigations on the mixtures
W2-03 and W2-04, containing SRO-cement and some SCMs. The second section focusses on the results
of W2-10 to 14. These samples contained SPBM2 in combination with supplies as descript in 3.3.1. The
third and fourth section present the results of REF-1 and REF-2. These two displays the investigations
with SRO and SPBM2 more accurately. The markings P1, P2 and P2 in the figures stands for the hydration
periods one, two, three and four.

Mixtures W2-03 and 04 with CEM | 52,5N SRO

Figure 24 shows the initial reaction of the hydration on the left-hand side. The right right-hand side
focuses on the dormant, post-induction and deceleration period. Table 14 reflects detailed information
of the stages of hydration. The mixtures W2-03 and W02-04 react equally at the initial stage. However,
the acceleration period of mixture W2-03 starts a little bit early and has a higher peak at the end of this
phase in comparison with W2-04. The cumulative heat progress, which is shown in Figure 25, indicates
equal features. Both mixtures emits nearly the same amount of heat energy until the first nine hours. A
further progress shows a 11% higher heat energy production of W2-03 in comparison to W2-04 after
the first 24 hours.
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Figure 24: Heat of hydration of dry-mix shotcrete mortar with CEM | 52,5N SRO
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Figure 25: Cumulative heat of hydration of dry-mix shotcrete mortars with CEM | 52,5N SRO and other
SCMs
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Periods: W2-03: W2-04:
Start [h] 0.00 0.00
End [h] 0.20 0.17
Period | At [h] 0.20 0.17
Power [mW/g] 62.02 69.23
Heat Release [J/g] 29.24 28.98
Start [h] 0.20 0.17
End [h] 237 3.17
Period Il At [h] 2.17 3.00
Power [mW/q] 1.02 0.87
Heat Release [J/g] 71.56 81.18
Start [h] 237 3.17
End [h] 8.82 8.60
Period IlI At [h] 6.45 5.43
Power [mW/g] 3.24 2.71
Heat Release [J/g] 126.66 119.21
Start [h] 8.82 8.60
End [h] 24.00 24.00
Period IV At [h] 15.18 15.40
Power [mW/g] 1.23 1.10
Heat Release [J/g] 247.67 222.78

Table 14: Summary of the hydration periods of dry-mix shotcrete mortars with CEM | 52,5N SRO and

SCMs
Mixtures W2-10 to W2-14 with SPBM2

The heat release in Figure 26 shows mixtures, which contain SPBM2. The highest peak can be seen at
the very beginning of each reaction regardless whether which supplies were added. The detailed pro-
gress on the right hand side of Figure 26 is a cut-out and focuses on the dormant, post-induction and
deceleration period. Mixtures W2-10, W2-11b and W2-14 show a short increase of the liberation of heat
during the dormant period. These mixtures contain CAC-PP222, which differentiates them from all the
other samples. Furthermore, the data showed that mixture W2-13 liberates the most heat energy. While
mixture W2-12 exhibits the lowest heat release during the first 24 hours.
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Figure 26: Heat of hydration of dry-mix shotcrete mortars with SPBM2 and other SCMs
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Figure 27: Cumulative heat of hydration of dry-mix shotcrete mortars containing SPBM2 and other SCMs

Periods: W2-10 W2-11b  W2-12 Ww2-13 wW2-14
Start [h] 0.00 0.00 0.00 0.00 0.00
End [h] 0.20 0.20 0.13 0.13 0.20
Period | At [h] 0.20 0.20 0.13 0.13 0.20
Power [mW/g]? 57.57 64.81 4531 44.64 54.43
Heat Release [J/g]° 29.90 35.93 16.01 15.45 34.71
Start [h] 0.20 0.20 0.13 0.13 0.20
End [h] 3.92 1.40 2.30 2.30 2.20
Period Il At [h] 3.72 1.20 2.17 217 2.00
Power [mW/g]? 0.40 1.50 0.86 1.10 0.87
Heat Release [J/g]° 88.60 85.16 65.86 75.08 80.85
Start [h] 3.92 1.40 2.30 2.30 2.20
End [h] 16.40 11.63 9.88 10.08 12.70
Period Il At [h] 12.48 10.23 7.58 7.78 10.50
Power [mW/g]? 418 430 3.50 467 3.82
Heat Release [J/g]° 176.72 165.49 128.75 159.46 157.46
Start [h] 16.40 11.63 9.88 10.08 12.70
End [h] 24.00 24.00 24.00 24.00 24.00
Period IV At [h] 7.60 12.37 14.12 13.92 11.30
Power [mW/g]? 1.77 1.51 1.58 2.03 1.58
Heat Release [J/g]° 255.11 289.72 253.64 322.72 265.00
2 powder

Table 15: Summary of the hydration periods of dry-mix shotcrete mortar with SPBM2 and SCMs
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Mixture REF-1 with SPBM2

