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Summary

To achieve the goals set by the Paris Agreement to have a fully circular economy in 2050,
sustainability will play a larger role in all aspects of life. One sector where sustainability
is especially important, is the building sector. The building sector accounts for one third
of the total environmental impact, so small changes go a long way [95].

In the journey of reaching the set goals, many innovative solutions are being applied.
One of these solutions is the use of waste products to both limit waste, and reduce
the need for raw materials. A solution in concrete that has been used frequently in
maritime infrastructure, is the use of blast furnace slag cement (CEM III). This slag is a
waste product of the steel industry, and can be used as a replacement for clinker. Since
clinker has a massive carbon footprint, theoretically this is a solid solution. The research
testing this concrete in lab conditions has been positive as well. However, the building
site has a drastically different environment than the perfect conditions found in a lab.
One example where the properties of the CEM III concrete have not been as expected, is
the high speed line for trains in the Netherlands [100]. Due to a higher porosity, cracks
and moss growth became a large problem, reducing the durability and impacting the
allowed speeds of the trains. This example begs the question if applying CEM III/B,
which is a standard cement type used in the Netherlands, really is as sustainable as
believed. To better understand the effects of applying CEM III/B concrete instead of
Portland Cement (CEM I), the following research questions have been answered:

o What are the differences in mechanical properties for a CEM I 42.5N and CEM
III/B 42.5N concrete mixture, when cured in a relative humidity of 55%%

o What is the total effect on the life-cycle of a building when applying these different
concrete miztures, also considering sustainability?

A relative humidity of 55% is chosen for two reasons. First, this humidity is plausible on
the building site of The Netherlands. In the winter months the average relative humidity
is around 90% and in the summer 60% [99]. High wind speeds massively affect the rel-
ative humidity though. Typical Dutch winds are able to decrease the relative humidity
of concrete below 60% throughout the whole year, due to the moisture loss it causes
[97]. The second reason for choosing the 55% curing chamber is the limited amount
of curing chambers available in the Stevinlab of the TU Delft. The weather conditions
in the Netherlands suggest that a 55% relative humidity is a regular occurrence on the
building site.

First research question

The main focus of this thesis has been answering the first research question, which was
eventually done by experiments. The first step has been the literature study into the
hydration of cement. The literature suggests that clinker has a much faster hydration
than blast furnace slag, meaning that CEM I will have a higher early-age strength. Since
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blast furnace slag requires clinker to hydrate first, the strength gain will be much slower.
In an optimal relative humidity of close to a 100%, this is no issue. However, due to
the relative humidity being only 55%, the unreacted water in the concrete is prone to
evaporation. The expectations were that the evaporation will impact CEM III concrete
more than CEM I concrete, due to the late hydration. The results of the experiments
confirm that the mechanical properties of CEM III concrete are indeed affected more.

Based on the research questions and literature study, it was evident that a research-gap
needed to be bridged. Most research has been comparing the mechanical properties
of CEM I and CEM III in optimal curing conditions, in a relative humidity of nearly
100%. The conditions on the building site however, are often much worse. To obtain
more knowledge on the mechanical properties in sub-optimal curing conditions, an ex-
perimental campaign was designed and conducted. These lab-tests consisted out of;
Shrinkage tests, compression tests, static modulus tests, bending tests for both rein-
forced and unreinforced beams, and water absorption tests.

The shrinkage test resulted in 12% higher shrinkage for blast furnace slag concrete
over a time span of 75 days. The autogenous shrinkage, which is caused by the internal
movement of small fractions of water, was even twice as high. The water loss is also 18%
higher, thus the higher shrinkage makes sense.

This additional water loss also resulted in a 14% additional porosity, with a total of
9.64% compared to a porosity of 8.46% for CEM I concrete.

The cube compression tests showed the speed of the compressive strength gain.
The cubes were supposed to reach a minimum value of 42.5MPa after 28 days. The
CEM 1 cubes easily surpassed this with an average strength of 50.27MPa. The CEM
III cubes however only reached 36.45MPa. It was very noticeable that after 7 days, the
cubes barely gained any strength due to not enough water being available for hydration.
Some additional cubes that were cured in a 97% relative humidity were tested, and here
both concrete mixes achieved a similar strength just below 55MPa. A large variance was
observed in the cubes cured in 55% humidity compared to the specimen cured in 97%
relative humidity.

A static modulus test was performed to observe the Young’s modulus in com-
pression, which resulted in 33GPa and 28GPa for the CEM III and CEM I mixture
consecutively. This 18% difference can be explained by the difference in material vol-
ume. Due to the higher porosity in the blast furnace slag concrete, less hydrated concrete
is available. With less material to give resistance to deformation, the Young’s modulus
is lower. The CEM III mixture experienced a higher variance in the results as well.
It became clear that there was localised brittle failure on two sides of the specimen,
while the CEM I mixture experienced a more gradual softening after the peak. This
observation means that the curing conditions impact the CEM III much more.

An unreinforced three-point bending test with a notch, resulted in tensile
Young’s moduli of 38GPa and 31GPa. Both these values are higher than the E-moduli
in compression, which can for one be explained by the much higher loading rate during
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the test. This influences the static mechanical properties. Another explanations might
be the crude approximation of the forget-me-nots used to determine the Young’s mod-
uli. The peak tensile stresses in the CEM I and CEM III concrete were 3.40MPa and
2.81MPa, meaning a difference of 21%. Due to the lower strength and more brittle be-
haviour, the fracture energy was 30% lower as well. These results can again be explained
by the higher porosity.

A reinforced four-point bending test was supposed to give an indication on
the bond strength between the steel reinforcements and concrete. The results were a
slightly larger crack spacing for CEM I with 170mm, compared to 151lmm for CEM
III concrete. This was not consistent with the theory and the rest of the results, since
a higher porosity should have given a worse bond. However, the placement of the
reinforcements play a huge role in the results. Due to the inexperience of the author
who handmade the reinforcement cages, these cages were inconsistent, thus triggering
some preferential crack spacing. The quality of the steel was also irregular, meaning
that there is insufficient reliability to draw generic conclusions.

Lastly, a water absorption test resulted in consecutively 8.46% and 9.64% poros-
ity for CEM I and CEM III. When considering the hydration speed and water loss of
CEM III concrete, it is to be expected that the porosity is higher.

The conclusion of these results, is that the mechanical properties for the CEM III con-
crete cured in 55% relative humidity, are about 15-30% worse when compared to CEM
I in the same conditions. This is all due to the curing conditions having a bigger effect
on blast furnace slag. Due to delayed hydration, there is more unreacted water available
in the first days and even weeks after casting. When exposed to a lower humidity, the
water evaporates, thus increasing the porosity. The porosity affects all other mechanical
properties, since there are less solid particles within the concrete to provide resistance
and strength.

Second research question

The life-cycle of a building consists of the production of the materials, the construction,
service-life, and end-of-life phase. By comparing the production of both CEM I and CEM
II1, it follows that the estimated carbon footprint of CEM I is 2.5 times larger than CEM
III. This is mainly due to the high temperatures involved in producing clinker.

The construction of a building using CEM III would take four times as long however
to meet the necessary safety requirements. To build on a cast in-situ floor for example,
70% of the characteristic strength of the floor should be reached. Usually one week
is used, which is more than sufficient for the Portland cement. The blast furnace slag
concrete would need 28 days to achieve this value however. On top of that more cracks
are expected, since the tensile strength and fracture energy is significantly lower.

The largest impact can be found in the service-life. Due to all mechanical properties
being weaker in CEM III concrete, the risk of failure and need for maintenance increase.
The durability on the other hand decreases, meaning that the intended lifespan of the
building may not be reached. The higher porosity allow for easier chloride ingress that
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affects the reinforcements. The lower Young’s moduli allow for higher deformations,
meaning higher strength concrete or larger dimensions should be used. The increased
shrinkage can add stresses to the elements when movements are constrained, resulting
in more cracks. Finally, the higher variance in the experimental results means that it is
less predictable and thus less reliable to use.

Lastly, for the end of life of both concretes, recycling was considered. Recycling a
CEM I mixture would result in a slightly higher gain, since reclaiming clinker has more
worth than blast furnace slag.

To conclude the findings of this research, it can be stated that sub-optimal curing con-
ditions affect CEM III significantly more than CEM I. Not only are the mechanical
properties lower, but there is a higher uncertainty in the CEM III mechanical proper-
ties as well. Applying CEM III in sub-optimal conditions would require extra careful
considerations in the treatment. In the given building site conditions, applying CEM 1
would be significantly more durable, cheaper, and especially safer.



Nomenclature

A
BFS
c-S-H

CSH,
CyS

C3A

C3S
C,ASHyy
C4AF
CsAS3Hzy
CH

GGBFS

Aly03 - Aluminum oxide - Alumina

Blast Furnace Slag

(359 H3 - Calcium silica hydrate

CaO - Calcium oxide - Lime

3CaSOy - 2H5 - Calcium sulfate (Gypsum)

2Ca0 - Si02 - Dicalcium silicate (Belite)

3Ca0 - Aly03 - Tricalcium Aluminate (Aluminate)
3Ca0 - Si02 - Tricalcium silicate (Alite)
3CasAloOHyg - SOy - 6H20 - Monosulfate

4CaO - AlyO3 - FegOs3 - Tetracalcium ferroaluminate (Ferrite)
3CaS0y - AlsO3 - 3CaSOy - 32H20 - AFt (Ettringite)
CaO - H5O - Calcium hydroxide - Portlandite

Fey03 - Iron(III) oxide - Iron oxide

Ground Granulated Blast Furnace Slag

H50 - Water

Si09 - Silicon dioxide - Silica
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1 Introduction

The ever-growing population and its demand, result in more and more infrastructure
being necessary. However, with the goal to achieve a fully circular economy in the
Netherlands by 2050 and the building industry amounting to 1/3rd of the environmen-
tal impact, this becomes a real challenge [95]. To minimize the environmental damage
done to this planet, sustainable solutions are implemented in the building of this infras-
tructure. But not all of these solutions are implemented with a full understanding of
the material behaviour. This gap in knowledge becomes a big problem, especially when
some of these sustainable solutions are already being used in practice.

Concrete is one of the most popular construction materials due to its price and work-
ability, but the process of making clinker for cement comes with a large environmental
cost. To combat this problem, several alternative materials are being used to replace
part of the cement, like blast furnace slag in CEM III concrete. Blast furnace slag is
a waste product from the steel industry, so implementing this will both decrease waste
and the need for clinker. This results in more sustainable concretes, but also changes
the mechanical properties of the concrete. Comprehensive research has already been
conducted comparing CEM I and CEM III concretes in perfect lab conditions, but these
conditions do not accurately represent the reality at the building sites [96]. With both
humidity and wind speeds affecting the curing process, the ’sustainable’ CEM III might
not be so sustainable after all [97]. To make a comparison of how these two types of
concrete would behave in infrastructure with cast in-situ concrete elements, they need
to be compared in sub-optimal curing conditions with a lower relative humidity.

Research objective

This report will aim to gain a better understanding of both CEM I and CEM III/B con-
crete which is cast in-situ. CEM I has been used in buildings for a while, so extensive
date is available on its behaviour. CEM III has mainly been used in maritime infras-
tructure, so its application in buildings is relatively new. To make reliable designs using
CEM III in the future, this gap in research needs to be filled. The following research
questions will aid in achieving this objective:

o What are the differences in mechanical properties for a CEM I 42.5N and CEM
II1/B 42.5N concrete mizture, when cured in a relative humidity of 55%7¢

o What is the total effect on the life-cycle of a building when applying these different
concrete miztures, also considering sustainability?

The main question that this thesis will discuss is the first one. The 55% relative humidity
is chosen to simulate the building conditions in The Netherlands. The Netherlands has
an average relative humidity of 90% in the winter and 60% in the summer [99]. The high
wind speeds lower this humidity even more. With average wind speeds surpassing 4m/s,
the internal relative humidity of concrete can even fall under 40% [104] [97]. To simulate



realistic conditions and due to the availability of curing chambers, a relative humidity
of 55% is chosen. The second question will give insight on possible consequences when
applying both mixtures in practice. From the production phase till the end of service life.

Report outline
These research questions will be answered using both literature research and experi-
ments. The structure is as follows:

e Chapter 2: The chemical compositions of the two different cement mixes is ex-
plained.

e Chapter 3: The process of hydration is discussed. This process will determine all
mechanical properties of the concretes.

e Chapter 4: To determine which experiments are necessary, the important mechan-
ical properties are supported with literature.

e Chapter 5: The exact mix design for the experiments is determined.

e Chapter 6: The method for how the experiments will be conducted is demon-
strated. Based on the literature research of chapter 2 till 5, the expected results
are explained as well.

e Chapter 7: The results from the experiments are visualised.
e Chapter 8: The possible effects on the life-cycle of a building are given.

e Chapter 9: The results from both the experimental results of chapter 7, and life-
cycle effects of chapter 8 are discussed.

e Chapter 10: A conclusion to this research is given, and the research questions are
answered.

e Chapter 11: Recommendations are given for future research, and advise is given
to the building industry.



Part I:
Literature Study



2 The different compositions of cement

This chapter will present the two different cement mixes studied in this Thesis. First the
specifications for the CEM I and CEM III cement mix will be given. The constituents
of the cements will then be discussed, ending with the chemical composition

2.1 Cement components

This section will present the two cement mixes for the experiments. The constituents
of these mixes will be presented as well. The definitions of the mixes are given by the
Eurocode: En 197-1.

There are two cement mixes that will be used in the experiments. The first one is
CEM I 42.5N, which is a standard Portland Cement mix that is regularly used worldwide.
It contains between 95-100% clinker, with 0-5% of additional constituents. The 42.5
means it has a middle strength class out of the three main strength classes of cement.
The N stands for a normal strength development [14].

The second one is CEM III/B 42.5N which is Portland Cement combined with a
high concentration of blast furnace slag, often used in the Netherlands. It contains 20-
34% clinker, 66-80% blast furnace slag and 0-5% of additional constituents [14]. It also
has a middle strength class with normal strength development. Table 2.1 gives a clear
overview of the components.

Cement tvpe Clinker Blast Furnace Slag | Additional constituents
P content [%)] content [%)] content [%)]
Portland Cement
(CEM ) 95-100 - 0-5
Blast Furnace Cement
(CEM T11) 20-34 66-80 0-5

Table 2.1: Composition of the cement mixes [14]

2.1.1 Clinker

Clinker is obtained by firstly combining calcareous and argillaceous materials together
[20]. The calcareous material used in cement production is usually limestone, and it is
characterized by its contents of calcium and magnesium [26]. The argillaceous materials
are mainly silica, alumina and oxides of iron, which are found in clay or shale [20]. These
raw components are then combined as a homogeneous mixture. The kiln heats the raw
materials up to the sintering temperature, which means that one solid mass is created
without reaching the point of liquefaction. Lastly, the solid mass is grinded into clinker
in combination with gypsum [25]. Figure 2.1 gives a schematic representation of this
process.
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Figure 2.1: Clinker production [27]
During the process of heating up the raw materials, some chemical reactions begin to
form. When the clinker reaches a temperature of approximately 900°C, the limestone and

clay start reacting with each other. The last chemical reactions form at a temperature
of 1400-1600°C, which gives the following constituents within the clinker [20]:

e (C3A: Tricalcium aluminates (Aluminate)

e (3S: Tricalcium silicate (Alite)

e (5S: Dicalcium silicate (Belite)

o C4AF': Tetracalcium ferroaluminate (Ferrite)

The effect of each of these constituents will be explained in chapter 3.

