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ABSTRACT

The increase of the global concentration of CO2 in the atmosphere is largely attri-
butable to the increasing use of fossil fuels for the production of energy. The con-
struction sector is one of the largest producers of CO2. Hence the need to find a
solution to reduce emissions or to reuse the carbon dioxide produced in a circular
economy system.

There are currently three different approaches to the use of CO2 in cementitious
compounds. A first approach in which CO2 is inserted as an additive in the cement
mix, a second that uses low-limestone aggregates and a third more commonly used
that includes the possibility of inserting CO2 into the fresh concrete cast.

This thesis aims to analyze the sustainability of concrete structures and to suggest
a solution in the field of Civil Engineering to increase the reuse of CO2. Tests were
carried out on the mechanical properties to verify the mechanical and chemical per-
formance due to the use of carbon dioxide in the concrete mix.






1. INTRODUCTION






1.1 SUSTAINABILITY AND ENVIRONMENTAL IMPACT

Population development and the ever-increasing demand for fossil fuel energy production
have increased the level of carbon dioxide from an annual increase of 1.5 ppm between
1989 and 1990! to an increase of 2.5 ppm between 2018 and 20192. Coal, oil and natural
gas are fossil fuels which, when burned, release large amounts of carbon dioxide into the
atmosphere, faster than plants can accumulate through photosynthesis. Consequently,
the excess of carbon dioxide and other greenhouse gases in the atmosphere gives rise to
current climate changes in the form of global warming.

According to the World Green Building Council (World GBC) report buildings and the con-
struction sector are responsible for 39% of all CO2 emissions in the world, with operating
emissions (from the energy used to heat, cool and light buildings) which account for 28%.
The remaining 11% comes from embedded, or ‘initial’, CO2 emissions associated with con-
struction materials and processes throughout the building’s entire life cycle3. Cement pro-
duction alone, on the other hand, is responsible for around 5% of global CO2 emissions&.
In fact, cement is a material widely used in the construction sector for its easy production
and forits reuse at the end of its life cycle. The latter is crushed and reused in other structu-
res such as roads or bridges where it constitutes the filling material. Thanks to its good
mechanical characteristics, it is the most used building material and an average consump-
tion is estimated, for Italy, of two cubic meters peryear per capita and globally of about one
cubic meter per year per capitas.

However, such a vast use worldwide has a great environmental impact and this requires a
decisive intervention through policies aimed at reducing emissions and making concrete a
more sustainable material.

1.2 THREE DIFFERENT APPROACHES
Currently, the use of CO2 in cement compounds has been implemented through three ap-
proaches:

® Solidia;

® Pre-Carbonation;

® CarbonCure.

1.2.1 Solidia Cement

This approach consists in using carbon dioxide (CO2) to harden the concrete. In this way,
the new cement, called Solidia Cement, represents a challenge. It constitute an alternative
cementitious binder with a lower CO2 footprint than ordinary Portland cement, OPC. The

1 https://www.oliveoiltimes.com/it/world/carbon-dioxide-levels-in-atmosphere-rise-for-seventh-consecutive-year/ 68451

2 https://ancler.com/noaa-rapporto-sullo-stato-del-clima-2019/

3 https://gbcitalia.org/web/guest/-/nuovo-report-del-world-gbc-il-settore-delle-costruzioni-puo-azzerare-le-emissio-
ni-entro-il-2050

4 G.Habert e N. Roussel, Study of two concrete mix-design strategies to reach carbon mitigation objectives, Cement &
Concrete Composites (n°31 (2009) pp. 397-402).

5 www.cobeton.com



cement is based on calcium silicate (CSC, calcium silicate cement) and therefore forms a
non-hydraulic binder that hardens with the carbonation reaction. The main components of
CSCare low-limestone calcium silicates, including rankinite, wollastonite and pseudo-wol-
lastonite. During carbonation, the CSC binder forms modified silica gel with calcium and
CaCOs.

Thanks to a microscopic analysis of the CSC mixture, it was found that the silica gel phase
indicates a substantially higher degree of polymerization than that of hydrated calcium
silicates, C-S-H. Furthermore, the elastic modulus and hardness of this gel phase were
found to be close to those of the high density C-S-H phase [1].

1.2.2 Pre-carbonation

The system consists in using CO2 as an additive in the mixture of ordinary Portland concre-
te, OPC, in order to improve its performance through a new technique called “pre-carbona-
tion method”. CO2 is added to the concrete through a carbonation process of fresh or har-
dened concrete. The chemical carbonation process of concrete requiresa high concentration
of CO2. Through traditional methods it is not possible to administer CO2 to the concrete
during the casting in situ, therefore these methods allow to create only prefabricated
structures. The pre-carbonation method allows you to bypass this limit by adding CO2 in
gaseous form directly into the fresh concrete mix.

The method initially involves absorbing the CO2 in a mixture of cementitious material rich
in calcium, and subsequently combining the mixture obtained with the aggregates to
obtain concrete. This method has as its final product CaCO3 particles which favor the hy-
dration of the OPC cement. In particular, ettringite is formed which through the increase in
volume generates a denser structure in favor of greater compressive strength [4].

1.2.3 CarbonCure

CarbonCure is a new technology with the aim of recycling CO2 and reducing the carbon
footprint of the concrete industry, without compromising its performance. CarbonCure in-
tegrates existing concrete plants with a system that introduces CO2 gas into the concrete
mix during production. When introduced, CO2 undergoes a chemical reaction that chemi-
cally converts it into a solid mineral and makes the concrete more resistant.

According to the principle of circular economy, carbon dioxide comes from the chimneys of
industrial emitters. The gas is purified and delivered in pressurized containers to the con-
crete production plant. Here the CO2 is precisely injected into the concrete mix and reacts
to form calcium carbonate, which is permanently embedded in the concrete. Furthermore,
when the structure is demolished and pulverized, the gas will not be able to escape, becau-
se it no longer exists [6].

CEMENT + HO - Ca”" ——

Calcium

HO = cO; — !

Carbonate

Figura 1.1 Reactions within the plant
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Figure 1 shows the reactions that take place inside the plant. In addition to increasing the
compressive strength of the concrete, the system does not affect its properties. Neither the
properties of fresh concrete such as setting time, workability and air content, nor the proper-
ties of hardened concrete such as pH, density and the freezing-thawing effect are changed.

CarbonCure is a technology that optimizes product mixing as it includes the reduction of
the cement content and accelerated hydration by introducing economic and climatic advan-
tages. On average a structure can be built with a reduction of the cement content of 4-8%.
An observation should be made on the corrosion of the armor. Carbonation due to atmo-
spheric agents occurs in concrete when calcium hydroxide compounds react with CO2 con-
tained in the atmosphere and form solid calcium carbonate. Depletion of calcium hydroxi-
de causes the pH of the porous concrete solution to drop below 13, which can cause
corrosion of the reinforcement. When CO2 is injected into wet concrete using CarbonCure
technology, CO2 immediately reacts with the cement to form a solid calcium carbonate
mineral, therefore, calcium carbonate does not affect reinforcement corrosion [7].

1.3 SOLIDIA CEMENT

1.3.1 Features

Solidia Cement was patented in 2015. It is a binder composed mostly of non-hydraulic cal-
cium silicate minerals with low calcium content, such as wollastonite (CaO - Si02) and ran-
kinite (3Ca0 - 2Si02). Calcium silicates with a low limestone content have the advantage of
significantly reducing the carbon footprint compared to Ordinary Portland Cement OPC, as
the production temperature of the clinker and the amount of limestone required are lower.
The CSCrequires a temperature of about 1200° C, which is about 250° C lower than that of
the OPC.

Low-limestone calcium silicates have been observed to exhibit greater reactivity in the pre-
sence of CO2. In fact, if subjected to carbonation, CSC paste can accumulate up to 17% (by
mass) of CO2 in the form of stable carbonates. Taking into account its CO2 storage capacity,
the low production temperature and the reduced need for limestone, CCSC calcium silicate
concrete generates an overall CO2 footprint of approximately 70% lower than that of OPC
concrete. However, Solidia cement has one limitation, it can only be used for precast con-
crete products.

1.3.2 Absorption of CO2

In figure 2 it is evident that as the polymerization time increases, the absorption of CO2
also increases. It shows the mass curve of the low calcium content clinker samples, fol-
lowing the 48h CO2 polymerization. The absorption of CO2 increases rapidly in the first 6
hours, during which 60% of carbonation is already reached. It is observed that the maxi-
mum absorbed CO2 value corresponds to 25.9% since the carbonation polymerization pro-
duces a layer of calcium carbonate on the surface of the samples which prevents further
carbonation reaction [2].
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Figura 1.2 CO2 absorption from low calcium clinker

(Lu, B., Shi, C., & Hou, G, 2018)

1.3.3 Compression strength
Figure 3 shows the compressive strength of low calcium clinker samples depending on the
hardening times of the carbonation.

704 Non-carbonation curing
Carbonation curing Kk
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Figura 1.3 Compressive strength curve of low calcium clinker
(Lu, B., Shi, C., & Hou, G, 2018)\v
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It is clear that the resistance of samples subjected to accelerated polymerization with car-
bonation is far greater than that of samples not subject to carbonation. As in the CO2 ab-
sorption process, here too itis noted that the compressive strength shows a rapid increase
in the first hours of carbonation, until the value stabilizes at about 65 Mpa.

The increase in compressive strength is attributed to a much denser structure due to the
formation of calcium carbonate and silica gel during polymerization with carbonation. In
reality, itis the same calcium carbonate that slows down the increase in compressive stren-
gth in the following hours. On the other hand, the samples polymerized without carbona-
tion show a constant and lower resistance since less calcium carbonate is formed which
would have the task of welding the aggregates together.