Figure 28 shows the heat release of samples with 100% SPBM2 during a period of 24 hours. The pro-
gresses of all four samples shows distinct curve characteristics with their inflection points. This points
identifies phase transitions between the stages of hydration. This can be seen for the cumulative heat

progresses in Figure 29 too. The detailed results are shown in Table 16.
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Figure 28: Heat of hydration of dry-mix shotcrete mortars with 100% SPBM2 and different sample
sizes
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Figure 29: Cumulative heat of hydration of dry-mix shotcrete mortars containing 100% SPBM2 and
different sample sizes
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Periods: REF 1
Start [h] 0.00
End [h] 0.13
Period | At [h] 0.13
Power [mW/g] 67.60
Heat Release [J/g] 24.09
Start [h] 0.13
End [h] 2.83
Period Il At [h] 2.70
Power [mW/q] 0.58
Heat Release [J/g] 81.80
Start [h] 2.83
End [h] 12.22
Period Il At [h] 938
Power [mW/g] 3.13
Heat Release [J/g] 148.16
Start [h] 12.22
End [h] 24.00
Period IV At [h] 11.78
Power [mW/g] 1.41
Heat Release [J/g] 245.22

Table 16: Summary of the hydration periods of dry-mix shotcrete mortar with 100% SPBM2

Mixture REF-2 with CEM | SRO and CAC

Figure 30 shows the complete heat release of samples with 90% CEM | 52,2N SRO and 10% CAC SCT1
during a period of 24 hours. The heat release progresses, equal to the results of REF-1, shows distinct
curve characteristics with their deceive points. Even though the curves show an identical characteristic
at period two to four, the initial peaks are different in height. The summarized results can be seen in

Table 17.
[MW/gpowder] [MW/gpowder] Power Development of 24h
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Figure 30: Heat of hydration of dry-mix shotcrete mortars with 90% CEM | 52.5N SRO with 10% CAC
SC1 and different sample sizes
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Figure 31: Cumulative heat of hydration of dry-mix shotcrete mortars containing 90% CEM 52.5N SRO
with 10% CAC SC1 and different sample sizes

Periods: REF 2
Start [h] 0.00
End [h] 0.15
Period | At [h] 0.15
Power [mW/g] 62.91
Heat Release [J/g] 18.67
Start [h] 0.15
End [h] 2.35
Period Il At [h] 2.20
Power [mW/q] 0.93
Heat Release [J/g] 65.17
Start [h] 2.35
End [h] 8.83
Period 111 At [h] 6.48
Power [mW/q] 2.97
Heat Release [J/g] 115.50
Start [h] 8.83
End [h] 24.00
Period IV At [h] 15.17
Power [mW/q] 1.16
Heat Release [J/g] 227.94

Table 17: Summary of the hydration periods of dry- mix shotcrete mortar with 90% CEM | 52,5N SRO
and 10% CAC-SC1
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4.3 XRD

The hydration stages of REF1 and REF2 of in-situ XRD investigations are shown in 4.3.1 and 4.3.2. These
moments are the changeovers, whereas water is added (0h), the initial peak occurs (=0.2h), the transition
from period | to period I, the transition from period Il to period Il and the last observation after about
24 hours (period lll). In addition, the patterns are shown where CS-tests were made. This are at the first,
the third and the sixed hour of hydration.

4.3.1 XRD-Investigations of REF1

The XRD pattern of REF1 is shown in the following Figure 32,Figure 33 Figure 34. Detailed information
about the peak intensities can be seen in Table 18.

22 50h 12.22h —— 6.0n— 3.0h 1.0h 0.5h oh |

H a b aTAa M 0
R e YOV U rdan A -
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= e IRERE |

3| | : : : e '
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: o 20(Co] | !} ih |

AFt B CH €3S  DC2S} |CaAF c3s
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Figure 32: XRD-patterns of REF 1
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No. Findings: 206 (Co):"?
1 Ettringite (AFt) 10.54
2 Basanite (B) 1713
3 Portlandite (CH) 21.03
4 Alite (C3S) 34.20
5 Ferrite (C4AF) 34.38
6 Dolomite (D) 36.17
7 Belite (C2S) 37.54
8 Aluminate (C3A) 38.77
9 Belite (C2S) 38.05
10 Portlandite (CH) 39.82
11 Ferrite (C4AF) 40.11
12 Alite (C3S) 48.40

Table 18: Findings of the in-situ XRD investigations of mixtures with 100% SPBM2

Figure 33: 24h in-situ XRD 3D-plot from 9-50 26° (Co)

of mixture REF1

15 20 25 30 35
26 [Co]

Figure 34: 24h in-situ XRD 2D-plot from

9-50° 26 (Co) of mixture REF1

2 AMCSD data base: http://rruff.geo.arizona.edu/AMS/amcsd.php [20.10.2018]
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50


http://rruff.geo.arizona.edu/AMS/amcsd.php

Experimental Results 47

4.3.2 XRD-Investigations of REF2

The XRD pattern of REF1 is shown in the following Figure 35,Figure 36 andFigure 37. Table 19 displays
detailed information about the peak intensities.
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Figure 35: XRD-patterns of REF 2
No. Findings: 20 (Co):"®
1 Ettringite (AFt) 10.54
2 Basanite (B) 1713
3 Ettringite (AFt) 18.12
4 Portlandite (CH) 21.03
5 Anhydrate (A) 29.64
6 Calcite (Ca) 34.20
7 Alite (C39) 37.54
8 Alite (C3S) 37.76
9 Ferrite (C4AF) 39.54
10 Portlandite (CH) 39.82