2.1.2 Blast Furnace Slag

Blast Furnace Slag is a by-product from the manufacturing of steel and iron. It
comes in multiple forms and sizes, and has different properties depending on how it is
treated. The most important slag for the production of CEM III is Ground Granulated
Blast Furnace Slag (GGBFS). The first step for obtaining this slag, is obtaining regular
Blast Furnace Slag. A combination of iron ore and limestone is heated up in a furnace



by special metallurgical coal [29]. when a temperature of 1400-1500°C is reached, two
products are created: molten iron and molten slag. Figure 2.2 gives a representation of
this process.

The Blast Furnace

Charge: iron ore, coke, limestone

!

Hot waste gases Hot waste gases

NGayval’a

Reduction of iron ore:

3C0(g) + Fe,0,(s)—>2Fe(l) + 3CO,(qg)
Carbon dioxide reacts
with coke:

CO,(g) + C(s)=—2C0(g)

Limestone decomposes and

slag forms:

CaCO,(s) — CaO(s) + CO,(g)
Cao (s} + 5i0,(s) = CaSiOz(I}

Hot air reacts with coke:
sand slag

Cls) + 0,(g)—C0,lg)

Hot air blast Hot air blast

Figure 2.2: Blast Furnace Slag production [28]

As can be seen in figure 2.2, the slag lays on top of the iron due to the difference in
density, and is extracted. By rapidly cooling this slag in a large volume of water, the
cementitious properties are optimized [29]. By drying and grounding the slag to a fine
powder, the final product of Ground Granulated Blast Furnace Slag is obtained. The
effects of this slag in CEM III will be explained in chapter 4.

2.2 Chemical composition

Due to the different ways of acquiring clinker and BFS, the minerals within the CEM I
and CEM III mixes differ as well. The exact chemical composition of the two types of
cements can be seen in table 2.2.



fy‘;fent CaO | SiOy | AlyOs3 | FesOs | MgO | NasO | K20 | TiOy | MnO | P,Os | SO3 | Other
A(LJQEé\I/I\II 63.12 | 20.32 4.60 3.24 1.92 0.26 0.61 0.44 0.07 0.35 | 3.20 0.12
ffé\f\]m/B 46.21 | 30.67 | 9.09 | 1.17 | 555 | 020 | 0.70 | 0.80 | 0.13 | 0.05 | 4.93 | 0.52

Table 2.2: Chemical composition of CEM I 42.5N and CEM III/B 42.5N in weight percentage
[15]

How these substances influence the cement and eventual concrete, will be explained in
chapter 3. Mainly large differences in the calcium oxide and silica oxide can be observed.




3 Hydration of cement

The reaction between the water and cement particles is a chemical process, also called
hydration. This process is of utmost importance for concrete, since it will define all
mechanical properties of concrete. This chapter will first explain the importance of this
reaction, followed by how it works in both clinker and blast furnace slag.

3.1 Why is hydration important

The heat rate evolution of the hydration process is significant to note for several rea-
sons. How fast and how high the temperature of the concrete increases, greatly affects the
strength and durability of the concrete. A high temperature indicates a high early-age
strength, but can also negatively influence the final strength [6]. Another importance
of the temperature development becomes evident when fresh concrete is poured over
older concrete elements. While the young concrete hydrates, the temperature rises and
the concrete expands. The old concrete restraints the young concrete from deforming,
causing compression in the young concrete and tension in the old concrete. When the
young concrete cools down again, the tension can be found in the young concrete and
compression in the old. This can be seen in figure 3.1. This process causes unwanted
cracks.

Figure 3.1: Young concrete expands and shrinks causing cracks

3.2 Hydration process

The hydration process is determined by several factors, which will be discussed in chap-
ter 3.5. One of the most notable parameters is the composition of the cement. The



mineralogical composition of cement determines the heat rate evolution during hydra-
tion, which gives the strength and durability properties over time [15]. The mineralogical
composition of both CEM I 42.5N and CEM III/B 42.5N are given in table 3.1.

CEM I 42.5N [%] | CEM II1/B 42.5N [%)]

C3S 61.2 15.4
CyS 13.0 2.2
CLAF 10.3 2.4
C3A 4.4 1.4
Anhydrite 4.7 2.5
Calcite 2.7 0.6
Dolomite 1.2 2.2
Bassanite 0.8 0.7
Quartz 0.5 0.2
Periclase 0.5 -

Aphthialite 0.4 -

Portlandite 0.2 -

Gypsum 0.1 1.2
Amorphous - 71.3

Table 3.1: Mineralogical composition in weight percentage [15]

The most notable minerals of the cements are C3S5, (S, C4AF, C3A, gypsum and
the Amorphous, since they contribute to the hydration [20]. The Amorphous mineral
comes from the blast furnace slag. These components react with water, starting a
chemical reaction where heat is released. When C3S and CsS react with water, they
start forming a strong ’glue’ to bind the aggregates together. This glue is called Calcium
Silica Hydrate (C-S-H) and accounts for the majority of the concrete strength [33]. This
can be seen in equations 3.1 and 3.2.

2055 + 6H — C — S — H + 3CH (3.1)
CyS+4H - C—S—H+CH

The difference between the two, is that C'3S hardens rapidly and accounts for the early
strength. C2S hardens slowly, and gives strength to the concrete beyond one week [35].

C3A and C4AF do not form C-S-H, but still partially contribute to the overall strength.
They both hydrate very quickly, which means that they mainly contribute to the early
age strength. This quick reaction is unwanted however, since the concrete will set too
soon [35]. Additionally, the reaction between C3A releases a lot of heat. To retard this
process, gypsum is added in the cement mix. When combined with enough gypsum in the
early stages of hydration, ettringite (CgAS3Hs3z) is formed. Ettringite is a mineral that
is purely useful for controlling the setting time, since it forms a protective layer around
the cement particles to hinder the C3A hydration [34] [37]. The following formulas show



the reactions of the before-stated components with water. If gypsum is present:

C3A + 3C§H2 + 26H — 06A53H32 (3.3)
C4AF +3CSHy + 30H — C¢ASsHsy + FH3 + CH (3.4)

If all the gypsum is used up but ettringite is available:

203A + CsASsHszs + 4H — 3C4ASHyo (3.5)
2C4AF + CgAS3H3o + 12H — 3C4ASH5 + 2CH + 2F Hs (3.6)

If all gyspum and ettringite is used up:

C4AF +10H — C3AHg + CH + FHs (3.8)

The final important reactions come from the BFS. BFS is both hydraulic and pozzolanic.
The latter means BFS reacts with CH in the presence of water [36]. The reaction is as
follows:

Amorphous+ CH+H - C —-S—H (3.9)

All the above-mentioned reactions occur at different times during hydration and release
heat. Based on the amount of heat that is released, the hydration process can be divided
up into five stages. These different stages of heat evolution can be found in figure 3.2.

Rate of Heat
Evolution Pre-indudction
PErio Accelerated
setting
phase .
Deceleration
Finalset|  period
Induction Diffusion
Period Limited
Reactions
-« |nitial set \
M " @ 3) (4) () Time
minutes hours days

Figure 3.2: Heat evolution of fresh concrete [32]
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In the Pre-induction period the highest rate of heat evolution can be seen in figure
3.2 within minutes. This can be explained by the quick reaction of C3A4 and C3S both
giving off large amounts of heat during hydration [39]. Since the reaction product of
C3A is unwanted, gypsum is used to retard this process. At the end of the Pre-induction
period, the heat rate goes down significantly. There are many theories that try to explain
the reason, however only the ’Dissolution’ theory is able to explain every single detail
[39] [40] [41] [42]. When calcium particles within the cement start to react with water,
the amount of Ca®* ions in the water solution is increased. At some point the solution
becomes supersaturated, meaning that the ions are not able to dissolve anymore. This
leads to a solid reaction product being formed surrounding the cement particles, and
thus temporarily preventing further hydration [39].

The surrounding of the cement particles leads to the Induction period. Almost no
reactions are occurring in this stage, which means it is the perfect time to transport
the concrete to the building site. To both maintain the homogeneity and delay further
hydration, the truck has a mixer drum which can rotate [43].

The Accelerated setting phase starts once the protective layers are being destroyed.
Like the name states, this stage signifies the beginning of the setting of concrete. All
reactions from equations 3.1 and 3.2 continue. Depending on the amount of gypsum and
ettringite available, hydration of C3A and C4AF continue based on equation 3.3, 3.4,
3.5, 3.6, 3.7 and 3.8.

In CEM III, most of the BFS is activated after the clinker of the Portland Cement
has started reacting [38]. This can also be seen when inspecting equation 3.9. Some
of the BFS contains C3S as well, but most of the slag needs lime (C) to start forming
C-S-H. This lime is produced in the form of Portlandite (C'H) when the clinker starts
reacting, like can be seen in equation 3.1 and 3.2. The result is that the slag has quite a
late reaction compared to the other minerals, thus it contributes most to the late-stage
strength. The peak of the Accelerated setting phase is skewed more to the right as well
for CEM I1I/B compared to CEM I, due to this late reaction [20].

In the Deceleration period large amounts of hydration products are formed. These
products start to form barriers around unhydrated cement particles, making it harder
for those to come into contact with water. This means that the rate of reactions start
slowing down, as can be seen in figure 3.2.

The last stage is called Diffusion limited reactions. The reactions slow down tremen-
dously, and are mainly controlled by diffusion. Since particles move at random, some
particles that are within a C-H-S layer can reach the outside. Due to the randomness,
this process takes days, months or even years. An example of diffusion of (35 can be
seen in figure 3.3 [45]. The reaction keeps going till either all the cement particles or
water have been used, or the internal Relative Humidity lowers to about 80% [20]. The
importance of Relative Humidity will be further explained in chapter 3.5.
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Figure 3.3: Diffusion of C3S [45]

3.3 Voids during hydration

Besides the solid hydration products in the cement paste, there are also voids influenc-
ing its properties. During hydration the solids are constantly moving around, causing
multiple kinds of voids [24]. The moving of these solids can cause shrinkage and creep,
so it is important to get an understanding of this principle. The different pore-sizes are
given in figure 3.4, and all bring different consequences.

Cement particles L

-

A

Entrained air bubbles

iy
-

Capillary pores

Y

. Gel pores

Y

0.001 0.01 0.1 10 100 1000
Size (um)

Figure 3.4: Ranges of void sizes within cement paste [24]

The Gel pores refer to the pores between the C-S-H sheets, and range from 1-20 nm.
There are two major studies describing these pores, which are performed by Powers and
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Brownyard [47] and Feldman and Sereda [48]. Both suggest that the void sizes are too
small to affect the strength and permeability. The water within the gel pores might have
an affect on shrinkage however, which will be further elaborated in chapter 3.4.

Capillary pores are significantly larger than Gel pores, and represent the voids between
hydrated solid cement [49]. A clear visual is given in figure 3.5.

CSH
(diffusive solid)

il
0 oo
20,00 ’

capillary pores clinker

Figure 3.5: Capillary pores [49]

The distribution of these pores is determined by the water-to-cement ratio, and the
degree of hydration (i.e. the fraction of cement that has fully reacted with water relative
to the total amount of cement in the sample) [24]. It is important to note that the volume
within the cement paste does not really change during hydration, if the relative humidity
is high enough. During casting, the water will flow through the cement particles causing
them to separate from each other. When the w/c ratio is high, the spaces between the
cement particles become larger as well. This can be seen in figure 3.6.
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Figure 3.6: Effect of w/c ratio [50]

To understand why this influences the capillary pores so much, it is important to note
two things:

e For every 1lem? of cement, 2em? of hydration product can be produced.

e The distances between the cement particles do not really change much during
hydration

This means that if the space between the cement particles is too large, the voids can not
be filled by the hydration products, since the amount of hydration product every cement
particle can form is limited. The result is that high w/c ratios cause more capillary pores
than lower w/c ratios [47]. Assuming that the hydration reaches a 100%, the result will
be as stated in figure 3.7. Seeing how much volume capillary voids might fill, this amount
can heavily influence both the strength and permeability of the concrete, as well as the
shrinkage.
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Figure 3.7: Effect of different w/c ratios on capillary pores assuming 100cm? of cement [24]
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The largest pores are Air bubbles, and can reach a size in the order of magnitude of
millimeters [24]. They are typically spherically shaped, hence the name air ’bubbles’.
Some air bubbles are purposely added into the mixture to protect the concrete against
freeze-thaw cycles [9]. These types of voids are called ’entrained air’, and are usually
obtained by using some kind of admixture. Some voids are caused by improper mixing
and compacting, which gives ’entrapped air’. These types of air bubble are usually larger,
but can be avoided by proper vibration of the concrete. Both entrained and entrapped
air can adversely affect the strength.

3.4 Water behaviour during hydration

Like already stated in section 3.3, not all water is used up when hydrating the cement.
There are many forms where water can exist in the hydrated cement paste, as can be
seen in figure 3.8:
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Figure 3.8: Forms of water in hydrated cement [51]

Between the layers of the C-S-H structure, Interlayer water can be found. This water
is held strongly in place by hydrogen bonding between the C-S-H layer and the water.
Since this bond is so strong, It is only lost in the case of strong drying in a relative
humidity of 11% or less [24].

Capillary water can be found in the large voids, like capillary pores and air bubbles.
Capillary water can be divided into two categories:

e Water in large voids (> 50nm): This water is free from the influence of attractive
forces, and can thus be seen as ’free’ water. When this is removed from the
concrete, no volume change is caused.
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e Water in small voids (5 — 50nm): Water is attracted to the sides of the solid
particles due to surface tension [52]. This means that smaller voids cause capillary
tension. The removal of this water may cause shrinkage. The relevance of shrinkage
will be discussed further in chapter 4.1.2.

Adsorbed water is water laying on the surface of a solid. Due to the hydrogen bonding
between the water, up to six molecular layers of water can be held [24]. The further the
distance between the water molecules and the solid surface layer, the lower this bond is.
When the relative humidity is lowered to 30% this bond can be lost, causing shrinkage.

3.5 Parameters affecting hydration

The hydration process mainly depends on the following major factors; The relative
humidity, temperature, the cement composition, w/c ratio and of course time [21]. Ac-
celerators can also be added to a cement mix, which will influence the setting time. This
is not taken into account for this Thesis however.

Relative Humidity (RH) can have quite significant effects on the hydration, since it
affects the water within concrete [31]. A low RH leads to high evaporation, which leads
to less available water for hydration. Moist curing gives the perfect conditions, since the
RH is close to 100%. The effects of curing in a lower humidity can be seen in figure 3.9.
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Figure 3.9: Effects of curing on compressive strength [18]

The relative humidity is influenced by both temperature and wind speed. Since the
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Netherlands often experiences a lot of wind, it is interesting to see its effects in figure
3.10.
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Figure 3.10: Effects of wind speed on relative humidity [97]

Temperature often plays an important role in the strength development of materials.
When freshly cast concrete is put in a warm environment, the hydration process will be
quicker. When the temperature is too cold however, hydration might not occur at all [19].