To confirm this, it is observed that porosity is significantly reduced due to the carbonation
polymerization. The comparison of the pore volume and the pore size distribution before
and after the carbonation polymerization shows that both decrease. The diameter of the
pores goes from 0.08 microns to 0.04 microns after 24h of polymerization with carbona-
tion. This is attributable to the formation of CaCO3 and silica gel which fill the pores and
densify the microstructure, resulting in improved mechanical properties (Figure 4).
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Figura 1.4 Differential curves of the pore size distribution of low calcium clinker pastes
(Lu, B., Shi, C., & Hou, G, 2018)
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1.3.4 Property comparison

It is interesting to compare the compressive strength with the degree of polymerization
(percentage of CO2 absorbed). It can be deduced that the resistance increases proportio-
nally to the polymerization time, and in both cases the growth rate is regulated by the
presence of calcium carbonate (Figure 5).

70

60

50

404 V= 3.29x-25.02

R =0.9841
30 -

20

T T T T T T T
14 16 18 20 22 24 26 28

Compressive strength (MPa)

CO, uptake (%)

Figura 1.5 Relationship between the degree of CO2 absorption
and the compressive strength (Lu, B., Shi, C., & Hou, G, 2018)

1.3.5 Other properties

1.3.5.1 Reinforced concrete

A necessary consideration concerns the steel bars in the case of reinforced concrete. These
are protected from corrosion by a thin layer of oxide which, due to the alkaline environment,
forms on their surface. The carbonation reaction generates a gradual conversion of calcium
hydroxide, Ca (OH) 2, into CaC03, reducing the alkalinity of the concrete. Therefore, in the
case of OPC concrete the reinforcing oxide layer will be more vulnerable to corrosion than
CSC concrete. The accelerated polymerization of carbonation reacts with only 30% of the
clinker minerals (ie producing less CaC0O3) without causing corrosion problems [2].

1.3.5.2 Thermogravimetric tests

The Thermal Decomposition Curve (Figure 6) demonstrates the non-hydraulic nature of the
carbonated calcium silicate cement (CCSC) system as no substantial mass loss associated
with the decomposition of Ca (OH)2 is observed. The greatest mass loss, observed between
500 ° Cand 900 ° C, is attributed to the decomposition of CaCO3 and indicates the loss of
water present both physically and chemically in the gel phases.

14
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Figura 1.6 Thermogravimetric analysis chart for the CCSC paste
sample (Ashraf, W., Olek, J., & Jain, J, 2017)

A thermogravimetric test was performed which consists in the continuous measurement
over time of the mass variation of a sample of material as a function of time itself (isotherm)
or temperature (heating / cooling ramp), in conditions of controlled atmosphere, inert, re-
ducing or oxidant.

The result of this test, referred to as a Thermogram or Thermal Decomposition Curve, is
represented by a graph where the Y axis reports the weight variation, in absolute or per-
centage value, and the X axis reports the time or temperature.

1.3.5.3 Elastic properties

Nanoindentation consists of a variety of indentation hardness tests (hardness of a material
to deformation) applied to small volumes. It is the most common method for testing the
mechanical properties of materials. It can also be used to determine the elastic properties
of the microstructural phases present in the OPC system. The method determines the fre-
quency distributions of the elastic properties (i.e. elastic modulus and hardness).

Figure 7 shows an example of analysis to determine the average elastic modulus of each
microstructural phase present in the CCSC system, for a cementitious paste.

5

Porosity Ca-modified
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=] .
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=
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| L ,‘**-n‘f“r“ﬂﬂr’{'ﬁf'ﬁHﬂ‘;ﬂ“t-~—+-
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Elastic Modulus (GPa)

Figura 1.7 Elastic modulus frequency distribution graph for CCSC paste samples
(Ashraf, W., Olek, J., & Jain, ], 2017)
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Observing the figure it can be seen that for the CCSC system the remains of unreacted ce-
ment granules produce the highest values of elastic modulus while the highly porous re-
gion produces the lowest ones. Similar results are reported for hydrated OPC systems in
which cement granules and porous regions are also associated with the highest and lowest
elastic modulus values, respectively.

Five phases can be seen in the figure (porosity, calcium-modified silica gel, composite pha-
se, calcium carbonate phase and unreacted cement grains). The distribution diagram was
created through 5 modal Gaussian distribution functions to minimize the error between
theoretical and experimental cumulative distribution functions.

1.3.5.4 Interfacial transition zone

The interfacial transition zone, ITZ, between the aggregate particles and the paste matrix
determines the mechanical aspects and durability of the OPC concrete. The ITZ is conside-
red the weakest area of the matrix as it has a high porosity (with respect to the mass volu-
me) and the propensity to deposit Portlandite. If the size of the aggregate is greater, by an
order of magnitude, compared to the concrete particles, there is no impact on the proper-
ties of the ITZ. In concrete, the surface of the grains of sand is much greater than the surfa-
ce of the coarse aggregates, therefore the ITZ is associated with grains of sand. In the case
of the CCSC paste, how does the properties of the ITZ that forms at the border between the
grains of sand and the matrix change?

From the chemical composition point of view it should be noted that OPC samples usually
have portlandite deposits around the aggregated particles. These deposits can constitute
a “weak zone” for the microstructure of OPC mortar samples, due to the tendency to dissol-
ve in the presence of water. In the CCSC mortar, on the other hand, there are no deposits of
a particular microscopic phase around the aggregate, and this denotes greater resistance
of the interfacial transition zone compared to concrete.
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Figura 1.8 Variation of the elastic modulus along the IZ of CSCC samples
(Ashraf, W., Olek, J., & Jain, J, 2017)
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Also from the point of view of elastic properties, some studies have reported a comparison
between OPC and CCSC. By carrying out the nanoindentation tests at the center of the sur-
face of the grain of sand, the average elastic modulus was determined, equal to about 120
GPa. The average values of the elastic modulus calculated on the paste near the surface of
the aggregate, are evaluated with respect to the perpendicular distance to the aggregate
surface. They have an average value of the bulk pasta sample of 60 GPA, and an average
value with respect to the surface of the aggregate, of 43.4 GPa which represents the avera-
ge module of the ITZ for the CCSC system. And which corresponds to 72% of that of the bulk
pasta region (dotted line). This attitude to have lower elastic modulus values close to the
aggregate is also observed in hydrated OPCs. The lower values around a more rigid ele-
ment are attributable to the “wall effect”, ie the alteration of the structure of the pores in
that region. (Figure 8).

1.4 PRE-CARBONATION

1.4.1 The method

The pre-carbonation method, respect to Solidia cement, does not involve polymerization
with carbonation. The polymerization requires a closed chamber, and this condition limits
Solidia cement to the application of prefabricated concretes only. In addition, excessive
polymerization with carbonation could destroy the hydrated calcium silicates and therefo-
re reduce resistance. Therefore this method lends itself as an advantageous alternative not
only to reduce the carbon footprint but to significantly improve its performance (strength
and durability). To optimize CO2 absorption, it is proposed to add CO2 directly into the
concrete mix. Considering that CO2 is present in a gaseous state, absorbents are used to
capture the CO2, which are finally added to the mixture. Just to name a few, the materials
for the absorption of CO2 are calcium ash, slag from blast furnaces, dust from cement kilns
and slaked lime, these being rich in calcium react with CO2 to form calcium carbonate.
The approach consists of two steps, the first involves making a mixture of cementitious
material rich in calcium and water to form a mixture. The carbon dioxide is then bubbled
into this suspension and reacting with the calcium ions forms a calcium carbonate mixture.
The second step instead involves inserting the other ingredients into the mixture such as
OPC concrete and aggregates that together form the final concrete. (Figure 9).

Calcium-rich The rest ingredients of

Carbonating  Carbonated

mineral Mixing water ¢ i concrete: OPC, aggregate,
T n etc.
; A=A
=+ = — E | L'
L/ 5
I: Mixing and bubbling in CO2 IT: Mixing with other ingredients to make concrete

Figura 1.9 Production of concrete with the pre-carbonation method
(Qian, X., Wang, J., Fang, Y., & Wang, L, 2018)
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Carbonation occurs before the concrete casting, which is why the method is called pre-car-
bonation. In this way, the slow diffusion process of CO2 in the concrete matrix is avoided.
The polymerization process is no longer applied and therefore the closed polymerization
chamber is no longer necessary, this guarantees the possibility of applying the method
also in situ.

Among the different absorbents that can be used for CO2, reference will be made to slaked
lime since its carbonation reaction is easier to analyze, but any other absorbent can be
used equally in the realization of concrete.

One study compared a control sample, without carbonation, and two different carbonate
samples at 1% and 3% respectively. The latter two were obtained through a carbonation
lasting 5 and 15 min respectively.

Through a scanning electron microscope it is possible to notice the difference between the
two mixtures, it is observed that the 3% mixture has particles of precipitate larger than
those produced by the 1% mixture. This is because in the case of 3% more time was requi-
red for the filtration of the precipitated particles, which consequently aggregated to form
larger particles. These precipitate particles are formed of CaCO3 calcite [5].

1.4.2 Hydration of cement

From figure 10 it can be seen that the cement paste produced from slaked lime with 1%
carbonation reacts in a slightly longer time than the control sample. This is due to the re-
action between the bicarbonate ions obtained from the carbonation mixture and the cal-
cium ions released from the cement particles to produce CaCO3. On the other hand, in the
case of 3% carbonated slaked lime it is observed that the reaction occurs much earlier, it
means, it can be anticipated. This is attributable to the formation of larger CaCO3 particles
which can accelerate the hydration of cementitious pastes. It can also be observed that
neither limestone (limestone) nor slaked lime affect the hydration of the cement paste, so
the carbonation in the case of slaked lime promotes the early hydration of the cement pa-
ste.