3 AMCSD data base: http://rruff.geo.arizona.edu/AMS/amcsd.php [20.10.2018]
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No.: Findings: 20 (Co):"®
11 Alite (C3S) 39.86
12 Alite/Katoite (C3S/K) 45.88
13 Alite (C3S) 48.40

Table 19: Findings of the in-situ XRD investigations of mixtures with 90% CEM | SRO and 10% CAC SC1

4 -
e

Figure 36: 24h in-situ XRD 3D-plot from 9-50° 26 Figure 37: 24h in-situ XRD 2D-plot from 9-50°
(Co) of mixture REF2 20 (Co) of mixture REF2
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5 Analysis and Argumentation

Throughout the present work, dry-mix shotcrete mixtures were investigated in terms of CS, heat energy
output and mineral growth in the early age of hydration. The following subchapters summarizes and
analyse the collected data. Therefore, all outcomes are ordered depending there content of SRO or
SPBM2.

5.1 Compressive Strength Development under Laboratory Conditions

The mixtures W2-03 and W2-04 were made with CEM | SRO cement containing both ten percent
CAC SC1. Beyond that, mixture W2-04 contains 15 percent MEF HUS 4500 and five percent MIF-CAL
EGU. The result showed that the substitution of SRO-cement through MEF HUS 4500 and MIF CAL EGU
does not reduce the CS-results after six hours of hydration. On the contrary, mixture W2-04 shows
slightly higher CS-values at the very early stage of hydration in comparison with W2-03. Presumptively,
the slow latent-hydraulic reaction of MEF HUS 4500 (contains C,S) with CH can not be accountable for
this early stage of hydration. In the opinion of the author, the very early increased CS-value is caused by
the difference in grain size between all constituents especially of the micro filler MIF CAL EGU. It is as-
sumed that, the inert filler effect, as descript in (Matschei, Lothenbach, and Glasser 2007), lead to a
denser packing and less space between the grains at this very early stage of hydration. The additional
formation of AFt, caused by the additional CAL EGU could not detected with the applied examination
methods. The influence of CAC SC1 on the CS-development cannot be detected either, as both mixtures
contain ten percent CAC SC1 each. The slightly higher CS-value after 28 days of W2-04 compared to
W2-03 is in the deviation margin. Thus, an influence of one of the constituents on the later CS-behaviour
cannot be seen. Noteworthy here is the degree of substitution of mixture W2-04.

The influence of additional constituents of mixtures W2-10 until W2-14 show a wider range. First, the
influence of added CAC PP 222 to W2-10 cannot be seen at the very early stage of hydration. The CS-
value is below of that of REF1. Even the CS-value of the 24 hours test is much lower than the one of
REF1. Only after 28 days, W2-10 reaches the CS-level of REF1.

In contrast to that, mixture W2-11b shows a significantly higher first CS-value in comparison with REF1.
Though, W2-11b contains the same amount of SPBM2. The first distinction of W2-11b to W2-10 is the
content of five percent of CAC-SC1 and five percent CACPP 222 instead of ten percent of CAC-PP-222.
The second main distinction is the effect of five percent of a micro filler MIF MET SF with its much lower
grain diameter. After 24 hours of hydration, the mixture W2 11b shows a lower CS-value in comparison
to the reference REF1. Only then, after 28 days, the CS is obviously higher again compared to the refer-
ence. This is might be caused by the additional C;S from the GGBFS, which has a slower reaction rate.
However, the later CS-values are low in comparison to the other mixtures. The relative high early CS and
the lower increase at later stages complies with (Scrivener 2003, 2/26).

The mixture W2-12, which consist of 75 percent SPBM2 shows a lower first CS-value compared to the
reference REF1 and W2-11b. The slightly higher amount of SPBM2, in comparison to the other mixtures,
does not lead to a higher CS-value. Furthermore, the additional admixtures CAL EGU and MIF MET SF
shows obviously no effect during the first 24 hours of hydration. The CS-value increases significantly
eventual after 28 days of hydration and exceeds REF1 and even W2-11b. According to (Le Puerta-Falla
2015) ,this is probably caused by the additional CAL-EGU in combination with MIF-MET. On one side,
because of the pozzolanic character of metakaolin and on the other side because of the activation of
the CAL-EGU through the aluminium content of metakaolin.

The next mixture W2-13 was not workable at a W/B-value of 0.50. The specific feature of this mixture
was the added plasticiser. It increases the flowability during the production process greatly and it was
necessary to reduce the W/B-value up to 0.38. This reduction made it complicated to compare the results
from this mixture with all the other investigated mixtures in the first glance. The lower W/B-ratio affects
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the CS-development, in terms of dry-mix shotcrete, at later stages of hydration (24 hours till 28 days).
Both, the CS-value after 24 hours and 28 days were the highest measured values in the whole study. This
shows the high influence of the W/B-value on the CS-development. Findings in (Bentz, Peltz, and Winpig-
ler 2009) confirms this influential factor at later stages of hydration. However, the earliest CS-result (at
six hours) did not show the highest CS-result of all investigated mixtures at this time. This may indicates
a higher influence of SCMs, than a reduced W/B-value during the first hours of hydration. In the opinion
of the author, further investigations should be performed, whereas a reduced W/B-value in combination
with a plasticiser is added to the other mixtures to analyse the CS-development.