Cement composition has a substantial effect on hydration. These effects are discussed
in detail in chapter 3.2.

w/c ratio majorly affects the amount of available water for the cement to react with.
If too little water is used, the cement will not hydrate fully, thus not reaching its full
capacity. If the w/c ratio is too high, the concrete will become more porous. Further
information on the effects of the w/c ratio are given in chapter 3.3.

Time might play one of the most important roles in concrete hydration. Simply put,
hydration requires time. Some minerals react quite fast to give an early-age strength to
the concrete, but other minerals have much slower reactions. To properly utilize all the
available minerals, enough time should be given for the hydration.
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4 Mechanical properties of concrete

The sustainability of a material is heavily dependent on its properties. To get an un-
derstanding of which experiments need to be conducted, the most important concrete
mechanical properties will be discussed in this chapter. Some other important properties
of concrete will not be discussed, like fire resistance, creep, aggregates and more. These
fall outside the scope of this Thesis.

4.1 Shrinkage

Determining how much a concrete element will shrink is quite important for the integrity
of the element and its surroundings. Early stage shrinkage can cause cracks on the sur-
face of the concrete. In a later stage when more of the structure is finished, shrinkage
can cause major issues. Especially if a concrete element has restricted movement, the
imposed deformation of the shrinkage can cause additional loading to the structure.
This may lead to irreversible damage being done to the structure and in the worst case
even, total collapse. Three types of shrinkage will be considered; Plastic, drying, and
autogenous. The effect of these three types of shrinkage will be discussed in the section.
Other common types of shrinkage like carbonation will not be considered, due to the
relatively low impact [20].

4.1.1 Plastic shrinkage

Plastic shrinkage happens in the first one to eight hours after casting concrete, when
the state of the concrete is still 'plastic’ and not fully hardened [12]. It is the escape
of surface water that is necessary for the strength gain of concrete. The water either
evaporates into the atmosphere or is absorbed by the aggregates [4] too fast, so that rising
bleeding water can not replace the moisture loss. Bleeding is a common phenomenon in
fresh concrete, where the heavier aggregates settle down and water rises to the surface.
In low rates, this usually does not pose any problems to the strength of the concrete [11].
Since the surface water can not be replaced fast enough, the surface concrete shrinks
more than the interior containing plenty of water. This can be seen in figure 4.1. This
causes a similar effect as can be seen in figure 3.1, where tensile stresses occur in the
surface layer. Besides giving the concrete some unaesthetic surface cracks, this type of
shrinkage does not really influence the strength of the concrete [13]. It does however
allow for moisture and other aggressive substances to penetrate the concrete easier.
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Figure 4.1: Plastic shrinkage causing surface cracks [30]

Since plastic shrinkage is mainly caused by fast evaporation of surface water, it is more
likely to occur on warm, dry and windy days. It can quite easily be prevented though
by covering the surface of the fresh concrete, curing the concrete with plenty of water
and proper vibration during mixing [12].

On the building site, plastic shrinkage can thus become an issue when the curing process
does not take into account the weather conditions. Since this Thesis mainly addresses
the mechanical properties and not chemical attacks on the concrete, the plastic shrinkage
effects are not taken into account. To avoid this type of shrinkage, all concrete specimen
in the experiments will be covered with a plastic sheet for one day.

4.1.2 Drying shrinkage

Drying shrinkage occurs after the setting time has been reached, which means the
concrete has left the plastic stage and has become solid. The largest portion of drying
shrinkage occurs within the first three months of casting, while some concrete mixes
need even less time [23]. As the name suggest, drying shrinkage is caused by drying of
the water within the concrete. Due to the relative humidity in the atmosphere being
lower than the relative humidity within the concrete, free water starts to evaporate.

Not all water loss impacts drying shrinkage however. This phenomenon happens mainly
when adsorbed water and capillary water from smaller capillary pores are lost [76].
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Water in larger capillary pores is relatively free to move, hence the reason it is called
"free water’, like stated in chapter 3.4. When confined to narrow spaces, adsorbed water
causes a repulsive force. The removal of this force removes the disjoining pressure,
leading to shrinkage [20]. This concept is illustrated in figure 4.2.
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Figure 4.2: Disjoining pressure of adsorbed water [77]

Water in smaller capillary pores (5 to 50nm) is attracted to the sides, which is called cap-
illary tension [20]. Removal of this water causes compression stresses and thus shrinkage.
On top of loss of capillary water, a loss of interlayer water between C-S-H layers causes
shrinkage as well. This would require a relative humidity of below 15% however, which
is quite unlikely to occur [20].

To make it more complicated, the drying of concrete does not have to be uniform through-
out its cross-section. This is mainly important for larger elements. Due to non-uniform
moisture in concrete, shrinkage gets a differential in the cross-section of the concrete
element. This differential type of shrinkage may cause tensile stresses, which in turn
leads to cracks [22].

4.1.3 Autogenous shrinkage

Autogenous shrinkage is pretty comparable to drying shrinkage in many ways. This
type of shrinkage is also caused by the movement of adsorbed water and capillary wa-
ter. However, unlike drying shrinkage, the water is not evaporated but stays within
the concrete. The movement of the water is caused by the hydration of cement. When
unhydrated cement pulls in water, the previous bond of the water is lost. Like already
stated for drying shrinkage, this loss of bond causes pressure and thus shrinkage [20].

When looking at the pore structure of BF'S concrete, it is evident that it will be affected

much more by autogenous shrinkage compared to CEM I concrete. Due to the large
amount of small capillary pores, a loss of water will cause a loss of bond more often,
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leading to shrinkage [53].

Even though autogenous shrinkage might cause issues, theoretically it should not pose
problems for well-cured concrete. Autogenous shrinkage for a w/c ratio larger than 0.45
is often smaller than 100 microstrain, so not very noticeable [54]. For lower w/c ratio
however, the majority of the total shrinkage comes from autogenous shrinkage. In im-
proper curing conditions the same effects might be found.

Besides shrinking, concrete can Swell as well. This usually happens in the first 24-48
hours after mixing. The swelling often produces a negligible strain compared to the
shrinkage, and occurs due to the temperature rising during hydration [55].

4.2 Young’s modulus

The Young’s modulus, otherwise known as the elastic modulus or E-modulus, is the
property that measures the stiffness of a material. It is extremely important for control-
ling the displacement of structures. Since the Young’s modulus is a mechanical property,
it supposedly has the same value for both compression and tension [69], at least for the
elastic part. Experimental results show a slight difference however, with the compressive
E-modulus being slightly higher [73]. The behaviour in tension and compression differ a
lot as well. This can be seen when looking at the stress-strain curve given in figure 4.3.
The elastic modulus can be determined by the slope of the stress-strain curve. Figure
4.3 illustrates how the E-modulus is the same for both compression and tension in the
elastic stage, even though concrete is much weaker in tension.
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Figure 4.3: Stress-strain curve in tension and compression [70]

The Young’s modulus depends on the micro-structure of the material, which means that
the curing conditions play a considerate role [72]. The more compact a material is, the
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steeper the slope in the stress-strain curve, thus the higher the Young’s modulus. Fully
hydrated BFS cement produces denser concrete, which means that typically CEM III
concrete has a slightly higher E-mod [74].

4.3 Poisson’s ratio

The Poisson’s ratio is the relation between the transverse and longitudinal strain [75]. A
good example where the Poisson’s ratio is evident, is when pulling on an elastic band. In
the direction of pulling, so the longitudinal direction, the band is elongated. The width
in the transverse direction is then shortened however. This phenomenon is especially
important for the crack behaviour. When concrete is compressed in the longitudinal
direction, tensile stresses are formed in the transverse direction. The cracks from the
tensile strain depend on the Poisson’s ratio. Just like the Young’s modulus, its value
depends on the micro-structure of the material [72]. The expression for the Poisson’s
ratio can be defined as the transverse strain divided by the longitudinal strain. This can
be seen in equation 4.1.

€t

(4.1)

UV =
€1

4.4 Compressive behaviour

One of the most notable characteristics of concrete is its compressive strength. There are
many factors which play a role in the compressive strength over time like the cement mix,
aggregate distribution, w/c ratio, temperature and humidity. Like described in chapter
3, these factors all influence the hydration process and consequently the strength prop-
erties.

Softening

Besides the compressive strength, softening behaviour in pure compression is important
to determine as well. Softening can be described as the decrease of strength with an
increasing deformation [62]. This happens when the concrete leaves the elastic stage,
and starts deforming permanently, like can be seen in figure 4.4. This deformation can
be caused by a multitude of fracture modes, like splitting, spalling or shear fracture
[105]. The higher the slope of the softening, the more brittle the material is. A more
ductile behaviour of concrete can be desirable for the structural safety.
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Figure 4.4: Softening behaviour of quasi-brittle materials like concrete [63]

Softening can be explained by the cracking behaviour of concrete. Uni-axial compres-
sion causes tensile strains in transversal directions and vice versa, like demonstrated in
figure 4.5. These tensile strains cause cracks. At first the cracks are at micro-level, which
means that the integrity of the concrete is still intact. At peak load unstable macro-cracks
start forming. These macro-cracks cause discontinuities at structural level, resulting in
the concrete having a heterogeneous response instead of homogeneous. This causes the
stresses in the concrete to be nonuniform, resulting in progressive failure of the internal

bonds, otherwise known as softening

Since the macro-cracks are unstable, the load has to be decreased. To really see
the softening behaviour, the concrete should thus be tested in a displacement-controlled

setup and not load-controlled.
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Figure 4.5: Longitudinal strains causing transversal strains [65]
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4.5 Tensile behaviour

Just like the compressive strength, the tensile strength is influenced by the hydration
process. In practical calculations, the tensile strength of concrete is often neglected due
to its relatively small and unreliable contribution to the overall strength of a structure.
Even though the tensile strength is not considered in the calculations, it is often the
case that a concrete element is under tension in some part of the cross-section at some
point in time. The reinforcements make sure that the elements will not fail, but still
the concrete will show cracks. The tensile properties become important for the damage
propagation. If the concrete easily forms large cracks, it can lead to water and chlorides
being able to reach the reinforcements. This can lead to corrosion, which is a major
problem for the integrity of a concrete element. Since the plastic strains are caused by
tensile forces, softening becomes important here as well. The relevance can be found in
chapter 4.4.

Fracture energy

Besides the tensile strength, the fracture energy is quite important to understand the
cracking behaviour of concrete. Fracture energy is expressed as the energy required, to
open a unit area of the crack [83]. In other words, it can be expressed as the energy
a material can absorb while cracking. This energy depends on the work being done to
cause fracture, which is equal to the displacement in one direction, times the force in
the same direction. If a force - displacement graph is plotted, the work is equal to the
area underneath the graph. This is demonstrated in figure 4.6. This work divided by
the crack area results in the fracture energy. The crack area is equal to the width of the
beam, multiplied by the height of the crack.

Force (kN)
=

Load-Point Displacement (mm)

Figure 4.6: Fracture energy [84]

It can be seen that the fracture energy thus relies on the maximum force, which in turn
leads to the tensile stresses, and the softening behaviour of the material.

The fracture energy is a size-dependent parameter. In the standard RILEM testing
procedure, it becomes evident that the notch height, the ratio of the notch height and
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beam height, and aggregate size all affect the fracture energy majorly [86].

4.6 Porosity and Permeability

The porosity and permeability of concrete greatly affect its strength and durability. Even
though these two terms are not the same, they are interconnected.

Porosity

The degree of porosity depends on the volume of capillary pores. Like said in chapter
3.3, these pores are highly dependent on the hydration process [33]. Pores signify the ab-
sence of solid material, which means that the strength is influenced. Besides decreasing
the strength, a high porosity can give other problems like freeze-thaw. When the water
retained in the pores freezes, it expands thus causing internal stresses. These stresses
can lead to micro-cracking [67].

The porosity can be calculated by dividing the volume of the water in the pores by the
total volume of the specimen [68], like described in equation 4.2:

Vi
o= v, * 100 (4.2)
Permeability

When a concrete is permeable, gasses and liquids like water are allowed to flow through
relatively easily. When these gasses and liquids are able to reach the steel within the
concrete, its strength and durability can be affected heavily. Chlorides and water are
examples of substances that affect the steel. The concrete itself can be influenced by
intrusion as well. Some examples of this are silica reactions and carbonation.

The permeability depends heavily on the porosity, and can be described by the pore
morphology [46]. When the capillary pores are large, water penetrates easier. If the
pores are also interconnected, then the water can reach great depths of the concrete.
Figure 4.7 demonstrates this.

capillary pores
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Figure 4.7: Permeability signified by the connectivity of pores [66]

The permeability can be determined by finding the permeability coefficient (k) of a
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material. Darcy’s law describes the behaviour of a steady state flow into a fluid, and

can be rewritten into the following expression of equation 4.3 [68]:

L
k — M

- Y AAp

(4.3)

Q signifies the rate of fluid flow, L is the height of the specimen, u is the dynamic vis-

cosity of the fluid, A is the cross-sectional area and Ap is the pressure gradient.

Relation

Like stated before, porosity and permeability and interrelated, but not linearly. The
relation between the porosity and permeability factor have been determined in multiple
experiments, with the results given in figure 4.8.
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Figure 4.8: Relation between porosity and permeability [68]
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5 Concrete mix design in practice

This chapter will discuss the concrete mix design in practice. First the importance of the
consistency will be explained, so that the mix design of this Thesis can be calculated.
When the mix design is known, the Eurocode will be used to determine its strength.
At the end the curing conditions in practice will be discussed, again accentuating the
difference between theory and practice.

5.1 Consistency

The consistency of freshly poured concrete has two main effects [57]:

e It can determine the strength, durability and overall performance of concrete,
which means that it will actually impact all properties of the plastic concrete. All
these other properties will be discussed in the rest of chapter 4.

e The workability is directly affected, which is necessary to ensure proper filling near
restricted areas, and provides a better homogeneity in the concrete [5].

There are four major contributors to the workability; W /C-ratio, aggregate type, admix-
tures/additives and temperature [58]. A higher W /C-ratio will increase the workability
significantly. Plasticizers like fly-ash will have a similar effect, but will not decrease
the compressive strength as much [64]. A warmer/colder climate will increase/decrease
workability as well. The aggregates can have an impact in multiple ways. First the
size is important, since larger aggregates decrease the total surface area, which increases
workability. On top of that, different types of aggregates can absorb more or less water,
which will influence the W/C-ratio [58].

5.2 Concrete mix design

Besides the cement mixture, the water-to-cement ratio and the aggregate distributions
are important factors for the strength of the concrete. The goal of these experiments
is to mimic the building site conditions, which means the before-mentioned parameters
will be based on these conditions. Typical w/c ratios range from 0.4-0.6, so an average
value of 0.5 will be used [8]. The aggregate sizes that will be used are 0-4mm sand
and 4-16mm gravel. These are also typical sizes, and are readily available near the
experimental setup used. The exact distribution within the sand and gravel are not
known exactly, since there is a constant supply of new aggregates which changes the
distribution. The distribution will thus also be different every time new concrete is cast.
Due to the availability of the aggregates, the final concrete mixture will consist out
of 40% sand and 60% gravel. This is also consistent with building practice, where for
every two parts of sand, three parts of gravel are used [16]. When looking at the Dutch
specifications of the Eurocode, this division in sand and gravel is consistent with area I
of figure 5.1.
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Figure 5.1: Sieving distribution [10]

Using this sieving distribution and the maximum aggregate size of 16mm, the amount
of water per cubic meter of concrete can be determined. At the building site, a plastic
and wet consistency is preferable. This results in 190kg of water being necessary per
1m? of concrete according to figure 5.2. Plasticizers may also be used to increase the
workability instead of water, but this will not be taken into account during this Thesis.