1: €3S hydration
3.0 1 5 2: C3A hydration

]
v
L

R —— Control
o - 1%

..... 30

—-—-- Limestone

---=- Slaked lime

Thermal power (mW/g)

0 20
Time (h)

Figura 1.10 Effect of pre-carbonation on the hydration of the cement paste
(Oian. X.. Wane. I.. Fane. Y.. & Wane. L. 2018)

18



It has been observed that the addition of CO2 in concrete changes the mineralogy of hydra-
ted cement. In particular, more ettringite originates and stabilizes, more monocarbonate is
generated and monosulfate is reduced or eliminated. The three variations favor the stren-
gth and durability of the concrete starting from the formation of ettringite which, increa-
sing in volume, solidifies the concrete and reduces its porosity with a consequent increase
in strength. The production of monocarbonate also increases the strength and stiffness of
the concrete as its mass modulus is considerably higher than other hydration products.
Finally, the reduction or elimination of the monosulfate increases the durability of the con-
crete because if the monosulfate is present it could transform into ettringite causing cracks
in the matrix.

1.4.3 Compressive strength

From the analysis of the mechanical properties of compression and bending tests, the cha-
racteristics of cement mortars subject to 1% and 3% carbonation are highlighted by com-
paring them with the non-carbonate control sample. From the comparison it emerges that
the pre-carbonation method greatly improves the compressive strength. (Figure 11).
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Figura 1.11 Compressive strength of cement mortars produced with different methods
(Qian, X., Wang, J., Fang, Y., & Wang, L, 2018)

The compressive strength of the 1% group is higher than that of the control specimen both
after a life of 3 days and after 7, 28 and 56 days. Conversely, without pre-carbonation, qui-
cklime shows similar compressive strength to the control sample. Even if limestone is used
instead of OPC, the compressive strength is similar or slightly reduced.

The increase in resistance is also present in the 3% group, slightly lower than in the 1%
group, but this is attributed to the difference in the surface of the precipitate particles di-
scussed above [5].
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1.4.4 Flexural strength

Figure 12 shows the comparison between the flexural strength of the mortar of the
control sample and the two mortars produced by pre-carbonation of the slaked lime
mixture at 1% and 3%. It is found that in the case of the 1% and 3% groups also the
flexural strength increases compared to the control sample.

I 7 ¢ [ 2s d

Flexural strength (Mpa)

Control 1% 3%

Figura 1.12 Flexural strengths of cement mortar samples produced with and without
the precarbonation method
(Qian, X., Wang, J., Fang, Y., & Wang, L, 2018)

It is interesting to note that the pH values are very similar between the 1% group
and the control sample, this implies that the pre-carbonation does not affect the
corrosion of the steel.

Finally, we can say that the precarbonation method improves the compressive and
flexural strength of OPC-based mortar samples as it induces better hydration and
produces a larger volume of the cement’s hydration products. One of these pro-
ducts is ettringite which by filling the pores increases resistance.

1.5 CARBONCURE

1.5.1 CO2 capture and storage
The cement and concrete industry has set itself the goal of optimizing production proces-
ses by following four methodologies:
1. Reduction of CO2 emissions for the production of Portland cements through a
greater use of alternative fuels and / or alternative raw materials (potentially 24% of
the required reduction)
2. Improvement of the energy efficiency of cement kilns (10%)
3. Increase of clinker replacement through increased use of supplementary low
carbon cementitious materials (SCM) (10%)
4. Carbon Capture and Storage (CCS) of carbon dioxide emissions released by
cement factories (56%)
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The first three methods have practical limits both with respect to the supply of cementi-
tious material and with respect to the real possibility of reducing the energy required du-
ring production. As a result, most of the expected carbon reduction depends on the imple-
mentation of sequestration, storage and subsequent reuse technologies in concrete. At
first, we tried to maximize the amount of CO2 that can be sequestered and stored inside
construction products and to contain the CO2 gas supplied during the reaction, closed
cells were used for hardening, this implies the construction of only prefabricated concrete.
Later, given the limited amount of CO2 that Portland cement can absorb, construction pro-
ducts based on binders that react with CO2 were developed. This allows for greater absorp-
tion as this system can be integrated as a modernization in the typical production of con-
crete.

The guidelines for a sustainable concrete plant have outlined goals for improving its su-
stainability. The main goal is to reduce the carbon footprint, that is the amount of CO2
emitted. For this purpose, it is necessary to take into account the production of concrete,
the extraction of raw materials, the transport linked to the delivery to construction sites
and any disposal or reuse.

The impact to improve the sustainability characteristics is evaluated in terms of one m3 of
concrete. Greenhouse gas emissions associated with the transport of materials, the use of
electricity and fossil fuels are also considered. In addition, the CO2 produced to store and
liquefy other CO2, for transport, and that necessary to operate the CO2 injection equip-
ment must now be considered.

Once the CO2 has been recovered, it must be liquefied for off-site transport or on-site sto-
rage. Carbon dioxide is commonly transported in tanks where it is compressed and lique-
fied at 2 MPa and -31.8 ° C.

The treatment of industrial gases from which liquid CO2 is obtained requires about 200
kWh / tonne of CO2. This means that about 102 kg of carbon dioxide are emitted into the
atmosphere to produce a ton of liquid CO2. If we want to refer to m3, we can say that to
produce a quantity of CO2 of 482g / m3 of concrete, CO2 emissions are estimated to be
49.4 g/ m3.

The transport between the industrial source of CO2 to the concrete producer involves an
emissions rate of approximately 0.063 Kg CO2 / tonne / Km. If we consider an average
round trip distance of about 300 km, the emissions are calculated as 6.1 g of CO2 / m3.
The gas injection equipment is made up of steel, brass and plastic. Considering the quan-
tities used and the CO2 emission factors associated with the production of these mate-
rials, an estimated CO2 emission of 80.7 kg is obtained. The transport emissions associa-
ted with the delivery of a gas injection system amount to 12.3 kg of CO2. However, it must
be considered that the production of equipment and transport emissions are amortized
over an operational life of 20 years and an annual production of 50,000 m3 of concrete,
therefore the associated emissions are 0.09 g of CO2 / m3 of concrete (of which 0.08 g from
production and o.01 from transport). The electricity required for the use of the equipment
provides for the emission of 9.2 g of CO2 / m3. Therefore the overall emission is estimated
at 9.3 gC02 / m3.

Following the capture and storage of CO2 it is possible to quantify how much COz is actual-
ly absorbed. The carbon dioxide used in concrete is about 50% solid and 50% gas. If the
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solid fraction, while adhering directly to the wet concrete, is incorporated into the concrete
with a high efficiency (about 90%) that in the form of gas, which is heavier than air but re-
mains above the concrete mix, it is incorporated at low efficiency (about 30%) then the
overall combined absorption efficiency can be estimated at 60%.

However, excessive absorption of CO2 can decrease the strength of the concrete. The opti-
mal dose of carbon dioxide distributes over the nuclei of CaCO3 homogeneously in the sy-
stem while an excessive dose can compromise subsequent hydration. The reaction would
initially occur in the pores, but after the continued addition of carbon dioxide there are
more CO2 ions in solution and the Ca2 + may not be replenished as fast as it is consumed.
The carbon dioxide which reacts later can combine with Ca2 + preferentially located near or
above the active dissolution sites rather than at a distance and in solution.

An alternative solution, which would seem to save energy and costs associated with the
CO2 separation and recovery process, involves the direct use of combustion gases. Howe-
ver, the reaction efficiency is lower since there is only a fraction of carbon dioxide available
for the reaction at a given pressure and also the transport of the combustion gases would
be unfavorable as they contain CO2 in dilute form [8].

1.5.2 Cement saving

The addition of carbon dioxide allows a reduction of the cement load in the concrete. The
concrete in turn has a carbon impact which is directly avoided both through the reduction
of the material and the relative transport which is not required. The 5% reduction in cement
means that 16.9 kg of cement are removed per m3 of concrete. Additionally, the fine aggre-
gate (sand) load in the mix design can be increased to compensate for the volume of ce-
ment removed. The sand would have increased by 14.0 kg. It was calculated that the modi-
fied design mix would result in a net reduction in transport emissions of 124 g C02 / m3.
The environmental impacts of 1 m3 of concrete are summarized in Figure 13.

Summary of the Environmental Impact on 1 cubic meter of concrete.

Factor g COz2/m? concrete
Emissions & CO; from gas processing 49.4
Emissions @ COs from gas transport 6.1
Emissions & CQO; from equipment production 0.1
Emissions @ CO; fromequipment transport 0.0
Emissions @ CO; from equipment operation 9.2
Emissions @ Aveoided CO; from materials transport —123.6
CO2AB: COz absorbed —289.1
CO2AV: Avoided CO; emissions from cement —17584.8
Total COz avoided and absorbed —17997.4
CO2EM: Total CO2 produced 64.7

Net CO; reduction —17932.7

Figura 1.13 Summary of the environmental impact of 1 m3 of concrete
(Monkman, S., & MacDonald, M, 2017)
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The environmental benefit associated with using less cement is an order of magnitude gre-
ater than the calculated direct CO2 absorption. A generic cement in the United States has
an emission intensity of 1040 kg CO2 / ton of finished cement (Portland Cement Associa-
tion, 2016). Cement reduction has a net environmental impact on the process given the
avoided carbon dioxide emissions associated with cement production. There are 17.6 kg of
CO2 associated with the 16.9 kg of cement removed from each cubic meter of concrete.
Cement emissions avoided would be responsible for 97.7% of the net environmental im-
pact.

A generic case suggests that a 4.6% reduction in the carbon footprint is feasible. The ener-
gy and materials needed to implement the approach (construction of the equipment, cap-
ture of carbon dioxide, transport of the equipment and carbon dioxide) result in a small
CO2 emission which is less than the amount of CO2 absorbed or in any case rapidly overco-
me by the environmental impact associated with the optimization of the mix design. Ce-
ment producers would then be able to use their CO2 waste for beneficial use in concrete
production, thereby recycling a portion of their primary waste product and using the re-
sources in a way consistent with circular economy principles [ 13].