The blend W2-14 is a composition of 50 percent SPBM2, three percent CAC SC1, 30 percent MEF HUS,
five percent CAL EGU, seven percent CAC PP 222, five percent MIF MET SF and 0.8 percent of a plasticiser.
This mixture has the lowest early age CS-value of all investigated blends, although it contains CAC.
However, the amount of SPBM2 is low and within the contained calcium sulphate, which is necessary for
the reaction of CAC. Thus, advantages of the added CAC cannot be utilised. Otherwise, the mix made up
leeway after 28 days of hydration. The CS-value strongly increases, surpasses REF1 and achieves almost
the level of W2-12. The reason for this rise might be caused by the relatively high amount of MEF HUS
4500 (30 percent) and within a high amount of C,S.

Further detailed analysis of REF1 and REF2 showed that the CS-development in the period between one
and three hours of hydration decelerates. The first main CS-development happens in the first hour of
hydration. The next nameable CS-growth could be detected during the sixed and 24th hour. The obser-
vation shows a dormant period during the hydration. This phenomenon could be detected at both mix-
tures independent if SPBM2 or CEM | SRO with CAC was investigated.

5.1.1 Laboratory - versus Full-Scale Test

The data in Table 20 compares the results from the laboratory with those from the full-scale test. The
results have one thing in common. All mixtures, which were made in the lab except for W2-11b, have
significantly lower CS-values compared with the ones from the full-scale test after six hours. Even the
results after 24 hours and 28 days show this tendency, even though the differences get lower. In contrast
to that, mixture W2-11b shows a much better performance compared with W2-11 from the full-scale
test. This must be caused through the added five percent of CAC-SC1 instead of five percent CAL-EGU.
The samples W2-13 and W2-13from the full-scale test showed equal CS-developments. This draws the
conclusion that there may must some other influencing factors might exist, which lead to lower CS-
values in the laboratory. The compacting energy is a noticeable parameter. The generated dynamic en-
ergy during the spraying was much higher than the compacting energy, which was generated through
the external vibrator in the laboratory. The different amounts of compacting energies can be seen in
Figure 38 and Figure 39. The sample on the left shows obviously more air voids than the sample on the
right from the full-scale test. This observations agrees with findings in (Salvador et al. 2016), where re-
searches were done with sprayed accelerated cement pastes.

In addition to that, the W/B-ratios, which can be seen for the full-scale test at 3.2.2, were slightly lower
than those from the test in the laboratory. Another important driver were the different types of aggre-
gate and there different grain-size distributions, which are shown in 3.2.1 and 3.3.2. A better correspond-
ence with the idealistic maximum density curve can be seen for the aggregate from the full-scale test.
Disregarded from these conditions, examinations in (Shuang Zhang, Yong Ma, and Teng Han 2010) in-
dicates, that the storage period influences the dry-mix material. Their investigation showed a declined
reactivity and within lower CS-values over time. This can be a further reason for lower CS-values at the
laboratory. The time lab of approximately three to six months during this current investigation can be a
relevant factor for objective results. In the opinion of the author, all these factors affected the pore
structure and leaded to higher CS-values at the full-scale test.
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No.: Shortcut: Full-Scale-Test: Laboratory Test:
6h 24h 28d 6h 24h 28d
IN/mm?  [N/mm?] [N/mm?]  [N/mm?  [N/mm?]  [N/mm?]
W2-03 90%SRO 10%CAC-SC1 450 1807 6630  2.51 17.84 4794
W2-04 70%SR0 10%CAC-SC1 15%HUS 800 2064 7820 327 17.08 50.81
5%CAL

W2-10 70%SPBM-2 20%HUS 10%CAC-PP 880 2246 6030 165 1253 3539
W2-11 70%SPBM-2 5%CAC-SC1 15%HUS 2.50 885  57.50 -- -- --
5%CAL EGU 5%MET

W2-11b  70%SPBM-2 5%CAC-SC1 15%HUS -- -- -- 335 16.56  40.25
5%CAC-PP 5%MET

W2-12 75%SPBM-2 15%HUS 5% CAL EGU 300 1953 6980 128 1553 45.60
5%MET

W2-13 70%SPBM-2 20%HUS 10%CAL 510 2027 7480 250 26,65 58.8

W2-14 50%SPBM-2 3%CAC-SC1 30%HUS 450 1774 6320 1.02 932 46.18
5%CAL 7%CAC-PP

REF-1 100%SPBM-2 -- -- -- 2.15 1932 36.95
REF-2 90%SRO 10%CAC-SC1 -- -- -- 2.57 19.19  51.09

Table 20: Comparison of full-scale-test-results with results from the laboratory tests

Figure 38: Samples which was made in the la- Figure 39: Cylindrical sample cut out from a
boratory sample produced at the full-scale test
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5.2 Calorimetry

The heat release during hydration, as described in 2.1.3 and 2.3.1, occur because of an exothermic reac-
tion. The kinematics of hydration depends on the properties (for example grain-size distribution or w/c-
ratio) and respectively on the components of a mixture.

The heat flow-progress (mW/gpowder) showed equal periods of hydration, as it was detected by (Jiong
Hu, Zhi Ge, and Kejin Wang) in there research. In particular, only mixtures containing CAC PP222 showed
an additional but smaller peak during the acceleratory period. On the other hand, mixtures, which con-
tained CAC SC 1, did not show this development. Furthermore, the substitution influences the height of
peaks and shifts time spans of the hydration periods.