Grootste zeefmaat (mm) —>
Ontwerpgebied —

_Consistentie 4

plastisch 200 220 195 215 210 185 205 180
(zetmaat 100 t/m 150 mm)

droog 155 175 150 170 145 165 140 160 135 155
(verdichtingsmaat > 1,46)
aardvochtig

170 190 165 185 160 180 155 175 150 170
{zetrnaat < 40 mm,
verdichtingsmaat > 1,26)
half-plastisch 185 205 180 200 175 195 170 190 165 185
{zetmaat 50 t/m 90 mm)

200

Voor hogere consistenties zijn geen richtwaarden gegeven. Een hogere consistentie mag alleen met behulp van een
(super)plastificeerder worden verkregen, dus niet door meer water toe te voegen.

Figure 5.2: Water mass per m? of concrete [10]
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Besides the materials used in the mixture, concrete always contains voids as well. The
mix will be based on the assumption that the air content is 3%. Typical air contents
range from 3-7%, which is necessary for the concrete to be freeze-thaw resistant [9].
However a higher air content results in lower strength as well. In practice a value of
2-3% is usual, so 3% is used for the calculations. The air content varies based on the used
aggregates, w/c ratio, mixing time, mixing speed and more. Since all these parameters
can not a 100 per cent be recreated for each experiment, an assumption is necessary.
During the experiments the actual air contents will be checked. The materials used and
their density’s are given in table 5.1.

Material | Density [kg/m?]
Water 1000
Air 1.29
Cement 3000
Sand 2600
Gravel 2600

Table 5.1: Density concrete materials

Based on the given information thus far, the exact measurements of the mixture can
now be designed:

Muwater 190

Vivater = = —— =0.190m*
water Pwater 1000 "
m 190
Meement = ;U;tcer = ﬁ = 380kg
Mcement 380 —0.127m3

V = =
cement Pcement 3000
Viggregates = 1 — Vasater — Veement — Vagr = 1 — 0.19 — 0.127 — 0.03 = 0.653m?
Viand = Vaggregates * 0.4 = 0.25Tm® — Mgana = psand * Vsand = 2650 * 0.257 = 671kg
thravel = Vaggregates *0.6 = 0386m3 — Mgravel = Pgravel * Vgravel = 2650 x 0.386 = 1007k9

For these calculations above, quite some assumptions have been made. It is for example
unknown how much water will be absorbed by the aggregates, or how much water they
already contain. etc..
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Material Volume [m?] | Mass [kg]
CEMI 42.5N and CEMIII/B 42.5N 0.127 380
Water 0.190 190
Air 0.030 0
Sand 0.257 671
Gravel 0.386 1007
Total 1 2248

Table 5.2: Specifications design mix per m? of concrete

5.3 Strength design

According to the Eurocode, the practical strength of this mix design should reach a value
between 42.5MPa and 62.5MPa [59]. However, material strength always contains some
uncertainty. It can be said that 99% of the time, the compressive strength will surpass
42.5MPa. A probability density curve can be plotted for the strength, using a normal
distribution with an average of 52.5MPa. This can be seen in figure 5.3.

MWormal distribution compressive strength of CEM 42 5N

0.08 4

0.06 1

0.04 1

probability density

0.02 1

0.00 4

Compressive strength [MPa]

Figure 5.3: Distribution of compressive strength of CEM 42.5N concrete

5.4 Curing conditions in practice

The curing conditions majorly impact the integrity and strength that concrete will reach.
More explanations of how curing may affect the material properties are given in chapter
3.

Many experiments comparing CEM I and CEM III have been using ’perfect’ curing

conditions, where the concrete can reach its optimal properties. This is however not in
line with the building conditions on the construction site. That may result in unreliable
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infrastructure when not taking the sub-optimal curing conditions into account. Like can
be seen in figure 3.9 in chapter 3, the differences are not to be neglected. By using the
practical expertise of the engineering firm "Pieters Bouwtechniek’, some realistic curing
conditions have been set, which will be used for the experiments.

A contractor starting a new civil project, naturally wants to limit the costs. One factor
majorly impacting the costs, is the labour. The longer it takes to build the specific
infrastructure, the more expensive it is. The natural result of that is to speed up the
building process in any way possible. There are several options for speeding this process,
which all have consequences:

e Freshly poured concrete is not being vibrated enough. This leads to a higher
volume of air voids.

e The concrete is not being treated properly against the weather conditions for long
enough. Depending on the weather conditions, this may heavily influence how
much the concrete will shrink and how porous the material becomes. This will
affect the mechanical properties.

e The formworks are removed too soon, thus exposing the concrete to the environ-
ment sooner. This again influences the hydration process and thus the mechanical
properties

Based on the experience at Pieters, the concrete specimen for the experiments will be
covered in protective sheeting, to avoid too much bleeding. After one day, the sheets
will be removed like is often done in practice. Then the specimen will immediately be
placed in the 55% humidity chamber, trying to mimic the conditions of the building site.
The formwork is removed within two days.
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Part 11:

Experimental program and results

32



6 Experimental setup

Based on the literature study conducted, it is evident that the curing conditions will
greatly affect the micro- and macro-structure of concrete. Most research comparing
CEM I 42.5N and CEM II1/B 42.5N in concrete mixtures have been using 'perfect’ cur-
ing conditions, where the relative humidity is kept at nearly 100%. However, research
comparing these concretes in sub-optimal curing conditions, which come closer to the
conditions of a building site, is limited to mainly shrinkage tests. To get a better under-
standing of the safety and sustainability of applying these cements in practice, a more
extensive research should be conducted. By comparing multiple mechanical properties
of the concretes cured in building site conditions, this knowledge-gap between existing
literature and what needs to be known can be overcome.

In this chapter the experimental setup for every conducted test will be given. The
chosen experiments are based on the material and mechanical properties that are impor-
tant, to determine the durability. First the testing method will be given for every test,
which is followed by the expected results.

6.1 Approach

Before performing the experiments, the literature study performed in chapters 2 till 4
will be used to determine what experiments are necessary. The combination of this
literature and the availability of experimental setups in the Stevinlab at the TU Delft,
determine the conducted experiments. The literature study will also help predict the
results from the experiments.

The main difference between concrete testing in the lab and the concrete produced on
the building site, is the curing conditions. In the lab, the perfect concrete samples can
be produced by controlling the temperature, relative humidity and compaction. On the
building site the conditions are often quite far from perfect though, which greatly affects
the quality and properties of the concrete according to the literature of chapter 4.

Goal

To understand the behaviour of both CEMI and CEMIII concrete on the building site,
the concrete samples will be cured in imperfect conditions. The temperature will be
kept at 20°C, and the relative humidity at 55%. These conditions will not perfectly
mimic the conditions at the building site, since these are way too inconsistent. However,
performing the experiments under imperfect curing conditions will give a good indication
of the qualitative difference between CEM I and CEM III used in infrastructure.

6.2 Shrinkage test

These tests will determine both the drying and autogenous shrinkage of the specimen.
All specimen will be cured in a relative humidity of 55% and temperature of 20°C. The
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specifications are shown in table 6.1, with the used mould in figure 6.1. The testing
days are based on the properties of shrinkage. In the beginning the most shrinkage
will occur according to chapter 4.1, and over time this process will slow down. The
measurements will thus be made every day in the first days or even weeks, and then
slow down depending on the results.

Cement type Length x Width x Height [mm] | Amount of specimens | Shrinkage type
CEM I 42.5N 80 x 80 x 280 3 Drying
CEM III/B 42.5N 80 x 80 x 280 3 Drying
CEM I 42.5N 80 x 80 x 280 3 Autogenous
CEM III/B 42.5N 80 x 80 x 280 3 Autogenous

Table 6.1: Specifications of the specimens for shrinkage test

Figure 6.1: Shrinkage specimen while curing

Method

Since two different types of shrinkage will be tested, two types of specimen will be used
as well. Figure shows the four different kind of specimen that are used. The specimen
that are left uncovered are used to measure the total shrinkage. This total shrinkage is
equal to drying and autogenous shrinkage put together. The contribution of the drying
shrinkage can be found by subtracting the autogenous from the total shrinkage.

The wrapped specimen are used to measure autogenous shrinkage. This type of
shrinkage is caused by the hydration of cement within the specimen, which means that
the process is internal. To make sure that only the autogenous shrinkage is measured,
a wrap of aquaplan bitumen sealing tape covers the concrete. This will keep the water
inside to avoid drying. All types of specimen can be seen in figure 6.2.
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Figure 6.2: Shrinkage specimen

The actual test is performed by using the measuring stand from figure 6.3. Before any
measuring day, a steel tube with length of 280mm will be used as a zero-measure. Using
this constant zero-measure, the relative length of the specimen will be measured.

Figure 6.3: Shrinkage test setup

To accurately place the specimen in the testing setup, each specimen has a bolthole. The
attachment from the setup will hold the specimen in place at the bolthole, so that the
shrinkage will be tested at the same spot repetitively. The autogenous specimen have a
small cut within the sealing tape to uncover the bolthole. Figures 6.4a, 6.4b and 6.4c
give a visual representation.
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(a) Drying specimen (b) Autogenous specimen (c) Attachment to bolthole

Figure 6.4: Shrinkage specimen connection to machine
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Expected result
Since CEM 1 concrete will hydrate quicker, it is expected that less free water will be
available. That will result in the drying shrinkage being smaller compared to CEM II1
concrete. Later on CEM III concrete will experience more drying shrinkage however,
so the end results is expected to be quite similar. The autogenous shrinkage of CEM
IIT however is expected to be much higher due to its pore structure. Like stated in
chapter 4.1.3, the BFS decreases the pore size and increases the discontinuity in the
pore structure while hydrating. The capillary water is then sucked into the small voids,
causing local compressive stresses. This in turn leads to autogenous shrinkage. According
to the literature presented in 4.1.3, the autogenous shrinkage of CEM III concrete can
be twice as high as CEM I concrete, so this is also expected.

Since the specimen used for testing autogenous shrinkage have a small cut at the
top and bottom, they are slightly exposed to the environment. This means that drying
shrinkage might also impact these specimen ever so slightly.

6.3 Compression test

To determine the compressive strength development over time for the specific concrete
mixture used in this thesis, cube compression tests are conducted. The specifications of
the used specimen are described in table 6.2.

Cement type

Length x Width x Height [mm]|

Amount of specimens

Relative humidity

CEM I 42.5N
CEM III/B 42.5N
CEM I 42.5N
CEM III/B 42.5N

150 x 150 x 150
150 x 150 x 150
150 x 150 x 150
150 x 150 x 150

10
10
18
18

97%
97%
55%
55%

Table 6.2: Specifications of the specimens for cube compression test

The specimens placed in the 55% relative humidity chambers are used to mimic the site
conditions during a civil project. The 97% humidity results will be used as a comparison.
Figure 6.5 shows the condition of the cubes within the first day of casting. After this,
the cubes are demoulded and placed in their respective chambers.
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Figure 6.5: Concrete cubes for compression test

Method
The tests are performed using the compression machine of the Stevinlab at the TU Delft.
In the case of the 55% relative humidity cured samples, the tests are performed at 1, 3,
7, 14, 28 and 56 days after casting. For the 97% humidity samples only the 56th day is
excluded. Three specimen are used on every testing day to improve the reliability of the
results for the 55% humidity. Only two cubes are tested each day for the 97% humidity
concrete cubes, since this data is simply used to verify the benefits of proper curing.
The tests will be executed using the ’Automatic Compression Test’ function. This
means that the increase in load over time is constant and can not be manually con-
trolled. The increase in load is recommended to be 13.5kN/s for this specific machine,
so this value will be used. This also means that the test is force controlled. Once the
compressive strength starts to decline consistently, failure has occurred and the test is
stopped automatically. The setup can be seen in figures 6.6a and 6.6b.
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(a) Starting point (b) Failure

Figure 6.6: Compression test setup

Expected result

According to the literature research of chapter 4, both the CEM I and CEM IIT mixture
should reach a similar compressive strength between 42.5MPa and 62.5MPa, with a high
probability of reaching between 50MPa and 55MPa according to chapter 5.3. However,
this is only the case for the specimen cured in a nearly perfect relative humidity of 97%.
It is also very likely that the CEM I concrete will have a significantly higher early age
strength. The large amount C3.S in CEM I will hydrate rapidly, and thus reaches a higher
strength faster. After several days to weeks, most of the C3S will have hydrated, thus
slowing down the hydration. The amorphous material in CEM III needs the byproduct
CH from other reactions to activate, which happens after C3S and C2S have started
hydrating.

The samples cured in 55% relative humidity will experience significantly more water
loss compared to a 97% humidity. This will hinder the hydration process especially in
the later stages, due to the compounding effect of the water loss. Since the CEM I
samples gain most of their strength in the beginning, it is expected that the water loss
will not impact its strength significantly. Perhaps the 28-day compressive strength will
be at the lower end of the 50-55MPa, so around 50MPa. The CEM III samples on the
other hand gain their strength much later, so these will be affected greater. The 28-day
strength is expected to be around 45MPa, which is slighty higher than the minimum it
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should theoretically reach. It is likely that the strength gain will massively slow down
after a few weeks, since the available water keeps on reducing. The first few weeks it is
expected that the 55% and 97% humidity specimen will have similar strength gain. A
summary of the expected results is given in table 6.3.

Cement type Relative humidity | Strength development Final strength

Massive strength gain
in the first week. Will
CEM I 42.5N 97% then slow down, while | Between 50-55MPa
still gaining some
strength.

Medium strength gain
in the first week. Will
CEM III/B 42.5N 97% then slow down slightly, | Between 50-55MPa
while gaining significant
strength.

Massive strength gain
in the first week. Will
CEM I 42.5N 55% then slow down Around 50MPa
compared to 97%
humidity.

Medium strength gain
in the first week. Will
CEM III/B 42.5N 55% then slow down hard Around 45MPa
compared to 97%
humidity.

Table 6.3: Expectations for cube compression test

6.4 Static modulus test

The static modulus test determines both the Young’s modulus and Poisson’s ratio. The
set-up for the Poisson’s ratio is unfortunately broken however, so this will not be mea-
sured. The cuboids from the shrinkage test will be used in this setup. These cuboids
have been undergoing shrinkage for 90 days at the time of testing.

Method

The shrinkage samples will have metal points attached to them, like can be seen in
figure 6.7a. These points allow for the LVDT’s to be attached, which will measure
the displacement. The displacement is achieved by applying a compressive strain of
0.015mm/s. Figure 6.7b shows the complete setup with the LVDT’s in place. These are
placed at all four sides of the concrete, to get an average displacement of the cuboid.
The placement at all four sides will also provide information on how the concrete fails.
The Poisson’s ratio could be determined by placing a square cage around the concrete
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to measure the transversal displacement during compression. This cage is not available
unfortunately.