1.5.3 Compressive strength

The use of CO2 as an additive in concrete was studied through a durability analysis on five
different batches of fresh and hardened concrete. The first batch was used as a reference,
the second contains a conventional accelerator mixture (without chlorides) and the other
three are composed of increasing doses of CO2. In the latter three, CO2 was supplied for
periods of 60, 90, and 120 s respectively.

The analysis found that the addition of CO2 reduces the initial setting time by 40% and
increases the compressive strength by 14% after one day and by 10% after three days com-
pared to traditional concrete. On the contrary, the addition of the accelerator, despite the
reduction in setting time, resulted in a lower initial resistance. As for durability, this has
not been compromised by the addition of CO2, so it can be concluded that CO2 is a valid
additive for improving the performance of concrete.

In the case of fresh concrete, it can be deduced that the use of CO2 has not produced any
change in the plastic properties (slump, air contents, temperatures and unit weights). On
the hardening times, on the other hand, it can be observed that the conventional accelera-
ting mixture reduced the initial setting time by 173 min (a reduction of 40%) and the final
setting time by 162 min (a reduction of 33%). Doses of carbon dioxide reduced the initial
hardening time between 95 and 118 min (22-28% reduction) and the final setting time by
104-126 min (21% and 25% reduction). The average CO2 dose provided the greatest acce-
leration benefit among the carbon dioxide treated batches.

A reflection on the calorimetric results shows that (Figure 14) hydration, following the in-
duction period, occurs earlier in all batches treated with CO2 than the reference sample. In
addition, the rate of hydration is comparable to that accelerated after the end of induction.
Finally, it can be noted that the increase in the CO2 dose corresponds to a lower release of
thermal energy, a lower value in the graph, whereas the higher value corresponds to the
mixture with accelerator. The integration of the power curves provides the cumulative heat
of hydration.
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Figura 1.14 Conduction calorimetry (power curves) of sieved mortar samples
(Monkman. S.. MacDonald. M.. Hooton. R. D.. & Sandbere. P. 2016)

In the case of hardened concrete, compressive strength tests are carried out on the five
batches, each of which represents the average of three samples. See figures 15 and 16.
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Figura 1.15 Compressive strength in the first age at 1, 3 and 7 days
(Monkman, S., MacDonald, M., Hooton, R. D., & Sandberg, P, 2016)
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Figura 1.16 Compressive strength in old age at 28, 56, 91 and 182 days
(Monkman, S., MacDonald, M., Hooton, R. D., & Sandberg, P, 2016)

Compressive strength measurements of CO2-injected concrete batches revealed that the
best results came from the lowest dose, which provided a 14% improvement in compressi-
ve strength for the cylinders tested at 1 day and 10% at 3 days.

The differences in the strengths of the concrete produced with the different doses of CO2
reflect the potential level of sensitivity of the interaction between carbon dioxide and the
binder system.

Concrete with the lowest CO2 dose has been shown to have higher strength than concrete
produced with the conventional accelerator at 1 and 3 days. Thereafter there was little dif-
ference between the two batches until the latter showed a benefit of 14% at 91 days and 8%
at 182 days.

Finally, we can conclude that the cost of using a carbon dioxide injection as a stock accele-
rator is favorable compared to using a chloride-free accelerator, however, the accelerating
effect of the CO2 injection does not appear to be particularly high [9].
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2.TESTS AND INVESTIGATIONS
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2.1 PURPOSE AND PRINCIPLES

The goal of the work is to determine the compressive and flexural strength of specimens
made with a cement mortar obtained by adding CO2 in the form of dry ice.

In tests # 1 and # 2, compression and flexural strength tests were carried out and it was
verified that the results comply with the EN 196-1 standard. Finally, for test # 1 the pH of the
mortar was also analyzed through chemical tests.

The samples made are prismatic samples of 40 mm x 40 mm x 160 mm. The mortar prepa-
ration procedure involves mechanical mixing and pressing into a mold using a reference
shaker apparatus. The samples are stored in the mold in a humid atmosphere for 24 hours
and, after demoulding, the samples are stored under water until the resistance test. The
difference between tests # 1 and # 2 consists in the different type of cement used (CEM |
42.5 and CEM | 52.5) and in the different amount of CO2 added.

After 28 days, the specimens are removed from their wet storage, flexed to failure, deter-
mining flexural strength where required, and each half tested to determine compressive
strength.

In test # 3, cubic formworks with dimensions of 70 mm x 70 mm x 70 mm were made. Also
in this case the cement mortar was made through mechanical mixing and pressed into a
mold through a vibrating device.

The samples during preparation were stored in the humidity-controlled laboratory for 24
hours and were subsequently removed and stored in a water tank for 28 days. Once harde-
ned, they underwent compression tests and chemical tests.

In test # 4, samples of cement mortar with dimensions of 40 mm x 40 mm x 100 mm are
made. The procedure used is similar to that of tests # 1 and # 2. Three different series were
studied and compared, one used as a reference and consisting of cement only, another
with the addition of CO2 and the last one with the addition of carbon fibers.
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2.2 TESTH#1E#2

2.2.1 Materials used

The cement mortar used in tests # 1 and # 2 was made through the composition of sand,
cement, water and CO2.

The sand used is a natural silica sand created from rounded particles and has a silica con-
tent of at least 98%. The quantity used was 1350 g per bag. (Figure 2.1).

According to the regulatory limits, its particle size distribution must respect the values in-
dicated in table 1.

Tabella 1. CEN particle size distribution: Reference sand

SQUARE 2.00 1.60 1.00 0.50 0.16 0.08
MESH SIZE

[MM]

CUMULATIVE 0 7 £5 3315 6715 8715 99+1
SIEVE

RESIDUE [%)]

The two tests are different in the type of cement used: in the first case the CEM |
42.5 cement is used and in the second case the CEM | 52.5 cement, both have the
same composition but the second has a reduced particle size. (Table 2). All the ce-
ment was supplied by BuzziUnicem. (Figure 2.2).

méf‘“

Figura 2.2 Cement during weighing
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Tabella 2 Cement composition [BuzziUnicem]

% CEMI1425R CEMI52.5R
Si02 20.2 19.9
Al203 4.5 5.1
Fe203 3.56 1.8
Tio2 0.2 0.2
MnO 0.07 0.06
P205 0.06 0.04
Ca0 63 62.9
SrO 0.03 0.04
MgO 1.44 1.6
K20 1.13 0.8
S03 2.54 3.2
ppc 3.6 4.1
Trattenuto a 24pm 38.7 21.1
Blaine (cm2?/g) 3600 4600

Figura 2.1 Sand used

Distilled water was used for packaging the samples. (Figura 2.3).

Figura 2.3 Water measurement
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Figura 2.4 CO2 in the package

—————

Figura 2.5 CO2 measurement

Carbon dioxide was supplied by SIAD in the form of dry ice. (Figures 2.4 and 2.5).

To have the right ratio between the components, the legislation requires to have: one mass
portion of cement, three portions of standard CEN sand and one half by mass of water (wa-
ter / cement ratio 0.50).
Each batch of three samples should consist of (450 + 2) g of cement, (1350 £ 5) g of sand and
(225 £ 1) g of water.
All samples created have the same mass ratios. The only parameter that differs is the
amount of CO2 introduced into the mortar for the different samples.
The following table shows the components of the mortar:

Tabella 3 Mortar components 29_o1

SAMPLE TYPE OF CEMENT  CEMENT (G) WATER SAND (G) €0, (G) % CO,/CEM
(G)

29_01_00 N 450 225 1350 0 0
29_01_04 N 450 225 1350 1.8 0.4
29_01_08 N 450 225 1350 3.6 0.8
29_01_12 N 450 225 1350 5.4 1.2
29_01_16 N 450 225 1350 7.2 1.6
29_01_32 N 450 225 1350 14.4 3.2
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Tabella 4 Mortar components - 31_o5

SAMPLE TYPE OF CEMENT CEMENT(G) WATER  SAND(G) (CO,(G) % CO,/CEM
(G)

31_05_00 N 450 225 1350 0 0
31.05_08 N 450 225 1350 3.60 0.8
31.05_16 N 450 225 1350 7.20 1.6
31_05_24 N 450 225 1350 10.8 2.4
31_05_32 N 450 225 1350 14.4 3.2
31_05_40 N 450 225 1350 18.0 4.0

After weighing all the components with the scale and checking the correct weight measu-
rement, the mixing procedure was carried out according to the EN 196-1 standard (Figure
2.6). Itincludes the following steps:

1. Water and cement are placed in the
bowl, taking care to avoid leaks.

2. Meanwhile, CO2 is added

3. The mixer is then started at low speed
and run for 30 seconds.

4. Sand is added over the next 30 se-
conds.

5. The system stops, the speed is chan-
ged to the highest speed, and is run
again for 30 seconds.

6. The system shuts down for 9o se-
conds. During the first 30 seconds, the
mortar attached to the wall and the
bottom of the bowl is removed with a
rubber or plastic spatula and placed in
the center of the bowl; in the remai-
ning minute the bowl is covered.

Figura 2.6 Rules for mixing in the laboratory 7. Continue mixing again for 60 seconds,

of the Polvtechnic of Turin

before stopping the process.

To make the cement mortar, a stainless steel container with a capacity of up to 5 liters and
standard shapes indicated in figure 2.7 is used. This is fixed to the mixer frame and the
height of the blade is adjusted. The blade rotates around its own axis and can vary the spe-
ed thanks to an electric motor (Figures 2.8 and 2.9).
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The speeds are defined by table 5:

Tabella 5. Speed of the mixer blade

ROTATION MIN -1 PLANETARY

MOVEMENT MIN -1

Low speed 14045 6215
high speed 285x10 125+10

Dimengions in millimetres
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Figura 2.7 Bowl and blade

Figura 2.8 Mixer and blade in the laboratory Figura 2.9 Mixing
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2.2.2 Preparation of specimens

Once created, the mortar is introduced into the molds directly from the jug. The mold that
was used is composed of three horizontal compartments so that three prismatic specimens
with a section of 40 mm x 40 mm and length of 160 mm can be prepared simultaneously.
The material of the mold is steel and the walls are about 10 mm thick. The mold design al-
lows for easy and safe removal of samples. (Figure 2.10).