As shown in Figure 40 and Figure 41, it stands out, that mixtures W2-04, REF2 and W2-10 have a very
early and short endotherm phase. This might be similar to findings in (Hewlett and Lea 2001, 269-70)
for OPC, whereas small amounts of K* leaded to a tiny initial endothermic peak right after the mixing
process. On the other hand, these are fitted curves and data are very poorly available for this stage of
hydration. Therefore, this should not be taken for granted.

Another feature can be seen at mixtures which containing CAC, independently of CAC SC1 or CAC PP.
At the end of phase |, the graphs show plateaus. This aspect is due to a limitation of the calorimeter with
its measurable maximum of 1.1 watts. The previous named blends developed a very strong heat libera-
tion and exceeded the maximum measurable maximum of the calorimeter. This measuring inaccuracy
was neglected in further calculations.

Table 21 shows the heat release by phase and time. The highest heat release rates per time occurs during
phase one and phase two. The development decreases afterwards. The amount of heat liberation during
the acceleration period (phase lll) is equally high as during the initial and dormant stage (phase I and II),
which continues just five to 15 minutes. The heat release per time increases slightly afterwards in
phase IV again. It can be said, that about 30 percent of the total amount of released heat, which occurs
within the first 24 hours, is released during the first 15 minutes (phase | and Il). About 26 percent occur
in phase Il and circa 44 percent are generated in phase IV.

Further on, the comparison among all SCMs in Table 22 show a general tendency, that CACs, regardless
from the specific product (CAC-SC1 or CAC-PP-222), liberates the most heat at six and 24 hours. On the
contrary, mixtures which containing CAL-EGU in combination with MIF-MET-SF, liberated the lowest
amount of heat after six hours. The raised heat liberation at the end of the observation period may
indicates the activation of the reactivity of CAL-EGU in combination with MIF-MET-SF as its aluminous
source. This investigation agrees with findings of (Antoni et al. 2012), where mixtures of OPC, partly
substituted with limestone and metakaolin, showed a later CS-development.

Ser. No.: Phase | & Phase Il Phase Il Phase IV
Heat Release = Heat Release Heat Release  Heat Release  Heat Release  Heat Release
/ Phase / Time / Phase / Time / Phase / Time
[)/g] [J/ghl [J/gl [J/ghl [)/gl [J/gh]

W2-03-1 71.56 33.03 55.10 8.54 121.01 7.97
W2-04-1 81.18 27.06 38.03 7.00 103.57 6.73
W2-10-1 88.60 22.62 88.13 7.06 78.38 7.60
W2-11b-1 85.16 60.83 80.33 7.85 124.23 10.05
W2-12-1 65.86 28.64 62.88 7.58 124.89 8.85
W2-13-1 75.08 32.65 84.38 10.84 163.26 11.73
W2-14-1 80.85 36.75 76.61 7.30 107.54 9.52
REF-1 81.80 28.87 66.36 7.07 97.06 8.24
REF-2 65.17 27.73 50.33 7.76 112.44 741

Table 21: Heat release by phase and heat release by time for each phase of hydration
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Figure 41: Initial peaks of mixtures wit CEM | SRO

Ser. No.: Cumulative heat per mass powder

6h [)/q] 24h [J/g]
W2-04-1 95,69 222,78
W2-10-1 94,82 255,11
W2-11b-1 106,86 289,72
W2-12-1 85,53 253,64

Table 22: Comparison of cumulative heat progresses
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5.2.1 Correlation: Heat Release — Compressive Strength

As shown above, the combinations of a dry-mix powder and water lead to exothermic chemical reac-
tions. The collected data from the calorimeter and from the CS-tests are compared with each other in
Figure 42. This correlation shows a correlation coefficient of about 0.88. This correlation coefficient
demonstrates a general linear tendency that a rise of CS is associated with an increase of released heat,
which is associated with degree of hydration, equal to the results from (Schutter and Taerwe L. de 1996).
Moreover, the findings are in accordance with (Bentz et al. 2012) conjecture of a linear relationship be-
tween CS and heat release.

Nevertheless, it should be underlined that the W/B-value of mixtures W2-13 is reduced and was made
at a value of 0.38. Regardless of that, the mixtures W2-14 have a very low content of SPBM2. On the one
hand, this may lead to a higher liberation of heat. On the other hand, the low CS-values at this time may
come from the small amount of available clinker minerals, a higher content of admixtures and in general
because of finer particles. This is equal to findings in (Jiong Hu, Zhi Ge, and Kejin Wang) and especially
in (El-Hadj Kadria et al. 2011) where heat of hydration is mainly influenced by the finesse of the particles.
The fitted line from all data has a slope of about 10.09 Jmm?/Ng and intersects the ordinate at 75.86 J/g.
This implies that the first CS-development starts at approximately 0.2 hours of hydration. This was gen-
erally the time when the initial peak was exceeded.