(a) Specimen (b) Test set-up

Figure 6.7: Static modulus test set-up

Expected result
Since the expectations for the concrete cube strength fall at approximately 50 MPa, this
falls in line with the C40/50 category of the Eurocode [71]. The code assigns a value
of 35 GPa to the modulus of elasticity of a C40/50 concrete. Thus it is expected that
the CEM I concrete will obtain a value around 35. The expectations for the CEM II1
concrete compressive strength is around 45 MPa. This gives an expected E-modulus of
33 GPa.

The standard Poisson’s ratio according to the Eurocode is 0.2 [71]. This can not be
tested unfortunately.

6.5 Workability test

Like stated in chapter 5.1, a workable concrete mixture is necessary to ensure homo-
geneity. There are multiple ways to test the workability, like a slump test or flow table
test [57]. However, due to the many years of practical experience of the concrete worker
of the T'U Delft lab, these tests were deemed unnecessary.
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Method
The expert will ensure the workability by visual inspection, based on the many years of
practical experience. It is quite hard to achieve the exact same concrete mix repeatedly,
due to the moisture content in the aggregates and mill being different every time. The
concrete worker has many years of experience however, and can achieve quite a consis-
tent mix.

Expected result

The concrete will be kept in the rotating mill, until all the aggregates are covered with a
layer of cement paste. An example of what the mixture will look like is shown in figure
6.8.

Figure 6.8: Visual inspection of workable concrete

6.6 Unreinforced three-point bending test

The three-point bending test is performed to evaluate three different properties; The
tensile strength, the fracture energy and the young’s modulus. The specifications of the
specimen are given in table 6.4 below.

Cement type Length x Width x Height [mm] | Amount of specimens
CEM T 42.5N 1900 x 200 x 300 1
CEM III/B 42.5N 1900 x 200 x 300 1

Table 6.4: Specifications of the specimens for three-point bending test

The specimen also have a notch of 30mm in height and 10mm in width. When testing
the girder, the cracks will start forming from the weakest point bearing the highest
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load. Implementing a notch will make sure that the weakest point is known, so that
the crack propagation can be followed accurately. The height of the notch has been
determined by the literature study of Murthy et al. (2013), where the effect of notch
height compared to the beam depth has been analysed [78]. The conclusion of this
study is that both the beam height and notch-to-depth ratio affect the fracture energy
drastically. However, using a correction based on multiple other studies, these factors
will not affect the fracture energy results [79] [80] [81]. Then it becomes important to
use a ratio which will allow for the most accurate testing, which can be achieved with
a high tensile strength. To make sure that the tensile strength of the specimen are as
high as possible, the smallest notch height-to-depth ratio will be used from the literature
study. The notch height-to-depth ratio is 30mm / 300mm equals 0.1. The width does
not really influence the properties, but a width of 10mm is necessary for the formwork.
A piece of timber with the dimensions of the notch will be attached to the formwork to
obtain the dimensions given in figure 6.9. The placement of the supports and load is
given as well.

10

420

450 500 500 450 200

A
v

1900

Figure 6.9: 3-point bending test setup

Method

The notched girders will be placed in the 100kN setup of the Noordhall in the Stevinlab
of TU Delft. One of the supports will be a rolling support, while the other will be a
regular hinge. Linear Variable Differential Transformators (LVDT’s) are placed at the
bottom and on the side of the specimen to measure the strains, like can be seen in
figure 6.10a [61]. To get even more accurately results, Digital Image Correlation (DIC)
is also installed on the other side of the girders, like can be seen in figure 6.10b. Using a
flashlight which reflects on the paint, the position of the pixels can be determined with
every picture. By continuously making pictures during the test, the displacement of
the pixels can be determined. The vertical displacement will be measured using a laser,
according to figure 6.11.
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(a) LVDT side (b) DIC side

Figure 6.10: Three-point bending test setup

Figure 6.11: Laser

The laser is placed at the center of the beam, since there is no strain at the
of a cross-section.

The tensile strength will be determined by the following formulas:

Mz
fi= "
I:%*b*hz)’
M ! FxL
= — % F x

4

neutral axis
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The moment of inertia is simply determined by using the width and height of the girder
at the cross-section of the notch. The distance z will also be used for this cross-section.
The length used for calculating the moment is the distance between the supports, which
comes out to one meter. By continuously increasing the load until failure is reached, the
tensile strength can thus be determined.

The Young’s modulus can be found by using the forget-me-nots based on the fibre-
model. This model states that the fibres in the neutral axis do not deform, and thus
have no stresses. This is a crude model, but deemed accurate enough for the goal of
this Thesis, which is comparing the CEM I and CEM III concretes. The formula is as
follows:

FxL3

T U8« Ex1 (6-4)

w
The deflection in the middle of a span depends on the parameters given above. This
deflection will be measured using a laser, so that the young’s modulus can be determined
at all times.

The final property that this test will determine, is the fracture energy. This can be
done in two different ways. The first option is to place either an LVDT or clip gage
right underneath the notch, so the crack propagation can be measured. When the crack
starts opening more and more, the LVDT or gage moves accordingly. This means that
the gage will show the maximum width of the crack. Due to the availability of LVDT’s,
this will be used. The second option would be to not use either a laser or LVDT to
measure the deflection of the center of the beam at each loading point. According to
the RILEM procedure, this can also give the fracture energy, like described in chapter
4.5. Tt is opted to use the first method, due to the simplicity in data processing for this
method. To get the optimal stress-strain curve, the test will be performed based on the
crack width. A constant crack-width rate of 0.002mm/s will be used to guide the force.
The LVDT measuring the crack width will send feedback to the hydraulic cylinder, so
that this rate can be maintained.

Expected results

The expected result for the Young’s modulus in tension is comparable to the comressive
one. This was estimated to be around 33-35GPa. The expected strain in tension is
around 100 microstrain [82]. Assuming the linear relation determined by Hooke’s Law,
the tensile stresses can be determined. Equations 6.5 and 6.6 show the tensile stresses
of the CEM I and CEM III concrete mixtures.

ft, = 35000 % 100 * 1075 = 3.5M Pa (6.5)
ftr1; = 33000 % 100 % 107% = 3.3M Pa (6.6)

Due to the dependence on notch height, beam height and aggregate size, it is hard
to predict an exact value for the fracture energy. Most importantly, the two different
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concrete mixes should be comparable. The softening curve of the CEM I concrete is
expected to be more ductile compared to the CEM III concrete, due to the porosity.
When taking into account the higher expected tensile stress as well, the fracture energy
of CEM I should also be higher.

6.7 Reinforced four-point bending test

The four-point bending tests are mainly performed to get an idea of the crack spac-
ing, which will reflect on the bond between the reinforcements and the concrete. The
specifications of the specimen are given in table 6.5.

Cement type Length x Width x Height [mm] | Amount of specimens
CEM T 42.5N 1900 x 200 x 300 1
CEM III/B 42.5N 1900 x 200 x 300 1

Table 6.5: Specifications of the specimens for four-point bending test

These girders will have both longitudinal and vertical reinforcements. The stirrups
are mainly centered between the support and load, to prevent shear failure. Three
additional stirrups are placed within the two loading plates to provide overall stiffness
to the reinforcement cage. The longitudinal reinforcement on the bottom is the minimum
required reinforcement according to the Eurocode. This comes to 3 bars placed 65mm
apart. Two longitudinal bars are placed on the top as well, to provide stiffness to the
reinforcements. All bars have a diameter of 10mm.

| |
300

PP PPt P Pt P4t Pt P4t PPt “«—>
100 100 150 150 150 300 300 150 150 150 100 100 200

« >

1900

Figure 6.12: 4-point bending test setup

Method

The setup for the four-point bending test is nearly identical to the three-point bending
test. Figure 6.13a and 6.13b show the LVDT and DIC side. A laser is used to measure
the deflection as well.
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(a) LVDT side (b) DIC side
Figure 6.13: Four-point bending test setup
Expected results

The crack spacing can be calculated using the Eurocode formula given in equation 6.7
[56].

S

Tmazx

=ky*xc+ ki ko xky* (6.7)

Psecss

k1 takes into account the bond between the concrete and reinforcements. It has a value
of 0.8 for a good bond, and 1.6 for poor bond. ko considers the tensile gradient within the
cross-section. This has a value of 0.5 for pure bending. k3 and k4 have been determined
by calibration with experiments, and take into account the concrete cover and bond.

ky = 0.8 (6.8)
ky = 0.5 (6.9)
ks = 3.4 (6.10)
ky = 0.425 (6.11)

¢ is the diameter of the steel bars, while p. is the effective ratio between the reinforce-
ments and concrete in the tensile zone. The calculations can be seen in the following
equations, with figure 6.14 giving background information.

be;; = b= 200mm (6.12)
heypp = min(ry + 5% ¢;10 % ;3.5 ry) + sy =71y + 5% ¢ =25+ 50 = T5mm  (6.13)
Ac,;; =200 %75 = 15 % 10*°mm? (6.14)
As:3*;L*w*d2:3*%*7r*102:235.6mm2 (6.15)
Psrs = Ai =0.0157 (6.16)

Ceff
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Figure 6.14: Effective area of concrete tensile zone

This all together gives an expected maximum crack spacing given in equation 6.17.

=34%2040.8%0.5%0.425 * = 176.3mm (6.17)

e 0.0157

Sk

6.8 Water absorption test

The last test will use the water absorption capacity of concrete to determine the poros-
ity. This is important for the ingress of fluids and gasses into the concrete that might
damage the structural integrity.

Method

To analyse the porosity of the concretes, the specimen used in measuring the shrinkage
be used. These specimen will be put in an oven at 75°C for one day. Once the free
moisture has been removed, the weight will be measured. After that, the concrete will
be left in water for two days like can be seen in figure 6.15, and weighted once more.
The change in mass will come from the water retained inside the concrete, which means
its volume can be determined. The calculations will be performed according to chapter

7.7.
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Figure 6.15: Absorption test setup

Expected results

The mixture was designed for a porosity of 5%. The expectations are that the CEM 1
mixture will fall slightly above that due to the poor curing conditions. The CEM III
mixture is expected to be more porous than CEM 1.
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7 Experimental results

This chapter will present the results from the experiments discussed in chapter 6.

7.1 Shrinkage test

The tables of all shrinkage results can be found in Appendix A. Figures 7.1a and 7.1b
show the total shrinkage of three specimen. The CEM I specimen show shrinkage curves
that are quite close together. In the first few days the specimen swell with 40 microstrain.
This is approximately 15% of the total shrinkage. After these days, the concrete starts
shrinking. The first 10 days account for half of the total shrinkage, after which it starts
to slow down. After 50 days the shrinkage becomes almost negligible. The end results
after 75 days are 257, 267 and 282 microstrain.

The CEM III concrete shows slightly more spread between the three specimen. The
swelling can not be seen in this curve, due to the measuring days being different for CEM
III. When looking at the curves it quite clear however that some swelling has taken place.
Most of the shrinkage can again be found within the first 10 days after casting, but it
slows down less compared to CEM 1. The end results after 73 days are 324, 290 and 297
microstrain.

55 l==t Total shrinkage CEM | 42 5N o let Total shrinkage CEM IlI/B 42.5N
—— Specimen 1 —— Specimen 1
0o — Spec!men 2 0.0 —— Specimen 2
—— Specimen 3 —— Specimen 3

g s s
e o 15
2.0 20
-25 =25
-3.0 3.0
-3.5 1 ; T y T T T T 35 1 . : T T T y T
o 10 20 EV 50 &0 0 0 10 0 El] a4 50 60 0
Days Days
(a) CEM I 42.5N (b) CEM III/B 42.5N

Figure 7.1: Total shrinkage of three specimen over a 75 day period. The CEM III/B specimen
experience a 13% additional strain compared to CEM 1.

Figure 7.2a and 7.2b represent the autogenous shrinkage of the wrapped concrete spec-
imen. Again, the swelling becomes really evident when looking at the graphs. The
shrinkage from both CEM I and CEM III seem to follow an exponential curve. The
CEM III shrinks significantly faster however, at double the pace. At the end of the 75
days of measuring, the CEM I specimen have shrunk with 70, 79 and 70 microstrain.
The CEM III specimen have shrunk with 130, 127 and 135 microstrain. All samples
were still experiencing shrinkage in the last days of measuring.
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Figure 7.2: Autogenous shrinkage of three specimen over a 75 day period. The CEM III/B
specimen experience nearly double the strain, and shrink faster in the last testing weeks.

By subtracting the autogenous shrinkage results from the total shrinkage, the drying
shrinkage results from figures 7.3a and 7.3b are obtained. The end results are strains of
187, 188 and 211 microstrain for CEM I samples, and 194, 164 and 162 microstrain for
CEM III samples.

R Drying shrinkage CEM | 42.5N P L Drying shrinkage CEM I/ 42.5N
§ . = Specimen 1
—— Specimen 1 0.00 1
0.0 —— Specimen 2 —— Specimen 2
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=075 -0.75
g . '% —1.00
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-1.25 -1.25
-1.50 -1.50
-1.75 -1.75
—2.00 —2.00
-2.25 1+ . : ; , I 1 I -2.25 = : : ! ! } ] I
' 0 10 20 10 40 50 0 70 0 10 0 30 0 50 60 70
Days Days
(a) CEM I 42.5N (b) CEM III/B 42.5N

Figure 7.3: Drying shrinkage of three specimen over a 75 day period, achieved by subtracting
the autogenous shrinkage from the total shrinkage. CEM I has 13% more drying shrinkage.

The mean values of the above results are used to form figure 7.4a and 7.4b. The dot-
ted lines represent the autogenous shrinkage, with the solid lines representing the total
shrinkage. The distance in between signifies the drying. The end values for the shrinkage
can be found in table 7.1.
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Figure 7.4: Mean total shrinkage of the three specimen over a 75 day period. The differences
between the autogenous and total shrinkage denote the drying.

Shrinkage type CEM I shrinkage | CEM III shrinkage Difference
microstrain microstrain CEM I/CEM III
Total 268 304 -12%
Autogenous 73 131 -44%
Drying 195 173 13%

Table 7.1: Mean results shrinkage test

Since shrinkage depends on the water movement within the concrete, the water loss of
all specimen is given in figures 7.5a, 7.5b, 7.6a and 7.6b. The water loss from the drying
shrinkage mainly comes within the first three days. After this, the water loss slows down
significantly. The autogenous shrinkage specimen also show a water loss, even though
no water should be lost when wrapped with the sealing tape. The water loss remains
pretty constant even after over 70 days.
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Figure 7.5: Water loss due to total shrinkage of three specimen over a 75 day period. CEM
ITI/B loses more water and has a higher variance for the three samples.

Water loss CEM | autogenous shrinkage

o —— Specimen 1
—— Specimen 2
-1 = Specimen 3

o 10 20 30 40 50 0 70
Days

(a) CEM I 42.5N

Weight loss [g]

Water loss CEM IIl autogenous shrinkage

|
—

|
5]

—— Specimen 1
= Specimen 2
= Specimen 3

10 20 30 40 50 G0 T0
Days

(b) CEM III/B 42.5N

Figure 7.6: Water loss due to autogenous shrinkage of three specimen over a 75 day period.
The weight loss is insignificant for both samples compared to the total water loss.