Dimensions in millmelres

Dimensions in milimetres
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Figura 2.10 Specific mold Figura 2.11 Specific metal spreader

According to regulations, the mold and its internal compartments have the following di-
mensions:

1. length: (160 1) mm;

2. width: (40.0 £ 0.2) mm;

3. depth: (40.1 £ 0.1) mm.
To facilitate the filling of the mold it is necessary to provide a metal hopper well adhering
to the vertical walls from 20 mm to 40 mm in height. When viewed on a flat surface, the
walls of the hopper overlap the inner walls of the mold by no more than 1mm. The external
walls of the hopper were equipped with positioning means to ensure correct positioning on
the mold. A metal spreader must be used to spread and remove the excess mortar. (Figure
2.11).
Once assembled, the mold was then locked and fixed to a plate that belongs to an appara-
tus used for compaction. The contact between the plate and the mold must be adequate so
as not to cause secondary vibrations. (Figure 2.12). The mold is filled in two stages, after
the first layer has been laid and at the end of the second layer the samples are subjected to
60 pulses.
The shaking apparatus (Figure 2.13) consists of a rectangular plate rigidly connected by
two light arms to a pin nominally 8oo mm from the center of the plate. When the plate is
initially placed it must be horizontal.
The operation consists in lifting the plate from a steel cam and letting it fall freely from a
height of (15.0 + 0.3) mm. The electric motor supplies about 250W of energy with a rotation
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speed of one revolution per second. To count the beats there is a control mechanism and a
counter which ensures that a period of (60 * 3) s contains exactly 6o beats. The whole ap-
paratus is mounted on a concrete block of about 600 kg.

Dimensions in milimetres.

=8I0 =100

Stop

Figura 2.13 The apparatus with regulatory measures Figura 2.12 Shaking apparatus

During the preparation of the samples in the laboratory, a temperature of (20 +2)°Cand a
relative humidity of not less than 50% was maintained. Instead, the storage of the samples
in the mold took place in a humid chamber placed at a temperature of (20.0 £1.0) °Cand a
relative humidity of not less than 90%.

Finally, hardening takes place in water maintained at (20.0 * 1.0) °® C and the samples are
placed on grids made with material that does not react with concrete and made so that the
sample is completely surrounded by water. (Figure 2.14).

Figura 2.14 Samples in water
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Figura 2.15 Samples after maturation

After 28 days, the samples were removed from the water and prepared for mechanical te-
sting. (Figure 2.15).

2.2.3 Test setup

2.2.3.1 Bending test

In applied mechanics, bending characterizes the behavior of a slender structural element
subjected to an external load, applied perpendicular to the longitudinal axis of the ele-
ment.

Dimensions in millimetres
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Figura 2.16 Arrangement of the load for the determination of the flexural strength
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Flexural strength can be measured using a flexural strength testing machine which must
meet certain requirements. It must be capable of applying loads up to 10 kN with an accu-
racy of £ 1.0% of the registered load, at load speeds of (50 + 10) N / s. It must also be equip-
ped with a bending machine that incorporates two steel support rollers with a diameter
(10.0 + 0.5) mm spaced apart (100.0 + 0.5) mm and a third steel load roller of the same
diameter placed centrally between the other two. The length of these rollers must be betwe-
en 45mm and somm. The loading arrangement is shown in Figure 2.16.

The three vertical planes passing through the axes of the three rollers must be parallel and
remain parallel, equidistant and normal with respect to the direction of the specimen un-
der examination. One of the support rollers and the loading roll must be slightly inclined to
allow for even distribution of the load across the width of the sample without subjecting it
to torsional stress. (Figure 2.17).

Figura 2.17 Flexural strength apparatus Figura 2.19 Sample in the bending machine
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The specimen is positioned in the equipment with a side face on the support rollers and
with its longitudinal axis normal to the supports. The load is applied vertically through the
loading roller on the opposite side face of the prism and gradually increased at the rate of
(50 £ 10) N / s until failure. (Figures 2.18 and 2.19).

2.2.3.2 Compression test

Compressive strength is the ability of a material or structure to withstand loads tending to
reduce size, as opposed to tensile strength, which tends to stretch the specimen. Compres-
sive strength is one of the most important engineering properties of concrete. It is stan-
dard industry practice for concrete to be classified based on compressive strength.

The testing machine for determining the compressive strength is shown in Figure 2.20 and
provides a rate of load increase of (2400 + 200) N / s. The vertical axis of the piston will
coincide with the vertical axis of the machine and during loading the direction of movement
of the piston will be along the vertical axis of the machine. Furthermore, the resulting force
will pass through the center of the sample.

=

=
2

Ball bearings

Sliding assemble

Retumn spring

Spherical seating of machine
Upper platen of machine
Spherical seating of the jig
Upper platen of the jig
Specimen

Lower platen of the jig

- T - T N S g

0 Jig
1 Lower platen of the machine
Figure & — Typical jig for compressive strength testing

Figura 2.20. Typical structure for compressive strength testing

The test is performed by taking the two halves of the sample broken in the bending test.
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The load is placed on each half of the prism. The center of the prism is centered to the sides
of the machine plates within £+ 0.5 mm and longitudinally so that the front surface of the
prism protrudes approximately 10 mm over the plates or auxiliary plates. (Figures 2.21 and
2.22).

The load is increased uniformly at the rate of (2400 + 200) N / s for the entire load applica-
tion until failure. (Figures 2.23 and 2.24).

|

Figura 2.21 Compressive strength machine Figura 2.22 Compressive Strength Machine Sample

Figura 2.24 Compressive Strength Machine Sample

Figura 2.23 Fractured specimen
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2.2.3.3 Carbonation test

The test was conducted at the DISAT department of the Politecnico di Torino. The aim is to
obtain the quantity of calcium carbonate (CaCO3) present in a mixture of calcium carbonate
and silica, by measuring the volume of gas developed by the following reaction:

CaCo, + 2HCl -3 CaCl, + H,0 + CO, ,

The carbon dioxide formed accumulates in the upper part of the calcimeter, the percentage
of calcium carbonate in the sample can be calculated by measuring the quantity of carbon
dioxide, expressed in moles. In fact, as can be seen from the reaction, one mole of CO2 is
formed per mole of CaCO3 reacted.

Figura 2.25 Sample after mechanical tests Figura 2.26 All sample before chemical tests

The test was performed using the calcimeter. This instrument is composed of two parallel
metal rods that act as support, a test tube for storing the reagent, a graduated glass
cylinder from o to 200 ml, a leveling tank, a coil that connects the two vessels. It uses the
principle of communicating vessels and the ability of a gas to move volumes of water,
allowing the direct reading of calcium carbonate expressed as a percentage. (Figure 2.27).
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Figura 2.28 Liquid level in the calcimeter Figura 2.29 Measurement of HCl
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The procedure used is the following:

1. The calcimeter is zeroed by moving the smaller non-graduated cylinder so that the
liquid level is equal to zero on the graduated cylinder. This is possible thanks to the
opening of the valve which allows to have the same pressure in the two cylinders.
(Figure 2.28).
2. o0.5gofthe CaCO3 + Si02 mixture is introduced into the bottle, after being pulve-
rized. (Figures 2.25 and 2.26).
3. 5 mlofdiluted hydrochloric acid (HCI) is measured and placed in a test tube.
(Figure 2.29).
4. Thetest tube is inserted into the glass bottle taking care not to overturn it
5. The glassjaris then closed with a hermetic rubber stopper, taking care not to let
the HCl content escape from the inside of the tube
6. Thevalve is closed in the upper part of the graduated cylinder
7. The mixture is then stirred causing the HCl to react and developing carbon dioxi-
de.
8. Thevolume of CO2 developed causes the water level to drop in the graduated
cylinder. To restore balance and eliminate the depression that has been generated,
the opposite cylinder is operated, lowering it until the two levels coincide. After a few
minutes, thanks to the principle of communicating vessels, the levels will stabilize
and it will be possible to read the value that represents the quantity of CO2 develo-
ped.
9. Thanks to the state law of ideal gases it is possible to obtain the quantity of molar
calcium carbonate present, this is then converted into grams and finally into a percen-
tage by weight:

PV = nRT

Where is it:

1. Pisthe gas pressure,

2. Visthevolume of the gas,

3. nisthe amount of substance in the gas (also known as the number of moles),
4. Ristheideal, or universal gas constant, equal to the product of Boltzmann’s
constant and Avogadro’s constant,

5. Tisthe absolute temperature of the gas.

From the moles it is possible to trace the grams and therefore the percentage of CaCO3.
(Tables 6 and 7).
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Tabella 6 % CaCO3 in sample 29_o1

Tabella 7 % CaCO3 in sample 31_o5

SAMPLE %C02 %CACO3
0 5.90

29_01_00 0 4.70
0 3.50

0.40 5.40

29_01_04 0.40 5.50
0.40 6.00

0.80 6.10

29_01_08 0.80 4.60
0.80 5.30

1.20 7.00

29_01_12 1.20 6.20
1.20 7.00

1.60 7.40

29_01_16 1.60 8.10
1.60 6.80

3.20 6.60

29_01_32 3.20 6.70
3.20 7.30

44

SAMPLE %C02 %CACO3
0 6.10

31.05_00 0 5.31
0 5.60

0.80 5.69

31.05_08 0.80 5.54
0.80 6.23

1.60 7.20

31_05_16 1.60 6.57
1.60 5.78

2.40 5.85

31_05_24 2.40 5.76
2.40 6.70

3.20 6.73

31_05_32 3.20 6.00
3.20 4.76

4.00 5.85

31_05_40 4.00 6.53
4.00 7.23




2.2.3.4 pHtest

The pH measurement was performed only for samples 29_o1 and using an automatic digi-
tal water meter. The method consistsin adding 10 g of the crushed mixture into a polypropy-
lene cylinder containing 100 g of distilled water. (Figures 2.30, 2.31 and 2.32).