However, Figure 43 shows a more precise correlation of mortars which consisting of 100 percent SPBM2.
The fitted line from all data has a slope of about 9.11 Jmm?/Ng and intersects the ordinate at 69.4 J/g.
The correlation coefficient shows a very strong linear relationship between heat release and CS-devel-
opment at a first glance, but a more accurate statement needs more date during the time from the sixed
and twelfth hour of hydration. However, the following linear equation (21) can be used for a first and
fast estimated CS-value through the data from a calorimeter investigation.

The next Figure 44 shows a precise correlation of mortars which consisting of 90% CEM | SRO and 10%
CAC SCT1. It can be seen that, the fitted line from of the collected data has a slope of about 8.92 Jmm?/Ng.
The line intersects the ordinate at about 57.41 J/g. The correlation coefficient, as found in the previous
mixtures, shows a very strong linear relationship between heat release and CS-development. Even
though, a more accurate statement needs more data during the time from the third and ninth hour of
hydration. Nevertheless, the following linear equation (22) can be used for a first and fast estimated CS-
value through the data from a calorimeter investigation.
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Figure 42: Heat Release vs. Compressive Strength of all tested samples
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5.3 XRD

REF 1:

The illustration Figure 45 displays the observed intensity development of preselected crystalline struc-
tures over about 24 hours of hydration of REF1. A general decrease of initial crystalline phases can be
observed over time. In general, it is understood, in consonant with (Choudhary et al. 2015), that this
decrease comes along with an increase of amorphous CSH-phases. In more detail, a small amount of
ettringite is seen from the first minutes on. This indicates a swift reaction of CzA with calcium sulphate
in the form of basanite (SO3; 1.2%), which is part of SPBM2. The results show a decreasing and then a
stagnating intensity of basanite, during period Ill. In order to the stagnating formation of new ettringite,
it can be assumed with reasonable certainty that mostly everything of the basanite in the mixture is
consumed. This is the period where the acceleration period ends, cf. 0. According to the postulated
CSH,/C3A-ratio from (Stark and Wicht 2000, 191-93) there must be a further reaction of CzA to mono-
sulphate and perhaps CAH, cf. 2.1.1. This monosulphate could not be detected during the observation
period of about 24 hours.

Moreover, similar to findings of (Choudhary et al. 2015), alite and belite start decreasing very rapidly at
approximately during 1.5 and 2.3 hours of hydration. Both constituents follow this tendency continuously
at least until the end of the observation period. The first detected portlandite in REF1 could be detected
between 2.0 and 2.8 hours of hydration. This coincides with the end of the dormant- and the beginning
of the acceleration period, which occurs at that time. The formation of portlandite is associated with the
formation of amorphous CSH, cf. 2.1.1. Therefore, this must be nearly the starting point at which CSH-
phases occur. The formation of portlandite and the decrease of alite and belite attenuates in the post-
acceleration period again.

REF 2:

The Figure 46 shows the observed hydration process over the first 24 hours of REF 2, which contains 90
percent CEM | SRO and ten percent CAC SC1. The aluminate reaction of C3A leaded to a rapid formation
of ettringite. The AFt was found from the first minute on, even though the intensity of this formation
almost stagnates and holds its level during the first 24 hours. At the same time, the amount of calcium
sulphate decreases. In more detail, it can be seen in Figure 46, that the amount of anhydrate decreases.
Despite of that, the content of Basanite stagnates and holds its level. The examination of (Nehringa et
al. 2018) studied, among other mixtures, a comparable mixture which contained 85 percent OPC and 15
percent CAC. Nehringer et al. even found ettringite first during the initial period. They associated the
formation of ettringite with the decrease of CzA, CAC and anhydrite.

The amount of alite decrease over time and instead of that, portlandite starts to occur approximately
during 2.0 and 2.5 hours of hydration. This is the transition point where the dormant period ends and
the acceleration period begins. This trend last until the end of the observation period. It is assumed that
the occurrence of portlandite is in accordance with the formation of CSH-phases. These findings are in
inconsistency with observation of (Nehringa et al. 2018). Nehringa et al. detected a low alite dissolution
during the first 30 hours, though no associated precipitation of CSH and portlandite. Further, they de-
tected portlandite first after 46 hours of hydration.

Independently from that, calcite was detected, which is part of the CEM | SRO. It was depleted quite
constantly over the first 24 hours. In opinion of the author, this depletion is caused by the additional
amount of aluminium from the CAC. The reactive capacity of the calcite was activated and a pozzolanic
reaction took place and the ions from the calcite react with the CAC. This assumption is in accordance
with findings of (Bizzozero and Scrivener 2015).
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Figure 45: Intensity trends during the ongoing hydration of REF1
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6 Conclusion