The mean water losses can be seen in figure 7.7. Table 7.2 shows the differences in a
table. Especially the autogenous shrinkage specimen show a considerable difference in
water loss between CEM I and CEM III. However when looking at the total weight, this

loss becomes insignificant.
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Figure 7.7: Mean total water loss of the three specimen over a 75 day period.

Shrinkage type CEM I shrinkage | CEM III shrinkage Difference
water loss [g] water loss [g] CEM I/CEM III
Total 97.3 118.9 -18%
Autogenous 5.4 2.7 100%

Table 7.2: Mean results water loss

7.2 Compression test

The results of each individual cube compression test can be found in Appendix A. Figure
7.8 shows the mean values of each day of compression tests, including the standard
deviation. The 97% humidity cured cubes all surpass the 50MPa compressive strength
at 28 days, with the CEM I mixture reaching 53.70MPa and the CEM III reaching
54.10MPa. the CEM I gains 70% of its strength within the first three days, while the
CEM IIT mixture gains most of its strength after these three days.

The 55% relative humidity cured cubes show a much bigger difference. At 28 days,
the cubes reach an average strength of 50.27MPa and 36.45MPa. The final strength
at 56 days is 53.10MPa and 39.85MPa. The CEM I does not show a drastic difference
in strength for the two different curing conditions, unlike the CEM III concrete with a
difference of nearly 50%. The standard deviations between the cubes on each day is also
significantly higher for these specimen for both the CEM I and CEM III mixtures. The
end results after 28 days can be seen in table 7.3.
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Compression test results
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Figure 7.8: Compression test results with mean values and std. The lower relative humidity
especially impacts the strength gain of CEM III/B. The variances for the 55% humidity cured
cubes are significantly higher.

Relative Humidit CEM I compressive | CEM III compressive Difference
Y| strength [MPa] strength [MPa] | CEM I/CEM III
55% 50.27 36.45 38%
97% 53.70 54.10 -1%
Difference
7 48 -
(97% /55%] & %

Table 7.3: Final results compressive strength at 28 days

7.3 Static modulus test

The static modulus tests give the results given in figures 7.9a and 7.9b.

It is quite

noticeable that the compressive strength in these tests are significantly lower than the
strength of the cubes of chapter 7.2. Both specimen have half the strength of the cubes,

with CEM I reaching nearly 24MPa and CEM III reaching 17MPa.
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Figure 7.9: Stress - strain curve for static modulus test, where an LVDT is placed on every
side of the specimen. CEM III/B concrete experiences much more localised deformations and
brittle failure.

The Young’s modulus is determined by the slope of the linear part of the stress-strain
curves. The CEM I LVDT’s remain quite close together, and give an average E-modulus
of 33GPa. The LVDT’s attached to the CEM III specimen experience a larger differ-
ence in the measurements, with an average E-modulus of 28GPa.

After the peak strength has been reached, both mixes soften. The CEM I concrete
fails quasi-brittle, with all four sides still maintaining its stiffness during the unloading.
Due to the machine being stopped early, not the full softening and final strain can be
measured.

The CEM IIT mixture again experiences a significantly higher variance between the
LVDT’s. Two LVDT’s show softening, shown by the blue and grey line in the graph. The
orange line shows very brittle behaviour, and the yellow line even shows snapback. The
brittle behaviour was also very visible during the test, since the corners were spalling.
For this test the machine has been stopped at a later point, so that more of the softening
can be visualised. The specimen fails at a maximum of 0.004 strain.

7.4 Workability test

The workability test for this thesis is a visual inspection. The expected and also wanted
result, is that all the aggregates are covered by a layer of cement paste. Figure 7.10
shows that this is indeed the case.
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Figure 7.10: Visual inspection of the consistency of fresh concrete

7.5 Unreinforced three-point bending test

The three point bending tests give a multitude of results. The Young’s modulus in
tension, maximum tensile strength and fracture energy can all be extracted from these
results. The crack propagation of both tests can be seen in figures 7.11a and 7.11b.
Since the crack is hard to see after unloading, a black marker is drawn to indicate the
crack path.

(a) CEM I (b) CEM III

Figure 7.11: Cracks of three-point bending test
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Figures 7.12a and 7.12b show the relation between the stress at the notch and the
displacement of the crack mouth opening. The maximum tensile stress of the CEM 1
beam is 3.40MPa, and 2.81MPa for the CEM III beam. The test is stopped at a crack

width of 0.5mm for both specimen, since otherwise the likelihood of total collapse of the
beam was too high.
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Figure 7.12: Tensile stress - CMOD curve. The tensile stress for CEM I concrete is 21% higher,
with slower softening especially right after the peak.

In figure 7.13a and 7.13b the relation between the vertical displacement and force is
shown. According to the method described in chapter 6.6, the Young’s modulus can be
extracted. This results in an E-modulus of 38GPa and 31GPa for CEM I and CEM III
consequently. The fracture energy can be extracted according to chapter 4.5. The total
energy used for the fracture is extracted by calculating the area underneath the force
- displacement curve. This is divided by the total area where the crack occurs. Since
it is tricky to find the exact location where the crack ends, the full height of the beam
is used as the crack height. This is not too far off the reality. The results are given in
equations 7.1 to 7.5. The final results can be found in table 7.4.

Force - displacement curve CEM | Force - displacement curve CEM I
40 40
35 35
30 =0

E 25 E =

ﬁ ="

o] 20 g 20

£ 15 2 15

=
o
=
=]

5
[1] 4]
0 0.1 0.2 03 0.4 0.5 0 01 0.2 03 0.4
Displacement [mm] Displacement [mm]
(a) CEM I (b) CEM III

Figure 7.13: Force - vertical displacement curve
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Acrack = b* h =200 % 290 = 58 * 103mm? (7.1)
Weopnr = 12.1 % 10°Nmm (7.2)
Weeminn = 8.84 x 103 Nmm (7.3)
W,
Gr.ommr = ACEMk L — 0.209N/mm = 209N /m (7.4)
W,
Gropmirr = % = 0.152N/mm = 152N/m (7.5)
crack
Difference
Property CEM 1 | CEM III CEM 1/CEM TII
Tensile strength | 3.40MPa | 2.81MPa 21%
Young’s modulus 38GPa 31GPa 13%
Fracture energy Gy | 209N/m | 152N/m 38%

Table 7.4: Final results tensile strength at 28 days
For all the curves some noise can also be seen right after the peak has been reached.

7.6 Reinforced four-point bending test

The results from the four-point bending test can be seen in figures 7.14a and 7.14b. Due
to the poor visibility of the cracks after unloading, the crack patterns have been drawn
with a black marker. The spacing of the cracks have been noted in table 7.5. It is notable
that the CEM II1/B specimen has a total of nine cracks, with the CEM I only having
seven cracks. The total spacing of the cracks comes to 1m for the CEM I mixtures,
which exactly coincides with the spacing of the loads. That means that all cracks can
be found in the length where the moment is maximal. The CEM III/B mixture however
has cracks spanning 1.2m. This means that some cracks are found in places where the
moment is not maximal.

59



(a) CEM I (b) CEM III

Figure 7.14: Cracks of four-point bending test with spacing indicated

Concrete using Concrete using

CEM I 42.5N CEM III/B 42.5N

Cracks spacing number Crack spacing [mm] Crack spacing [mm]
1 213 175
2 180 148
3 164 151
4 173 198
5 128 99
6 160 190
7 - 100
8 - 147
Average 170 151
Max 213 198

Table 7.5: Crack spacing

7.7 Water absorption test

The water absorption test results can be found in table 7.6. The calculations can be
found in Appendix A.3. The porosity is significantly higher than expected.

. . Difference
CEM I porosity | CEM III porosity CEM I/CEM III
8.46% 9.64% -13%

Table 7.6: Final results porosity after 75 days
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8 Life-cycle effects for a building

The experimental results show that the sub-optimal curing conditions can have a high
impact on the material and mechanical properties. These properties in turn affect the
durability of a building. A lower durability then results in more maintenance or even
a lower service life of a structure, influencing the practicality and sustainability of the
building. This chapter will compare the life-cycle effects of the two different concrete
mixes, based on literature research and results. The life-cycle is shown in figure 8.1. The
transport will not be taken into account.
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Figure 8.1: Life cycle of a building [98]

8.1 Sustainability of the production process

The first factor influencing the sustainability, is simply the production process of the
two different kinds of cement. Like stated in chapter 2.1.1, clinker is produced by grind-
ing and heating calcareous and argillaceous materials into a fine blend. This process
takes a lot of energy and produces quite some C'Oy. This is for two main reasons: The
thermochemical reaction of limestone produces a lot of CO3, and the necessary fuel for
achieving such high temperatures does the same. In Europe it comes down to a total of
839kg of C'O4 per ton of clinker produced [92].
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For ground granulated BFS it might be stated that it is a waste product of the steel
manufacturing, thus it has 0 emissions. This is false however, since this slag can not be
used immediately for cement. The process of drying and grinding this slag into a fine
product emits 130kg of CO3 per ton of GGBFS [94].

Using this information, the production of CEM I and CEM III/B can be compared.
Assuming no other constituents are put into the cement mix, CEM I will contain 100%
clinker and CEM III between 66-80%. A lower value of 70% is assumed in the scenario.
This gives the results given in table 8.1.

Cement type Clinker Clinker emission GGBFS Clinker emission | Total emission
percentage | in kg CO2/t] | percentage | in [kg CO2/t] in [kg CO2/t]
CEM I 100% 839 0% 130 839
CEM I1I/B 30% 839 70% 130 342

Table 8.1: CO; costs for production of CEM I and CEM III/B

8.2 Effects on construction process

The construction process will also be impacted by the different cements, mainly due to
the speed at which builders can continue with every stage. If a building is being made
with several floors cast in situ, the floor needs to hydrate a while to obtain substantial
strength, before any construction workers and machines are allowed on it. According to
the practical experience at Pieters Bouwtechniek and other sources, about seven days
are required before allowing heavy machinery on this floor [93]. This is the point where
the concrete reaches about 70% of its strength. In the case of the specimen tested
in this Thesis, after one week already 80% of the final strength was reached for CEM
I. This strength was also more than the 42.5MPa characteristic strength that is used
in calculations in the Eurocode. In the poor curing conditions, only 50% of the final
strength was reached for the CEM III concrete however. And on top of that, the final
strength did not even reach 42.5MPa. Depending on the design of the structure, this
could make the building site very dangerous for the workers and even cause collapse. If
the machinery used come close to the allowable loads, the structure might deform too
much and even fail.

If 70% of the 42.5MPa compressive strength should be reached before continuing the
build, a minimum wait of 28 days is necessary according to the results in figure 7.8.
This means that per floor in a building, it would take four times as long when using
CEM III/B to continue compared to CEM I. This does not necessarily impact the sus-
tainability that much, since none of the machinery would need to be used during the
waiting period. It does however increase the costs and manufacturing time tremendously.

Another likelihood is that more cracks appear in a CEM III concrete during construction.

Most concrete elements will experience some form of tension during construction. With
the CEM III mixture gaining its strength so late, it is expected that the difference in
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fracture energy will be even greater at this stage than after 28 days. A lower fracture
energy results in cracks propagating easier and thus more and larger cracks.

8.3 Effects on service life

For the service life both the durability and maintenance requirements are important
factors. It is hard to define real numbers to the difference in service life between the two
concrete mixtures, since it all depends on the loads, kinds of elements, connections and
more. This means that the following explanations will be slightly subjective, but still
based on actual facts and data.

The first factor tremendously impacting the service life, is the combination of the higher
porosity and lower fracture energy. Due to the link between porosity and permeability,
porous concrete allows for chlorides to ingress, which can affect the durability of the
reinforcements. This in combination with the lower fracture energy, means that larger
and thicker cracks are formed. This again leads to chlorides to penetrate the concrete
faster. To combat this chloride ingress, much more maintenance would be required when
applying CEM III/B concrete. Chloride ingress damages the strength and durability of
the steel, which is necessary for the safety of a structure. Regular maintenance results
in both higher costs and an unsafe feeling for the people utilizing the building.

A higher porosity also results into more moss grow in the concrete, like the CROW
organisation analysed after massive moss grow was found in their high speed line [100].
This affects both the weight, integrity and aesthetics of the concrete.

Another factor affecting the service life, is the shrinkage. Like is stated in chapter 3.1,
shrinkage in elements that are free to deform does not warrant any worry. But in build-
ings elements are often restrained in movement. If the elements are restrained from
moving but want to deform due to shrinkage, additional tensile stresses will be present,
once again causing more cracks to occur.

The Young’s modulus will also affect the service life. Since the CEM III/B concrete gives
lower E-moduli in both compression and tension, the deformations will be larger as well.
Since there are certain requirements for the allowable deformations in a structure, either
the strength or the dimensions of the concrete elements would need to increase.

Finally, the high variance in the CEM III gives worries for the overall safety of a struc-
ture. A structure is only as strong as its weakest link. A high variance, especially in
combination with the already weaker mechanical properties, results in large insecurities
on the overall integrity of the building. When putting together all the negative effects on
the service life that CEM III gives compared to CEM I in sub-optimal curing conditions,
it can be stated that CEM III concretes would require more maintenance and have a
lower durability. This will all surely affect the sustainability, costs, and safety of the
building.
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8.4 Recycling

The last phase of the life-cycle of a building comes when the building is demolished.
Some materials become landfill or are down-cycled, which is of course disadvantageous
for the sustainability. With the foresight of recycling, up-cycling or even reusing more
and more material to achieve the sustainability goals in 2050, the want for recycling
concrete increases as well. Some concrete is already being recycled, to gain back the
aggregates and fine cement [101]. When comparing CEM I and CEM III, no large
differences are expected for recycling. However, the sustainable gain in recycling CEM
I might be slightly higher, due to a larger amount of clinker being present. It is still
not feasible to recycle concrete in mass though, due to the enormous amount of required
energy to extract the aggregates and especially cement.
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9 Discussion

This chapter will discuss the findings of this report. First the results of the experiments
will be explained, which is followed by a discussion on the life-cycle of a building.

9.1 Experimental results

Shrinkage

The drying shrinkage from the CEM I specimen is slightly higher in the first few months.
This was an unexpected result according to the literature study of chapter 4.1.2 since
CEM 1 hydrates faster, which would result in less free water being available. However
in many cases, the evaporation of free water actually does not contribute to shrinkage.
Shrinkage is mainly caused by internal stresses, which in turn are caused by the loss
of adsorbed water or water in small voids. The fast hydration of CEM I contributes
to these small voids and adsorbed water being created earlier, so it will be prone to
shrinkage faster as well.

The autogenous shrinkage specimen consistently lose a small amount of weight, which
means that they are also susceptible to drying shrinkage. This can be explained by the
small areas which are not covered on the top and bottom of the specimen. This can
affect the results of the autogenous shrinkage. Especially after 30 days it is not expected
that the autogenous shrinkage keeps going at the same consistent rate for both CEM I
and CEM III. There is a high likelihood that a small portion of this shrinkage is due to
the drying. There is also quite a large difference percentage wise between the CEM I
and CEM III water loss for these samples. This can be explained by the learning curve
of wrapping the specimen in the sealing tape. The CEM I samples were cast earlier and
wrapped less neatly. The CEM III concrete was wrapped more neatly.