Figura 2.30 Samples ready for testing

Figura 2.31 Distilled water Figura 2.32 pH test instrument
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The pH tests were performed on three different days. The laboratory temperature was also
recorded. (Table 8 and Figure 2.33).

Tabella 8 Results of the pH test

SAMPLE %C02 13-MAG  15-MAG 20-MAG
1A 0 12.15 12.29 12.38 12.27
29_01_00 2A 0 12.15 12.31 12.37 12.28
3A 0 12.15 12.29 12.31 12.25
1A 0.4 12.19 12.32 12.29 12.27
29 01 04 2A 0.4 12.16 12.28 12.28 12.24
3A 0.4 12.13 12.30 12.26 12.23
1A 0.8 12.18 12.31 12.28 12.26
29_01_08 2A 0.8 12.16 12.32 12.31 12.26
3A 0.8 12.16 12.31 12.31 12.26
1A 1.2 12.15 12.30 12.26 12.24
29 01 12 2A 1.2 12.16 12.29 12.23 12.23
3A 1.2 12.18 12.31 12.29 12.26
1A 1.6 12.19 12.30 12.27 12.25
29_01_16 2A 1.6 12.16 12.31 12.25 12.24
3A 1.6 12.18 12.29 12.24 12.24
1A 3.2 12.05 12.29 12.24 12.19
29 01 32 2A 3.2 12.10 12.29 12.25 12.21
3A 3.2 12.18 12.30 12.26 12.25
Temperature 21.5°C 21.8°C 21.7°C

pH - sample 29 _01

#®Seriel MSerie2 Serie3

=
I

13,5
13
T s |
“g L. ] - | ] .
= 115
" 1
0,5
0 0,4 0,8 1,2 15 2 24 2,8 3,2
%C0;

Figura 2.33 pH in sample 29_o1 in 3 different days
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2.2.4 Test results

Flexural strength
The results of the flexural strength are shown in Tables 9 and 10 and in Figures 2.34 and
2.35. With the classic formula it is possible to evaluate the flexural strength:

Where:
1. M = maximum bending moment
2. W =section
3. P=applied load
4. L, B, H=specimens size
All results for each individual sample are in Appendix 7.1.

Tabella 9. Tabella 10.
Results of bending strength 29_o1 Flexural strength 31_o5
FLEXURAL STRENGTH FLEXURAL STRENGTH
SAMPLE % CO,/CEM I [MPA] SAMPLE % CO,/CEM % [MPA]

7.51 7.10

29_01_00 0 6.94 31_05_00 0 7.92
6.27 7.47
0.00 7.54

29_01_04 0.4 6.84 31_05_08 0.8 7.66
6.51 7.94
6.04 7.42

29 01_08 0.8 6.02 31_05_16 1.6 7.29
7.05
6.53 6.64

29_01_12 1.2 6.88 31_05_24 2.4 7.47
6.61 6.81
6.22 7.08

29 01_16 1.6 6.72 31.05_32 3.2 7.08
6.86 6.69
6.61 7.28

29 01 32 3.2 6.70 31_05_40 4 6.45
6.42 6.54
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Figura 2.34 Flexural strength 29_o1
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Figura 2.35 Flexural strength 31_o5

Compressive strength

The results of the compressive strength are shown in Tables 11 and 12 and in Figures 2.36
and 2.37. The machine measures the force Fwith which the specimen breaks, which divided
by the area A of the specimen, leads to the measurement of the compressive strength:

Q
I
|

All results for each individual sample are in Appendix 6.
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Tabella 11. Compression test - 29_o1 Tabella 12. Compression test - 31_05
COMPRESSIVE STRENGTH COMPRESSIVE STRENGTH

SAMPLE % CO2/CEM I1[MPA]  22[MPA] SAMPLE % CO2/CEM 21 [MPA] 22 [MPA]

54.64 46.58 58.90 59.32
29 01_00 0 44.77 42.11 31_05_00 0 59.18 62.19
43.15 41.71 60.31 58.55
34.48 41.55 57.97 58.57
29 01_04 0.4 44.38 45.33 31_05_08 0.8 59.40 58.90
43.51 46.72 60.72 61.53
38.84 44,46 56.57 57.30
29 01_08 0.8 41.26 40.48 31 05 16 1.6 56.71 58.30
41.10 44.19 57.23 57.35
42.82 41.47 59.12 57.70
29 01_12 1.2 43.35 45.39 31_05_24 2.4 61.12 59.65
44.45 42.93 o 62.10 58.79
43.41 44.63 58.33 59.99
29 01_16 1.6 42.74 44.72 31 05 32 3.2 58.96 56.45
41.68 42.63 - 58.36 55.79
41.75 41.44 56.58 54.43
29_01_32 3.2 44.02 42.47 31 0540 4 59.51 59.59
40.60 41.35 58.92 60.05

Compressiontest- 29 01

oy oy [MPa]

0 04 0B 12 16 2 24
% CO,
Figura 2.36 Compression test - 29_o1

(=]
=]
[25)
(=]

Compressiontest- 31_05

ay oy [MPa)
=]
3
1

[=]
[+

1,2 16 2
% CO,
Figura 2.37 Compression test - 31_05

a3
[
=]
[}
[=]

49



Carbonation test
The results of the calcimetry tests are shown in figures 2.38 and 2.39:

Specimen 29_o1:

29_01 %CaCO;
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Figura 2.38 %CaC03 - 29_o1
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Specimen 31_05:

31_05%CaCO,
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Figura 2.39 %CaC03 - 31_o5
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Amount of carbon dioxide absorbed

The amount of carbon dioxide absorbed, or the efficiency, for samples 29_o1 and 31_o05 is
reported in Tables 13 and 14. From the reaction Ca (OH) 2 + CO2 - CaCO3 + H20, it is pos-
sible to obtain the amount of CO2 absorbed by the mortar. So, we can calculate the efficien-
cy of carbon dioxide absorption:

C0O2 assorbita
CO2 aggiunta

Efficienza =

Tabella 13 Calculation of efficiency 29_o1

SAMPLE %C02 % AVEREGE CACO3 co2 ACO2 €02 EFFICIENCY
CACO3 -%CACO3 [g] ABSORBED ABSORBED GIVEN[G]
[g] [g]
5.90 26.55 11.68 0.0 0 .
29_01_00 0 470 4,70 21.15 9.310 0.0 0 -
3.50 15.75 6.930 0.0 0 -
5.40 24.30 10.69 1.4 1.80 0.8
29_01_04 0.4  5.50 5.63 24.75 10.89 1.6 1.80 0.9
6.00 27.00 11.88 2.6 1.80 1.4
6.10 27.45 12.08 2.8 3.60 0.8
29_01_08 0.8  4.60 5.33  20.70 9.110 -0.2 3.60 -0.1
5.30 23.85 10.49 1.2 3.60 0.3
7.00 31.50 13.86 4.6 5.40 0.8
29 _01_12 1.2 6.20 6.73 27.90 12.28 3.0 5.40 0.6
7.00 31.50 13.86 4.6 5.40 0.8
7.40 33.30 14.65 5.3 7.20 0.7
29_01_16 1.6  8.10 7.43  36.45 16.04 6.7 7.20 0.9
6.80 30.60 13.46 4.2 7.20 0.6
6.60 29.70 13.07 3.8 14.4 0.3
29_01_32 3.2 6.70 6.87 30.15 13.27 4.0 14.4 0.3
7.30 32.85 14.45 5.1 14.4 0.4

Efficiency - 29_01

oW e

c"’c: [=]

Figura 2.40 Calculation of efficiency 29_o1
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Tabella 14 Calculation of efficiency 31_o5

[=]
o
[
(]

16 2

I
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m
3t}
[=]

I

SAMPLE %C02 % AVERAGE CACO3 (02 ACO2 EFFICIENCY
CACO3 %CACO3 [G] ABSORBED ABSORBED GIVEN[G]
[G] [G]
0 6.8 27.45 12.08 0.00 0.0
31_05_00 0 6.7 567  23.90 10.51 0.00 0.0
0 56 25.20 11.09 0.00 0.0
08 47 25.61 11.27 0.04 3.6 0.01
31_05_08 0.8 5.4 5.82 24.93 10.97 -0.26 3.6 -0.07
08 47 28.04 12.34 1.11 3.6 0.31
1.6 7.2 32.40 14.26 3.03 7.2 0.42
31_05_16 1.6 5.7 6.52 29.57 13.01 1.78 7.2 0.25
1.6 55 26.01 11.44 0.22 7.2 0.03
24 42 26.33 11.58 0.36 10.8 0.03
31_05_24 2.4 5.3 6.10 25.92 11.40 0.18 10.8 0.02
2.4 5 30.15 13.27 2.04 10.8 0.19
3.2 7.1 30.29 13.33 2.10 14.4 0.15
31_05_32 32 65 5.83  27.00 11.88 0.65 14.4 0.05
3.2 4.6 21.42 9.42 -1.80 14.4 -0.13
4.0 5.5 26.33 11.58 0.36 18.0 0.02
31_05_40 4.0 7.2 6.54 29.39 12.93 1.70 18.0 0.09
40 g4 32.51 14.31 3.08 18.0 0.17
Efficiency - 31_05
0,6
E:.s
o 0,2
lg:.l
N
-0,1

(=T =1

%C0;

Figura 2.41 Calculation of efficiency 31_o5
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2.2.5 Interpretation of results

Following the results, the following conclusions can be drawn:
1. CO2 can be easily added (via dry ice pellets) to cementitious mortars. The proce-
dure can be easily applied by construction workers.
2. Mortars can absorb the CO2 introduced as an additive during the casting phase.
Calcimetry tests revealed the increase in calcite with the amount of CO2 introduced.
So the CO2 carbonated the Portlandite
3. Mechanical properties are not affected by the addition of CO2
4. Even the pH of the mortar does not change (we can use steel reinforcements, but
not wool)
5. Mortar cannot absorb more than 1.5% of CO2 compared to cement (this according
to the data we found in the literature)
6. |If larger amounts of CO2 are added, they will not carbonize the Portlandite and be
released into the atmosphere. The efficiency of the procedure is also reduced (the
maximum efficiency is 80% according to previous tests we found in the literature).