The primary aim of this master thesis was to investigate the early-age compressive strength develop-
ment of dry-mix shotcrete according to different SCMs and admixtures. The results have indicated that
a substitution of CEM | SRO or SPBM2 with about 30 percent of SCMs or admixtures lead to comparable
CS-results, if about five to ten percent of CAC SC1 is present. The positive effects of CAL EGU on the very
early-age compressive strength, which was determined in (Briendl et al. 2018) for wet-mix shotcrete
could not be detected for dry-mix shotcrete. Even though, a filler effect cannot be excluded. Identically
to that, the effect of metakaolin on the very early-age compressive strength could not be seen whether
there maybe is a filler effect. However, mixtures with additional CAL EGU and metakoline leaded to
increased CS-values at later stages (28 days). This is perhaps caused through a pozzolanic reaction of
metakaolin itself and the activation of CAL EGU through the additional metakaolin as its aluminous
source. Nonetheless, the positive effect on the very early-age compressive strength development of CAC
could be confirmed. Although, there is a remarkable difference between CAC SC1 and CAC PP222. The
results show that mixtures containing CAC SC1 reach the highest compressive strength rates at the very
beginning. On the other side, mixtures with CAC PP222 did not show such well behaviour. Only the
combination with CAC SC1 leaded to compressive strength rises. The contrasting juxtaposition of result
from the laboratory with those from the full-scale test showed a general tendency. The CS-results, meas-
ured in the laboratory, are always, with except of one, outrun by the results of the full-scale test. In
opinion of the author, this is mainly caused by a higher compacting energy, which occurs during the
spraying process. Further, the longer storage period of the SCMs as descript in (Shuang Zhang, Yong
Ma, and Teng Han 2010) cannot be excluded as an influencing factor. Another parameter is the W/B-
value. The mixtures from the full-scale test exhibited approximately a six percent lower W/B-value. Those
facts leaded, in combination with a different grain-size distribution, to higher compressive strength re-
sults at the full-scale test. However, as already mentioned, the only exception was mixture W2-11b. The
only distinction of this mixture, in comparison with the one from the full-scale test, was the content of
five percent of CAC SC1 instead of five percent of MIF CAL EGU. This distinction leaded to an increased
very early CS-value. The result from the laboratory reached a 34 percent higher CS-value in comparison
with the value from the full-scale test, independent from the compacting energy and the age of the base
material.

Another target of this work was the investigation of thermodynamic reactions during the hydration pro-
cess. The observations of dry-mix shotcrete displayed hydration periods, as it can be seen during the
hydration of OPC. Besides of that, each mixture shows its own characteristics. The shape of the heat
release curves, the peak heights, the duration of each period and even the number of all peaks was
affected by the content of SCMs. In addition to that, only mixtures, which contained CAC PP222, showed
an additional peak during the acceleration period. The reason for this phenomenon could not be clarified
yet, and should be part of further research. The correlation of the date from the isothermal calorimeter
and the result from the compressive strength test showed a positive tendency of CS and heat release. A
more detailed contemplation of REF 1 and REF 2 showed a strong coherence of released heat energy
and the compressive strength development. Based on this relation, further investigations on compres-
sive strength of dry-mix shotcrete can be made more expeditiously. The linear function, which was found,
during this investigations, conforms findings of (Bentz et al. 2012) and (Schutter and Taerwe L. de 1996).
The findings can be used for dry-mix shotcrete mortar made in the laboratory. However, the approach,
which was examined in the laboratory, can be adapted to the professional practise.

The last aim was to analyse the transformation of two dry-mix shotcrete samples REF 1 and REF 2 during
the hydration process. Therefore, in-situ XRD observations were made over the first 24 hours of hydra-
tion. Mixture REF 1 was characterized first by the aluminate reaction. A small amount of basanite in the
base material leaded to the formation of ettringite. A further formation of monosulphate or CAH. was
not found during the first 24 hours of hydration. The following main reaction was the silicate reaction.
Alite and belite decreases and portlandite was found at the end of the dormant period, similar to results
of (Choudhary et al. 2015). It is understood, that this portlandite is associated with the formation of
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amorphous CSH. However, mixture REF 2 should slightly different results. At the beginning, an aluminate
reaction with occurrence of ettringite was seen. At the same time, the calcium sulphate source anhydrite
decreases, the basanite level stagnates and portlandite arises. Findings of (Nehringa et al. 2018) showed
similar findings for the aluminate reaction. Nevertheless, the observed silicate reaction was different to
the reaction from the research of (Nehringa et al. 2018). REF 2 reacts faster. portlandite was found ap-
proximately during 2.0 and 2.3 hours. (Nehringa et al. 2018) detected it first after 46 hours. Independently
from that, the depletion of calcite was seen. It is presumed, that aluminium form the added CAC causes
the reaction of calcite. This is in line with the research of (Bizzozero and Scrivener 2015).

Overall, the results showed the significant effects of SCMs on dry-mix shotcrete mixtures. The addition
of CAC SC1 leaded to an increase of the early CS. On the other side, mixtures with CAC PPP did not show
such clear behaviour. Mixtures with additional CAL EGU in combination with MIF MET SF showed an
increased CS-value at later stages, at about 28 days of hydration. A further influencing factor was the
reduced W/B-value in combination with an additional plasticiser. However, the effect was not as high as
expected during the very important first few hours. Furthermore, the other constituents have to be con-
sidered. In particular, the influence of the compacting energy through the spraying and the addition of
other components, for instants the aggregate distribution or the addition of additives, such as plasticiz-
ers. In opinion of the author, continuous research should focus on proofing the linear relation between
heat release and compressive strength development. In detail, the focus should be on the period during
the tenth and eighteenth hour of hydration. In addition to that, the different thermal dynamic behaviour
of CAC SC1 and CAC PP222 need to be illuminated. Furthermore, the occurrence of a shoulder (addi-
tional peak) during reactions of CAC PP222 should be observed. Independent from previous annotations,
the development of new recipes of mixtures should be resumed. Therefore, mixtures W2-11b could be
recommended. It showed a well early-age compressive strength development. On top of that, findings
in (Thumann and Rock 2017) showed a positive leaching behaviour of the constituent metakaoline, which
is part of mixture W2-11b.
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Sample Characteristic:

Sample: Mass Length Width Height
[al [mm] [mm] [mm]
REF-1-03 561.3 160.20 39.50 40.90
REF-1-04 571.6 160.05 39.85 40.05
REF-2-03 559.9 159.96 40.45 40.12
REF-2-04 564.7 160.18 40.44 39.95
Table 23: Sample characteristics after one hour
Sample: Mass Length Width Height
9] [mm] [mm] [mm]
REF-1-03 566.8 160.12 39.85 40.10
REF-1-04 563.4 159.98 40.35 40.05
REF-2-03 561.4 160.87 40.63 39.94
REF-2-04 565.2 161.14 40.57 39.99
Table 24: Sample characteristics after three hours
Sample: Mass Length Width Height
[9] [mm] [mm] [mm]
W2-03-01 572.3 160.36 40.98 40.13
W2-03-02 566.8 160.63 40.68 40.26
W2-04-01 564.2 160.10 40.69 40.16
W2-04-02 561.7 160.01 40.65 40.14
W2-10-01 556.8 160.21 40.87 40.09
W2-10-02 548.8 160.07 40.36 40.08
W2-11-01 546.1 160.12 40.20 40.17
W2-11-02 550.1 159.60 40.06 40.13
W2-12-01 547.3 160.65 40.21 40.19
W2-12-02 539.9 159.98 40.10 40.08
W2-13-01 580.8 160.65 40.51 40.22
W2-13-02 567.0 160.18 40.09 40.19
W2-14-01 544.5 160.25 40.08 40.45
W2-14-02 535.1 159.89 40.23 39.98
REF-1-01 551.1 160.16 40.03 40.11
REF-1-02 547.7 160.24 40.38 40.23
REF-2-01 568.2 160.25 40.20 39.96
REF-2-02 569.2 160.31 40.14 40.13

Table 25: Sample characteristics after six hour
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Sample: Mass Length Width Height
gl [mm] [mm] [mm]
W2-03-01 566.2 160.37 40.51 40.29
W2-03-02 564.2 160.29 40.99 40.37
W2-04-01 5614 160.01 4043 40.14
W2-04-02 562.0 160.31 41.20 40.22
W2-10-01 553.7 160.22 40.94 40.13
W2-10-02 543.7 160.07 40.20 39.96
W2-11-01 551.5 160.13 40.06 40.12
W2-11-02 551.5 160.57 40.17 40.02
W2-12-01 540.1 160.20 40.33 40.04
W2-12-02 540.6 160.00 40.37 40.11
W2-13-01 574.2 160.46 40.20 40.13
W2-13-02 561.8 160.34 40.59 40.02
W2-14-01 5434 160.31 40.65 40.04
W2-14-02 534.9 160.27 40.07 40.02
REF-1-01 552.5 160.19 40.07 39.66
REF-1-02 549.0 160.25 40.19 40.12
REF-2-01 565.2 160.29 40.30 40.15
REF-2-02 563.9 160.39 40.49 40.24
Table 26: Sample characteristics after 24 hours
Sample: Mass Length Width Height
[9] [mm] [mm] [mm]
W2-03-01 564.9 160.30 4042 40.70
W2-03-02 570.3 160.36 40.96 41.13
W2-04-01 565.5 160.90 40.27 40.65
W2-04-02 556.1 160.13 40.08 40.33
W2-10-01 559.0 160.30 4035 41.04
W2-10-02 5494 160.53 40.06 40.59
W2-11-01 551.5 160.13 40.56 40.19
W2-11-02 562.9 160.05 40.26 40.39
W2-12-01 548.0 160.16 40.10 40.18
W2-12-02 557.9 160.07 40.81 4049
W2-13-01 565.7 160.19 39.96 40.50
W2-13-02 562.9 160.20 39.93 40.10
W2-13-03 571.2 160.31 40.54 40.39
W2-14-01 561.5 160.15 40.65 40.12
W2-14-02 561.8 160.13 40.45 40.14
W2-14-03 564.1 160.34 40.44 40.20
REF-1-01 560.9 160.36 40.13 40.20
REF-1-02 557.8 160.34 40.30 40.28
REF-2-01 5704 160.36 40.48 40.37
REF-2-02 568.6 160.34 40.37 40.12

Table 27: Sample characteristics after 28 days
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18,0 0,77%; 16,70N/mm

15,0

12,0 S
9,0 0,69%; 14,66N/mm?*
6,0
30
00
00 02 04 06 08 10 12 14 16 18 2,0

——W2-12-01.1 ——W2-12-01.2 ® Peak1 ® Peak2 Strain [%]

Stress
[N/mm?]
300

W2-12-02:  24h Stress- Strain- Curve

27,0
24,0
21,0
18,0 o 0.74%; 15,69N/mm?*
150 -
12,0
9.0
6,0
30

00
00 02 04 06 08 10 12 14 16 18 20
——W2-12-02_1 —W2-12-01_2 ® Peak1 Strain [%]



Appendix C 73

Appendix C

Power- and heat curves:
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