The autogenous shrinkage of CEM III concrete is nearly double that of CEM I con-
crete. This is in line with the expectations of chapter 4.1.3. It can be explained by
looking at the pore structure of CEM III concrete. Due to the Blast Furnace Slag,
the pore size decreases and the discontinuities increase. Due to these discontinuities
occurring, capillary water gets sucked into small voids, thus creating local compressive
stresses. In other words; Autogenous shrinkage.

The total shrinkage seems much lower compared to shrinkage of moist cured specimen.
This is probably due to most of the moisture loss being free water, which does not affect
shrinkage, like stated in chapter 3.4. It does mean that there is less water available in
a later stage for the cement to react with. This also becomes evident when looking at
the compression tests of CEM III. Due to less water being available for the reaction, the
compressive strength is significantly lower than it is supposed to be.

The total shrinkage of CEM III/B is only 12% higher than the CEM I shrinkage, which
does not seem all too bad. It does seem that the CEM III specimen were experiencing
more shrinkage in the last weeks of testing compared to the CEM 1. This means that the
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testing has probably stopped too soon to see the long term effects. Unfortunately this can
not be helped due to the allocated time of this Thesis. It is likely that the shrinkage of
CEM III concrete would continue more rapidly if being tested for a longer period of time.

Compression test
The compressive strength of most of the samples are as expected in chapter 6.3, except
for the CEM III cubes cured in 55% relative humidity. It was expected that an average
strength of 45MPa would be reached after 28 days, but only 36 MPa was achieved. This
is 27% less than the 50MPa that the CEM III/B samples achieve, and not even the
42.5MPa that the compressive strength should be at minimum. This can be explained
by the poor hydration circumstances. Like chapter 3 indicates, the relative humidity
has a great influence on the hydration process. For CEM III this effect is larger, due
to its mineralogical composition. The BFS needs calcium oxide (CH) to react, which
is made by the reaction of C3S and C3S. It thus takes more time for this chemical
reaction to take place, which means there is a larger volume of unreacted water at the
beginning. Due to the low relative humidity during hydration, this water evaporates
leaving a larger volume of pores in the concrete. From this point it’s a simple equation:
More pores equal less material equals a lower strength.

When comparing these results to the 97% relative humidity cured cubes, the results
do not seem strange at all. It can be seen in the results of the water loss in chapter 7.1,
that most of the water is lost within the first three days. This is also the time that CEM
I concrete gains 70% of its strength. It thus makes sense that the sub-optimally cured
and moist cured cubes do not differ too much in strength, with only a 7% difference.
CEM II1/B however, gains most of its strength after these three days. When comparing
the curves seen in figure 7.8, it can be seen that the first three days give quite similar
results for all CEM III/B samples. However due to poor hydration, the 55% cured cubes
are not able to gain as much strength later on, since there has been a major water loss
already.

The moist cured cubes achieve expected results, with a 28-day strength of between 50-
55MPa. The CEM III/B cubes are 1% stronger, which is a negligible difference.

The standard deviations of the poorly hydrated cubes is significantly larger, which again
can be seen in figure 7.8. This is especially the case in the later stages of testing. This
can be explained by the localisation of imperfections, leading to failure. Like stated
before, the poor hydration circumstances lead to more pores in the concrete. If these
pores localize, the concrete becomes especially weak in one area. This can lead to failure
occurring sooner. If the pores are spread out more, the concrete becomes more homo-
geneous and will probably be stronger.

Static modulus test

The first thing to notice, is that none of the specimen come close to the compressive
strength of the cube compression test. The maximum strength they reach is about half
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the cube strength. This can be explained by the size of the samples. A material can
be seen as a chain of links connected to each other. Global failure occurs, when the
weakest link is broken [87]. This is why size effect is so important for concrete, since it is
susceptible to imperfections. The size of the samples used in the static modulus test are
284mm in height, compared to the 150mm of the cubes which are about half the height.

The second interesting note, is the large difference in strain for especially the CEM II1
sample. Two of the sides experience very brittle failure and even snapback, while the
other two sides remain pretty much intact. This can again be explained by the locali-
sation of the pores. During the entire hydration process, these specimen have been put
onto a cabinet. This means that one side of the concrete was always in direct contact
with the cabinet, while the other three sides were exposed to the air. It is very likely
that the most exposed sides also experienced the most water loss, and thus are more
porous. This immediately explains the large difference in Young’s modulus on each side
of the CEM III specimen as well. Like stated before, due to the fast development of
strength of clinker, the CEM I concrete is affected less intensely.

The goal of this test was to find the Young’s modulus. A difference of 18% can be found
between the 33GPa for CEM I and 28GPa of CEM III. The expectation according to the
FEurocode calculations of chapter 6.4, were 35GPa and 33GPa, which means especially
the later is quite different. These predictions were made using the Eurocode, where the
compressive strength gives a prediction of the Young’s modulus, since these character-
istics are connected. The characteristic strengths of the concrete were assumed to be
50MPa and 45MPa. It turns out however, that the mean strengths were 50MPa and
36MPa. Converting these mean strengths into characteristic strengths, 1.64 times the
standard deviation should be subtracted according to the Eurocode [88]. This gives a
result of consequently 47.5MPa and 31.6MPa. This gives expected Young’s moduli of
34GPa and 31GPa according to the Eurocode, which is not too far off the actual result
for CEM I. The CEM III still has a larger difference, which can be explained by the
higher porosity. The Eurocode accounts for a well-mixed and well-hydrated concrete,
which now is not the case.

The last noticeable point, is the snap-back behaviour with the softening of CEM III.
This means that more energy is released than the material can absorb. The energy
release can be explained by the localised failure. One side of the concrete fails, which
means the energy exerted on this side is released suddenly. Since this side has failed,
the material can hardly absorb any energy. This causes the so-called snapback [85].

Three-point bending test

The results from the maximum tensile stress are very much in line with the theory
explained in chapter 7.5. With an expected tensile strain of 100 microstrain, a linear
relationship is found between the Young’s modulus and stress. With 33GPa and 28GPa
as results for the Young’s modulus from the static modulus test, tensile stresses of
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3.3MPa and 2.8MPa would follow. The actual results are 3.40 and 2.81MPa. This
21% difference can again be explained by the porosity of the blast furnace slag cement
concrete.

However, the three-point bending test gives an E-modulus of 38GPa and 31GPa for
CEM I and CEM III/B consecutively. This is 10-15% higher than the E-modulus ex-
tracted from the static modulus test. This is counter-intuitive, since the theory from
chapter 4.2 suggests the Young’s modulus in compression should be slightly higher. A
likely cause for higher values in the three-point bending test, is the speed of the test.
The peak stress in this test is reached in 10 seconds, while the static modulus test needed
over a minute to reach the peak. According to multiple studies, the Young’s modulus
becomes higher if the strain rate increases [89] [90]. Concrete is a viscoelastic material,
meaning the deformation depends on both the applied load and the rate it is applied
with [91]. At a higher strain rate the concrete has less time to undergo deformation,
which leads to a higher E-modulus. Another reason might be the crude approximation
of the formula used to determine the E-moduli.

The fracture energy of the CEM I mixture is 38% higher, which means that a lot more
energy is required to crack this material. This result is due to the higher tensile strength
of the material, and the more ductile softening curve compared to CEM III.

Lastly, the graphs of chapter 7.5 show that there is some noise right after the peak is
reached. This can be explained by the way the test is performed. The three-point bend-
ing tests are controlled by the crack mouth opening displacement, which is measured by
an LVDT underneath the beam. The speed of the crack mouth opening displacement
should be 0.005mm/s, which is the displacement of the LVDT. This displacement is
repeatedly signaled to the hydraulic cylinder, so that the force in the cylinder can be
adjusted and the loop continues this way. Since the LVDT has to direct the cylinder, a
slight delay occurs causing noise.

Four-point bending test

The maximum spacing from the experiments is larger than the maximum spacing from
the prediction. This can be explained by the friction being poorer than expected, due to
the curing conditions. With a higher porosity there is less material to provide friction
between the concrete and steel, which impacts the bond strength. The impact of friction
can be seen in formula 6.7 in chapter 6.7. Another reason can be that the effective height
of the concrete in the tensile zone is higher than calculated. This zone is approximated
in the Eurocode, but can be different from reality. If this tensile zone is higher, the
effective steel-to-concrete ratio is lower, which increases the maximum spacing.

It is interesting to note that both the mean and maximum crack spacing is lower for the
CEM III mixture. There can be multiple explanations for this phenomenon. The stu-
dent has made the reinforcement cages himself by hand. There is a high likelihood of the
spacing between the rebars not being consistent in the CEM I and CEM III concrete.
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This affects both the concrete cover and effective tensile area of the concrete. If the
proper concrete cover is not maintained everywhere but is higher, the spacing between
the cracks increases as well. Another reason might be the quality of the reinforcement
bars used. Not all bars are exactly the same, with some bars showing some rust or
having plastic attached. Depending on how far the corrosion has gone, it might improve
or weaken the bond.

Water absorption test

The last test is the water absorption test, where the volume of pores can be extracted.
Both mixtures contain a larger amount of pores than the designed 5%, with 8.46% for
CEM I and 9.64% for CEM III. This increase in porosity is to be expected, due to again
the sub-optimal curing conditions. In a lower relative humidity, concrete is much more
prone to drying which in turn leads to both shrinkage and a higher porosity.

The second observation of the test, is the 13% higher porosity for the CEM III/B mix-
ture. This is again to be expected when looking at the hydration process and shrinkage
results. Due to the late chemical reactions in CEM III, more free water is available in
the first days after casting. This results in a higher water loss in a low humidity, and
thus more pores.

Link between properties

When comparing the mechanical properties of the CEM I and CEM III concretes in
a 55% relative humidity, it becomes evident that CEM III is affected more negatively
for all properties. This can be explained by the link between all the properties. Due
to the mineralogical composition of the CEM III/B 42.5N cement, the curing in 55%
relative humidity causes a greater porosity compared to CEM I 42.5N. In the pores of
the CEM III mixture, more free water is available since the hydration is slower. The
movement of this free water in small capillary pores causes shrinkage, thus explaining
the increased shrinkage. The increased porosity means that there is less solid material
available to provide resistance and strength. Thus, the decreased compressive strength,
tensile strength and Young’s modulus seem logical. A higher porosity also results in a
more brittle behaviour and a larger uncertainty, since there are more imperfections in
the material.

9.2 Life-cycle of a building

Chapter 8 demonstrates how the different material and mechanical properties might in-
fluence the life-cycle of a building. The production process of CEM I emits nearly three
times as much kilograms of COy per ton of cement produced, compared to CEM III/B.
This is mainly due to the production of clinker using so much energy to grind and heat
up the raw materials. CEM III uses a large percentage of blast furnace slag, which is
a waste product of the steel production industry. This slag only needs to be grinded,
costing much less energy to produce. It can however be argued, that producing blast
furnace slag is more detrimental than believed. More and more alternative solutions are
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brought in the production of steel, like for example the use of an electrical furnace. This
lowers the carbon footprint of the production of steel, but also gives slag with different
properties [102].

The construction process when using poorly cured CEM III is impacted much more.
Due to the already slower strength gain of CEM III, the addition of the poor curing
conditions limits how much strength it can gain later on as well. For the safety of the
construction it thus makes sense that the costs and time for producing a building are
increased. Minimum strength requirements are set for continuing with the build, for the
overall safety.

The service life is also impacted by the difference in mechanical strength that CEM III
has on the building site. More maintenance will be required, and the durability of the
structure will be lower. This makes sense, since all the mechanical properties are worse
than those of CEM 1.

Recycling was analysed at last, where it was stated that both CEM I and CEM III
concrete should have similar recycling stages. Both materials would need to be crushed
to extract the aggregates and cement. Clinker is worth more than blast furnace slag

however, when looking at the environmental impact. It thus makes sense that the gain
in recycling CEM I would be higher than recycling CEM III.
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Part 111:

Conclusions and recommendations
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10 Conclusion

Due to the ever-growing demand for sustainable building solutions, concretes with a lower
carbon footprint are being advocated more often. Since clinker is the largest contributor
to unsustainable concretes, large parts in cement are being replaced with waste-products
of other industries. One of these products comes from the manufacturing of steel with a
blast furnace, called blast furnace slag. This thesis has been comparing the mechanical
properties and life-cycle effects in buildings, of two different concrete mixes: A regu-
lar Portland cement concrete using 95%-100% of clinker, and a CEM III/B concrete
replacing 66-80% of the clinker with blast furnace slag. Even though CEM III/B has
been positively applicable in maritime structures for a while now, the conditions above
sea-level heavily influence the mechanical properties. For this reason the CEM I and
CEM III/B concrete mixes have been compared to each other by experiments under
sub-optimal curing conditions. Instead of the 97% relative humidity curing chamber
which the lab often uses for concrete tests, a 55% relative humidity chamber has been
used. This simulates the conditions of the Dutch building site around summer, or when
the wind speeds are very high.

The first research question that has been answered is as follows:

What are the differences in mechanical properties for a CEM I /2.5N and CEM III/B
42.5N concrete mixture, when cured in a relative humidity of 55%7

To answer this question, some literature research was first conducted to explain how
the hydration process works for the two different cements. This research suggested that
the hydration process of CEM III is much slower, due to the mineralogical composition.
The BFS needs C'H to hydrate, which comes from other reactions. After the hydration,
the mechanical properties of concrete were studied, so that the experiments could be
conducted properly.

The shrinkage tests suggested that the total shrinkage after 75 days of CEM II1/B con-
crete is 12% higher than of CEM I concrete. This is mainly due to the autogenous
shrinkage being double, since the drying shrinkage is 13% lower. The water loss of the
BFS concrete is 18%, resulting in a more porous concrete. The CEM III specimen were
still losing more water and shrinking more in the last weeks of the experiments. When
a longer period of time would have been used for testing the shrinkage, it is likely that
the differences would have been bigger.

The compression tests showed that the CEM III/B mixture reaches only 62% of the
strength of the CEM I concrete. It only achieved a strength of 36.45MPa, while the
CEM I achieved 50.27MPa after 28 days. Due to the hydration process for CEM I1I/B
becoming more active after one week, there was a large difference in compressive strength
within the first week. However due to the water loss, the BF'S concrete could not hydrate
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optimally and almost flat-lined in strength after one week. The samples that were cured
in 97% humidity did achieve the expected strength of almost 55MPa.

The static modulus tests gave an insight in the Young’s modulus, resulting in Ecgasr
= 33GPa and Ecgyrr = 28GPa. This 18% difference make sense when looking at
the compressive test results, since these two properties are linked to each other. Due
to the poor curing circumstances, especially the CEM III mixture is unable to hydrate
properly, leading into a more porous concrete. The pores also lead to a more brittle
material, meaning that the softening is less ductile compared to CEM 1.

This test also gave compressive strengths of 24MPa and 17MPa, which is approx-
imately 50% of the results of the compression tests. This difference was explained by
the size effect of concrete, since these samples are almost double the height. Concrete
contains many impurities, so increasing the size results in the chance of impurities being
substantially higher. The concrete will then fail at its weakest point.

Lastly this experiment shows the high variance between the different LVDT’s placed
on the CEM III specimen. Not all sides of the concrete are exposed to the humidity
equally, meaning some sides of the concrete become more porous. This causes local
failure and even snap-back behaviour in one of the LVDT’s.