We naturally ask ourselves, can we increase the amount of CO2 absorbed by reducing the
grain size of the cement?

In test # 2 the CEM | 52.5 with reduced particle size is used. From the comparison of the
series of samples 31_o5 compared to the series of samples 29_o1 it emerges that the series
31_05 shows an increase in resistance both to bending and to compression. This is due to
the increased strength of the cement type CEM | 52.5.

From here one would also expect an increase in calcite (i.e. an increase in absorbed Co2)
but this does not happen. Why?

The answer depends on the formation of Ca (OH) 2 which serves to make the CO2 react. The
presence of Ca (OH) 2 is mainly produced by C3S (and to a small extent by C2S). (Figure
2.44).

Porosity C-5-H
Ca(OH)y| 5
= 4, - L
3
(=]
&
[ CylA, FlHy3
Eb
) : - '. “p(pﬁ\’;\\ate
& Eftringite
[ i | 2
0 5 301 2 6 1 2 7 28 90
— — Ny g S V
Age: Minutes Hours Days

Figura 2.42 Product formation times
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Figura 2.43 In P - A3 the accelerant / cement ratio = 3%

In the presence of water, only Ca ++ and OH- are formed from the presence of C3S (there is
a process of dissolution and precipitation), the amount of which is independent of the dia-
meter of the cement. In fact, the presence of Ca (OH) 2 in the initial phase is very low. (Figu-
re 2.42).

To increase the presence of Ca (OH) 2 in the first minutes of casting, it is necessary to acce-
lerate the chemical processes involving C3S. This is possible by adding a calcium-
based hardening accelerator. (Figure 2.43).

The main idea would be to make sure to absorb more carbon dioxide in the concrete. Ap-
proximately 20-25% of Ca (OH) 2 is present in the cement and water paste with regulatory
measures (450g and 250g). By varying the pressure P or the temperature T it would be pos-
sible to increase the% of CaC03. This method is certainly feasible but expensive and in-
compatible in the vision of finding an easily usable method in situ. The hypothesis would
be to modify the fineness of the cement and therefore to halve the diameter of the Ca (OH)
2, reduce the volume of the single particle, increase the available surface. For this reason
the second test was carried out with CEM | 52.5 cement. However, laboratory results have
shown that the size of Portlandite remains basically constant. What varies is the thickness
of the calcium carbonate that forms. It decreases according to the diameter of the aggrega-
te, so tests show that to absorb a greater amount of carbon dioxide | have to use a larger
cement. The efficiency varies with the fineness of the cement used. (Figure 2.45).

= 3Ca0 +2Si0z * 8H20
2 (3Ca0 +Si0y) + 11 Hp0 Calcium silicate + 3 (Ca0 * H»0)
Tricalcium silicate Water hydrate (C-S-H) Calcium hydroxide
= 3Ca0*2Si0, *8H,0
2 (2Ca0+Si0y) + 9 Hp0 Calcaium silicate + Ca0*H20
Dicalcium silicate Water hydrate (C-S-H) Calcium hydroxide

Figura 2.44 Chemical reactions
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Figura 2.45 Comparison of CO2 absorption efficiency between tests # 1 and # 2

Surely the most interesting data is that relating to the maximum absorption of carbon
dioxide. In fact, a peak of 1.6% by weight is recorded. (Figure 2.46). Above this threshold
the absorption does not change or in some cases decreases. These data have also been
found in the literature. [19]

%CaCo,
& 2901 B 31 05 -eeeeeees Lineare (29_01) Lineare (31_05)
.00 o
& 7,00 ._.
™ 6,00 . —..-l- e -
= - I —
- - v =1,6417x+4,6533
500 ®
2,00
1,00
o 0,2 0,4 0,6 0.8 1 1,2 1,4 1,6 1,8
% COs
9%CaCo,
* 29 01 B 31 05 seeeeeees Lineare (29_01) Linears (31_05)
: e
T e eeeeneasarsssnssihessasssssasssdassssssnssnns - m
=] E - L | [ ] —
3 [ ] bl m
— [
= 2 [ ]
3
2
1
) 1,6 2 2,4 2,8 3,2 3,6 4 4.4
% CO;

Figura 2.46 Comparison of the % by weight of CO2 absorbed with respect to concrete
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2.3 TEST#3

2.3.1 Materials used
The cement mortar used in test # 3 was made through the composition of cement, water,
CO2 and two types of additive.
In compliance with UNI EN 197-1, the specimens are made of CEM | 42.5 N portland cement,
i.e. with a percentage of at least 95% clinker. Drinking water was used.
Compared to the first two specimens, in this case two different types of additives were
used:

® The Basf MasterSet AC 50 CF, a hardening additive (Figure 2.47)

® The Basf Master Life SRA 150, a viscosifying additive (Figure 2.48)

Figura 2.47 Hardener additive MasterSet AC 50CF (BASF) Figura 2.48 Viscous addittive Master Life SRA 150 (BASF)

Also in this case the carbon dioxide was added in the form of dry ice pellets.

The composition of the mortar was obtained through a water / cement ratio of 0.5. (450
2) g of cement and (225 + 1) g of water were used for all specimens, this time no sand was
added compared to tests # 1 and # 2. The only parameters that vary during the test are the
amount of CO2 introduced into the specimens and the presence or absence of the additive.
The table below shows the component quantities of the two specimen series:
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Tabella 15 Constituents of mortar - series # 1

PROVINO  TIPO DI CEMENTO CEMENTO(G) ACQUA(G) (O, (G) % CO,/CEM  AC50CF

(G)
#1_ 1 N 450 225 0 0 13.5
#1 2 N 450 225 3.60 0.8 13.5
#1_3 N 450 225 5.40 1.2 13.5
#1 4 N 450 225 7.20 1.6 13.5
#1_5 N 450 225 14.4 3.2 13.5
#1_6 N 450 225 18.0 4.0 13.5
#1 7 N 450 225 21.6 4.8 13.5

Tabella 16 Constituents of mortar - series # 2
PROVINO  TIPO DI CEMENTO CEMENTO(G) ACQUA(G) (€O,(G) %CO,/CEM  SRA150

(G)
#2_1 N 450 225 0 0 31.5
#2.2 N 450 225 3.60 0.8 31.5
#2_3 N 450 225 5.40 1.2 31.5
#2_4 N 450 225 7.20 1.6 31.5
#2_5 N 450 225 14.4 3.2 31.5
#2_6 N 450 225 18.0 4.0 31.5
#2_7 N 450 225 21.6 4.8 31.5

In addition to the previous specimens, 3 specimens defined as series # o were prepared,
which served as comparison specimens since they do not require the addition of additives.

Tabella 17 Constituents of mortar - series # 0

PROVINO TIPO DI CEMENTO  CEMENTO (G) ACQUA (O, (G) % €O,/CEM

G)
#0_1 N 450 225 0 0
#0_4 N 450 225 7.20 1.6
#0_5 N 450 225 14.4 3.2

The mixing process involves a succession of steps listed below:

- The cement, water and additive were mixed for 3 minutes
- The mixture obtained was left to rest for 2 minutes

- CO2 was added and the mixer was started for 2 minutes
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Figura 2.49 Cement added to the mixer

Figura 2.51 Mixing cement, water and additive Figura 2.52 CO2 addition and mixing

59



2.3.2 Preparation of specimens

The molds, made of steel, were built through the assembly of two molds with dimensions
of 75 mm x 70 mm x 10 mm and 2 molds of 70 mm x 70 mm x 10 mm effectively interlocked
together in order to create cubes of 70 mm x 70 mm x 70 mm. Finally, they were welded with
silicone to a wooden board, to avoid water leaks during the casting phase.

Once the mortar with its plastic consistency has been obtained, it is introduced into the
mold, pouring the mixture and making sure that there are no segregations or leaks (Figure

2.53, 2.54 and 2.55).

Figura 2.54 Specimen filling - serie #1 Figura 2.55 Specimen filling - serie #2

The excavation took place the day after the laying of the mortar and the cubic specimens
were named and placed in a water tank for hardening at (20.0 + 1.0) ° C. (Figures 2.56, 2.57
and 2.58).

Following a period of 28 days, the specimens were removed from the water and prepared
for the compression test. (Figure 2.61).
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Figura 2.56 Specimen removal from the mold

Figura 2.57 Specimen removal from the mold
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Figura 2.58 Immersion of the specimens through a grid in



2.3.3 Test setup

2.3.3.1 Compression test

An instrument equipped with a circular metal support capable of transmitting the load of
the test machine to the specimen in a uniform way was used to carry out the compression
test. The test was performed under load control and in particular to avoid a too fast failure
of the specimen and consequently an unwelcome result was carried out at a stress speed
of 1000 N/ s.

The specimen is placed in the center of the instrument, the load increases by (1000 *+ 100)
N / s until failure (Figures 2.59 and 2.60).

2.3.3.2 Carbonation test

The test as previously described has the purpose of obtaining the quantity of calcium car-
bonate (CaCO3) present in a mixture of calcium carbonate and silica. Subsequently the
tables with the percentages by weight of CO2 and CaCO3 are shown.