The unreinforced three-point bending tests give tensile stresses of 3.40MPa and 2.81MPa,
meaning a 21% lower strength for CEM III. This again can be explained by the higher
porosity. Due to the lower strength and more brittle behaviour, the fracture energy is
nearly 30% lower, meaning that it takes less energy for the BFS concrete to crack. The
E-moduli were a surprising 38GPa and 31GPa, which are both higher than the compres-
sive Young’s moduli. This can be explained by the higher loading rate, influencing the
static mechanical properties.

The reinforced four-point bending tests were supposed to give an indication on the bond
strength between steel and concrete. The results are that the crack spacing for the rein-
forced CEM III beam are slightly lower, which would indicate a higher bond. Since the
porosity of this beam is higher, the frictional resistance should be lower. This results
can be explained by the human error in manufacturing the reinforcement cages. These
cages are not consistent in both placement and quality of the steel, meaning that this
results is not too reliable.

The last test was the water absorption test, resulting in consecutively 8.46% and 9.64%
pores. When looking at the hydration speed and water loss of CEM III concrete, it is
to be expected that the porosity is higher.

A summary of these results is given in figure 10.1. The properties of CEM I are all given
as 100%, and the CEM III properties are given as a relative percentage to CEM L.
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Comparison of the CEM | and CEM III/B experimental results
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Figure 10.1: Relative results of CEM III/B compared to CEM I

To sum up all the results, the findings suggest that CEM III/B 42.5N concrete is much
more susceptible to worse curing conditions than CEM I 42.5N concrete. Not only are
all the mechanical properties about 15-30% worse, but the variance in their performance
is higher as well. It can also be concluded that all the mechanical properties are con-
nected. The larger amount of free water and porosity in the CEM III, results in more
movement of the water, thus causing shrinkage. The higher porosity also results in less
solid particles being available to provide strength and resistance, and explain the brittle
behaviour as well.

The second question that has been answered is as follows:

What is the total effect on the life-cycle of a building when applying these different con-
crete miztures, also considering sustainability?

To answer this question, the literature research and results from the experiments were
used. New literature was also introduced in chapter 8, to determine the sustainability of
producing and recycling the two different cements. Based on the mechanical properties,
the effects on the construction and service life were described.

The total carbon emissions from producing CEM 1, are 839 kg C'O5/t, compared to 342
kg CO9/t for CEM III/B. Thus producing CEM I emits nearly 2.5 times as much carbon,
which comes from the required energy for producing clinker.

The construction process becomes more difficult however, when applying CEM II1
concrete on the building site. When constructing a building with multiple in-situ floors,
it would require four weeks of hardening to safely work on that floor. It would only take
one week for CEM I concrete however. Due to the lower fracture energy, there is also a
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higher likelihood of the blast furnace slag concrete experiencing early-stage cracks.

The largest effects can be found when considering the service life. Since all mechanical
properties for CEM III/B have a lower value, the risk and maintenance increase, while
the durability decreases. The higher porosity can allow for easier chloride ingress and
moss growth. The lower Young’s modulus would result in higher deformations, which
means higher strengths or dimensions would need to be applied. Finally, due to the
higher variance, it would be hard to make a reliable design. A construction is only as
safe as its weakest link, meaning a higher variance could bring disastrous consequences.

Lastly, recycling CEM I would bring more gain than recycling CEM III, due to re-
cycling clinker having a higher worth. For both concretes it is however still not feasible
to recycle all aggregates and cement, since a lot of energy is required.

To conclude this research question, only the production process of CEM III/B is more
sustainable. All other cycles of the building life are impacted negatively, resulting in un-
reliable and high maintenance infrastructure. This effect on durability will also impact
the sustainability. This means that even though the production of CEM III/B is much
more sustainable, application in practice will not be sustainable after all.

Overall conclusion

According to the research conducted in this thesis, it can thus be stated that the sub-
optimal curing conditions have a much higher impact on the mechanical properties of
CEM III/B 42.5N, and thus also the life-cycle of a building. While previous literature
suggests that CEM III concrete is both more sustainable and has better mechanical
properties, this is certainly not the case for a 55% relative humidity environment. Based
on the given results, CEM III/B should be treated carefully when implementing it in
structures. In the given building site conditions, applying CEM I would be significantly
more durable, cheaper, and especially safer.
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11 Recommendations

Future research

When observing the results of this thesis, it becomes evident that further research into
the effects of sub-optimal curing conditions is required. A list of recommendations is
given below:

e When observing the specimen used for shrinkage, it can be seen that shrinkage for
most of the specimen has not ceased after 75 days. Due to the time constraint, these
specimen could not be tested longer, resulting in a 13% difference in total shrinkage.
Since shrinkage is a long-term effect, a longer period should be considered to see
the total effects. Based on the current results, half a year should give more reliable
results, or until the shrinkage stops.

e To be able to isolate the effects of the relative humidity on the concrete properties,
the water-to-cement ratio and types of aggregates were kept the same. In practice
however, these parameters are surely not constant. To give a better understanding
in the differences between CEM 1 42.5N and CEM II1/B 42.5N, the same experi-
ments should be conducted where these effects are isolated. After that, mixtures
should be made where all these parameters are randomized in a specific range.
This way not only the effects of every single parameter can be found, but also the
combinations.

e For some experiments like the three-point and four-point bending tests, only one
specimen was tested for each material due to time/budget restrictions. To give a
more reliable result and show the variance in the material, more specimen should
be tested in the future.

e Not all relevant properties have been tested in these experiments. Some other
properties that are significant for the durability and safety of a building are creep,
thermal properties, fatigue and Poisson ratio. These properties should be tested
in addition to the experiment conducted in this report.

e Due to the inexperience of making reinforcement cages, these were inconsistent for
both concrete mixes. To accurately test the influence on the bond between the
reinforcement and concrete in sub-optimal curing conditions, these cages should
be made by a professional.

Recommendations for the building industry Based on the findings in this report,
some recommendations can be made for the building industry, that will limit the damage
of sub-optimal curing conditions.

e One possibility for achieving better mechanical properties with CEM III/B con-
crete, is putting the in-situ cast elements underwater for at least one week. When
looking at the compressive strength gain in 97% humidity, even CEM III/B con-
crete nearly reaches the characteristic strength after seven days. Even assuming
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a similar strength gain after one week as the cubes cured in 55% humidity, the
minimum characteristic strength will easily be achieved.

Since it is not always possible to put the concrete underwater, curing compounds
are often used as a replacement. However, not all curing compounds are as effective
as they are believed to be [103]. To have a reliable structure, the effectiveness of
the used curing compound should be proven with tests.

Since the relative humidity in the winter is quite high in The Netherlands, wind
will have the highest impact on the internal relative humidity of the concrete. A
solid solution for the more humid winter months would thus be to place wind
breakers around the fresh concrete. This way the concrete is exposed to the high
humidity, but is protected from the wind. In practice however, it might be hard
to install wind breakers at certain locations.

With weather forecasting becoming more and more accurate, a solution might also
be to time the casting to the weather conditions. If a week of rain without too
much wind is predicted, this might be a good time to cast. Even if it would not
be practical to base the casting day on the weather conditions, it might still be
useful to consider the forecast. If a sunny day is expected, some extra water can
be sprayed on the concrete. If a lot of wind is expected, wind breakers or simply
a sheet covering the concrete can be used.
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A Test results tables
A.1 Shrinkage

Specimen 1 Specimen 2 Specimen 3

Days Length [mm] Weight [g] Length [mm] Weight [g] Length [mm] Weight [g]

1 284.1750 3787.6 284.1830 3695.0 284.1590 3775.5
2 284.1660 3744.8 284.1770 3661.1 284.1510 3739.4
3 284.1625 3729.9 284.1720 3635.2 284.1455 3717.2
6 284.1440 3719.6 284.1530 3623.0 284.1280 3703.2
7 284.1365 3717.3 284.1475 3620.7 284.1210 3700.0
9 284.1325 3713.5 284.1415 3616.7 284.1160 3695.9
14 284.1230 3706.9 284.1300 3610.4 284.1040 3689.8
15 284.1235 3705.9 284.1300 3609.4 284.1040 3688.8
21 284.1170 3700.9 284.1245 3604.6 284.1000 3684.6
27 284.1135 3697.2 284.1210 3600.8 284.0950 3681.2
30 284.1120 3696.5 284.1190 3600.0 284.0925 3680.6
36 284.1085 3695.2 284.1155 3598.6 284.0880 3679.4
43 284.1060 3694.0 284.1125 3597.4 284.0855 3678.2
49 284.1040 3693.7 284.1100 3596.9 284.0820 3677.8
68 284.1020 3693.1 284.1075 3596.4 284.0800 3677.2
75 284.1020 3693.0 284.1070 3596.2 284.0790 3677.0

Table A.1: Total shrinkage CEM I
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Specimen 1 Specimen 2 Specimen 3

Days Length [mm] Weight [g] Length [mm]| Weight [g] Length [mm] Weight [g]

1 284.2070 3919.5 284.1155 3960.1 284.1410 3988.4
2 284.2080 3918.8 284.1145 3959.6 284.1410 3987.7
3 284.2040 3918.4 284.1105 3959.2 284.1380 3987.3
6 284.2015 3917.8 284.1085 3958.5 284.13345 3986.8
7 284.1995 3917.6 284.1065 3958.4 284.1335 3986.6
9 284.1985 3917.4 284.1055 3958.4 284.1320 3986.6
14 284.1960 3916.9 284.1025 3957.9 284.1290 3986.1
15 284.1945 3916.8 284.1020 3957.7 284.1280 3986.0
21 284.1935 3916.3 284.1000 3957.2 284.1265 3985.6
27 284.1930 3915.9 284.0990 3956.7 284.1255 3985.2
30 284.1920 3915.6 284.0990 3956.5 284.1250 3985.0
36 284.1910 3915.3 284.0975 3956.2 284.1245 3984.7
43 284.1900 3914.9 284.0960 3955.9 284.1235 3984.3
49 284.1890 3914.5 284.0950 3955.5 284.1225 3984.0
68 284.1875 3913.8 284.0935 3955.0 284.1210 3983.6
75 284.1870 3913.6 284.0930 3954.8 284.1210 3983.5

Table A.2: Autogenous shrinkage CEM I

Specimen 1 Specimen 2 Specimen 3

Days Length [mm] Weight [g] Length [mm] Weight [g] Length [mm] Weight [g]

1 284.1885 3688.9 284.0040 3690.8 284.1225 3708.1
4 284.1840 3608.5 283.9915 3612.9 284.1170 3596.7
5 284.1750 3604.8 283.9830 3609.8 284.1060 3594.2
7 284.1495 3600.0 283.9675 3603.2 284.0880 3590.6
12 284.1350 3597.1 283.9580 3598.6 294.0740 3586.7
13 284.1325 3596.2 283.9550 3597.4 284.0705 3586.2
19 284.1185 3591.1 283.9405 3592.3 284.0580 3583.4
25 284.1135 3587.5 283.9375 3588.9 284.0525 3581.0
28 284.1100 3586.5 283.9345 3588.1 284.0485 3580.5
34 284.1065 3584.8 283.9305 3586.5 284.0460 3579.6
41 284.1030 3583.3 283.9275 3584.8 284.0445 3578.0
47 284.1010 3581.9 283.9250 3583.7 284.0420 3576.9
66 284.0975 3578.9 283.9220 3580.9 284.0390 3574.1
73 284.0965 3577.9 283.9215 3580.0 284.0380 3573.1

Table A.3: Total shrinkage CEM II1
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Specimen 1 Specimen 2 Specimen 3

Days Length [mm] Weight [g] Length [mm]| Weight [g] Length [mm] Weight [g]

1 284.2870 3893.9 284.0325 3908.4 284.2560 3913.3
4 284.2850 3892.7 284.0300 3907.9 284.2535 3912.7
5 284.2785 3892.6 284.0240 3907.9 284.2490 3912.6
7 284.2735 3892.6 284.0195 3908.0 284.2435 3912.6
12 284.2665 3892.5 284.0145 3907.7 284.2380 3912.5
13 284.2650 3892.5 284.0135 3907.7 284.2365 3912.5
19 284.2600 3892.2 284.0080 3907.4 284.2305 3912.2
25 284.2575 3892.0 284.0050 3907.0 284.2270 3911.9
28 284.2550 3891.9 284.0025 3907.0 284.2250 3911.8
34 284.2535 3891.8 284.0015 3906.8 284.2225 3911.6
41 284.2525 3891.6 284.0000 3906.5 284.2210 3911.3
47 284.2515 3891.3 283.9990 3906.2 284.2205 3911.1
66 284.2500 3891.0 283.9970 3905.8 284.2180 3910.8
73 284.2500 3891.0 283.9965 3905.8 284.2175 3910.7

Table A.4: Autogenous shrinkage CEM II1
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A.2 Compression

Concrete using Concrete using

CEM I 42.5N CEM III/B 42.5N
Days Compressive strength [MPa] Compressive strength [MPa]

11.53 3.23
1 11.78 3.40
11.63 3.34

Mean+std 11.65+0.10 3.32+0.07
31.27 18.65
3 29.22 19.23
30.31 18.88

Mean+std 30.27+0.84 18.92+0.24
42.31 31.09
7 41.61 32.81
40.84 32.21

Mean+std 41.59+0.60 32.04+£0.71
43.50 38.30
14 45.00 36.10
46.43 34.86

Mean=+std 44.98+1.20 36.42+1.42
51.96 33.27
28 46.84 40.23
52.91 35.84

Mean+std 50.57+£2.67 36.45+2.87
54.00 40.77
56 49.80 42.05
55.49 36.74

Mean=+std 53.10+2.41 39.851+2.26

Table A.5: Cube compression test results 55% humidity



Concrete using

Concrete using

CEM I 42.5N CEM III/B 42.5N
Days Compressive strength [MPa] Compressive strength [MPa]
1 11.58 3.32
11.90 3.50
Mean=+std 11.74+0.16 3.41+0.09
3 34.93 22.94
35.39 21.95
Mean+tstd 35.16+0.23 22.45+0.495
7 43.94 39.01
45.71 40.29
Mean+std 44.84+0.87 39.65+0.64
14 47.65 4791
49.63 45.16
Mean+std 48.64+0.99 46.54+1.375
28 51.98 52.75
55.42 55.45
Mean+std 53.70£1.72 54.10£1.35

Table A.6: Cube compression test results 97% humidity

A.3 Porosity
For CEM I 42.5N:

Wtotal = 37237g (Al)

Wy = 3570.2g (A.2)

Wwet = Wtotal - Wd7'y = 15379 (AS)

Wwet 01537 —4 3

Vi = = =1.537%10 A4

Pwater 1000 . " ( )

Vi=1%bxh=0.08%0.08%0.284 = 1.82 x 10~ 3m?> (A.5)
Vi

¢ = 37 * 100% = 8.46% (A.6)
t
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For CEM III/B 42.5N:

Wiotal = 3719.3¢
Wary = 3544.2g

Wwet = Wiotat — Wary = 175.1g

Wwet  0.1751

puater 1000

Vi=1xbxh=0.08%0.08%0.284 = 1.82%1073m?

Vi, = = 1.751 % 10~ *m?

Vi
¢ = — x100% = 9.64%
Vi
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