2.3.4 Test results

Compressive strength

The compressive strength results are shown in the following tables and graph. The machi-
ne measures the force Fwith which the specimen breaks, which divided by the area A of the
specimen, leads to the measurement of the compressive strength:

F
o=—
A
Tabella 18 Compressive strength - serie #0
PROVINO % C02/CEM % (MPA)
#0_1 0 47.4
#0_4 1.6 36.24
#0 5 3.2 37.65

Tabella 19 Compressive strength - serie #1

PROVINO % CO,/CEM Z (MPA)

#1_1 0 37.80
#1_2 0.8 40.53
#1_3 1.2 43.72
#1_4 1.6 42.99
#1_5 3.2 42.77
#1_6 4.0 39.95
#1_7 4.8 39.44
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Tabella 20 Compressive strength- serie #2

PROVINO % CO,/CEM % (MPA)

#2_1 0 -
#2_2 0.8 39.88
#2_3 1.2 35.00
#2 4 1.6 33.51
#2_5 3.2 38.25
#2_6 4.0 36.51
#2_7 4.8 40.35

* specimen 2_1 returned an incorrect result, so it was discarded.

Carbonation test
From the calcimetric test the following results are obtained:

Tabella 21 Calcimetry serie #0

PROVINO % CACO3 A CACO3

#0_1 10.1 0
#0_4 14.3 4.2
#0_5 11.7 1.6

Tabella 22 Calcimetry serie #1

PROVINO % CACO3 A CACO3

#1_1 10.8 0
#1_2 13.2 2.4
#1_3 11.0 0.2
#1_4 141 3.3
#1_5 8.30 -2.5
#1_6 9.50 -1.3
#1_7 6.20 -4.6
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Tabella 23 Calcimetry serie #2

PROVINO % CACO, A CACO,
#2_1 11.7 o

#2_2 12.5 0.8
#2_3 15 3-3
#2_4 10.2 -1.5
#2_5 10.5 -1.2
#2_6 8.3 -3.4
#2_7 7 4.7

* ACaCO3 is the difference in calcium carbonate content with respect to the first specimen
(without CO2 addition) of each series.

2.3.5 Interpretation of results

Compressive strength

The results show that the values obtained with the compression test are similar to those of
the characteristic resistance of the type of cement used (42.5 Mpa). Therefore, the increase
in CO2 does not significantly affect the resistance, on the contrary, in combination with the
hardening additive AC 5o CF it has higher resistance values (Figure 2.59).
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Figura 2.59 Compression test results and comparison
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Carbonation test

The test shows a CO2 absorption peak of 1.2% in relation to the cement, in the case of ad-
ding the hardener additive AC 50 FC. Instead, the absorption reaches 1.6% of CO2 in rela-
tion to the cement in the case of addition of the SDC 100 viscosifying additive or without
additive. The values found reflect the values defined in the literatureé and corresponding to
a peak of 1.5% of CO2. It is noted that if the percentage of CO2 in relation to the cement
increases, the absorption value tends to decrease. This is presumably due to the reduction
in the temperature of the cement mortar.

Finally, it is observed that the greatest increase in calcium carbonate corresponds to the
specimen without the addition of additives (Figures 2.60 and 2.61).

Calcimetric Test: CaCO3 content

—serie #1 AC50CF  ——serie #2 SRA 150 ——serie #0 no additive
16
14
— 12
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4
2
0
0 1 2 3 4 5 6
% CO2

Figura 2.60 Results and comparison of CaCO3 content. Calcimetric test

Calcimetric Test: ACaCO3

—erie #1 AC 50 CF — serie #2 SRA 150 —serie #0 no additive
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J
= 50 1 2 5 6
4
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Figura 2.61 Results and comparison of CaCO3 content. Calcimetric test

6 Carbon dioxide as an admixture for better performance of OPC-based concrete (Xin Qian, Jialai Wang, Yi Fang, Liang
Wang).
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2.4 TEST #4

2.4.1 Materials used

A procedure similar to Tests # 1 and # 2 is used for making the samples. In this case the
samples were obtained from a 10 times greater volume of mortar. The cement used is of the
CEM 42.5 | type. 3 series of 30 samples each were made, the first, used as a reference, con-
sists only of cement, without CO2 or steel fibers; the second contains 1.6% of CO2 compa-
red to cement and the last does not contain CO2 but 1% by volume of steel fibers (Gramigna
gold 0.2 x 13).

The three series have been named for recognition A-Plain, B-Carbon and C-Fiber respecti-
vely. No additives were used. (Figure 2.62).

Sample  Type of cement Cement(g) Water(g) Sand(g) CO,(g) % CO,/cem Steelfiber %

A- Plain N 4500 2250 13500 0 0 0
B-Carbon N 4500 2250 13500 72 16 0
C-Fiber N 4500 2250 13500 0 0 1

Figura 2.62 Elements and quantities of which the mortar is composed

2.4.2 Preparation of specimens

In this case the samples have the dimensions of 40 mm x 40 mm x 100 mm. They were then
subjected to bending and compression tests with the aim of having a statistical distribu-
tion of resistance and observing the effect of CO2 on the distribution.

Figura 2.63 Hardened A-Plain samples Figura 2.64 Samples with steel fibers
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Figura 2.65 Hardened B-Carbon samples

iii;

| ' -.

Test results

Bending test
The flexural strength tests were carried out bringing the specimens to break. The 30 tests
for each series allowed for a statistical distribution. See figures 2.69, 2.70 and 2.71 which
represent the probability density function of samples A, B and C.
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Figura 2.66 Hardened C-Fiber samples
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Figura 2.67 Probability density function type A-Plain
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Figura 2.68 Probability density function type B-Carbon
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Figura 2.69 Probability density function type C-Fiber

The graphs show that the statistical distribution of the bending strength is similar to the
normal distribution (Gaussian).

Compression test

Compression resistance tests were carried out bringing the specimens to break. The 60
tests for each series allowed for a statistical distribution. See figures 2.72, 2.73 and 2.74
which represent the probability density function of samples A, B and C.
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The graphs show that the statistical distribution of compressive strength is similar to the
normal distribution (Gaussian).
All results for each individual sample are in Appendix 6.

2.4.3 Interpretation of results

From the statistical distributions of the compressive and bending strength, two important
values can be noted. In both distributions the highest value of the probability density is
represented by the series B, that is the one containing the CO2. Furthermore, by calcula-
ting the standard deviation of the curve values, it is found that even the smallest standard
deviation corresponds to series B, with the addition of CO2. In addition, by comparing the
standard deviation values between the curves, the value of the B series is even half of
the value of the C series. average values. On the contrary, with the addition of steel
fibers, strength increases but also dispersion increases.
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Figura 2.73 Comparison of probability density functions type A, B and C for bending strength
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Figura 2.74 Comparison of probability density functions type A, B and C for compressive strength
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Tabella 24. Tabella 25.
Average resistance and standard Average resistance and standard
deviation deviation
STANDARD AVERAGE MPA STANDARD  AVERAGE MPA
DEVIATION DEVIATION
MPA MPA
2.397 29.969 0.319 4.585
1.534 29.395 0.250 4.481
2.775 33.877 0.522 4.890







3.CONCLUSION

The construction industry plays an important role in managing greenhouse gas emissions
and adopting sustainable policies. The thesis shows that the start of an industrial-scale
process of recycling carbon dioxide in ready-mixed concrete does not affect the mechanical
performance of the concrete and makes it more sustainable. The main goal was to find a
simple method (dry ice pellets) that could be used on site by any operator. It has been ob-
served that the efficiency of the method strictly depends on the type of cement used, but it
proves to be an excellent solution for increasing the level of sustainability within the con-
struction sector. As in the literature, mortar cannot absorb more than 1.5% of CO2 compa-
red to cement, not even by changing the type of cement or by adding traditional accelera-
ting or expansive additives. According to the principles of the circular economy, cement
producers could use their own waste products. The idea is simple to apply, but to be com-
petitive, it must be accompanied and evaluated through an economic feasibility analysis.

One of the measures being adopted is to organize the production chain by “optimizing” the
transport between the cement kilns and the concrete manufacturing plants. As a rule, CO2
is transported from the kiln where the cement is produced, ie where it is captured by the
exhaust gases emitted into the atmosphere, to the concrete production plant after being
liquefied. The integrated link between cement and concrete producer would offer environ-
mental, supply chain and cost synergies. In this way, CO2 producers would be able to direct
their carbon dioxide waste to a profitable downstream use. Finally, future studies can be
imagined regarding a more in-depth analysis of the physico-chemical aspects of the carbo-
nation reaction. Other properties of this new mix design can be studied by testing the
shrinkage on drying, abrasion, corrosion test in order to determine if there are negative
effects deriving from the addition of CO2 and the reduction of the binder.
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Specimen 29_01 CEM | 42,5

In the case of compression tests, 1A, 2A, 3A and 1B, 2B, 3B indicate the two

elements of the sample that were broken during the bending test.

29_01_00_1 (0% of C02)

Bending test

Bending

. Applied Load [kN]

L
i
o

0,1 0,2 0,3

Displacement [mm]

Compression test

1A
100
80
60
40
20

Applied Load [kN]

0
0 0,5 1 1,5

-20
Dispalcement [mm]

o
5

Pmax [kN] o'ﬂex [MPa] F [kN]

. Applied Load [kN]

o

Specimen size [mm] Weight [g]

160 40.28 41.42 594.9

1B

80
60
40

20

0 0,5 1 1,5 2

-20

Diplacement [mm)]

o, [MPa] o, [MPa] % CaCo; pH

3.20 7-51 87.42

54.64 46.58 5.9 12.27




29_01_00_2 (0% di C02)

Bending test

3,5
3
2,5
2
1,5
1
0,5
0

Applied Load [kN]

-01 05 0

X Specimen size [mm] Weight [g]
Bending

160 41.03 40.92 606.2

0,1 0,2 0,3 0,4
Displacement [mm]

Compression test
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2A 2B
80 80
=
= 60 = 60
s ©
- 3
® 40 = 40
= ki
E 20 _% 20
g__ <
< O 0
0 0,5 1 1,5 -0,5 0 0,5 1 1,5
-20 .
Displacement [mm] Displacement [mm]
Pmax [kN] Oflex [MPa] F: [kN] F. [kN] 01 [MPa] o, [MPa] % CaCO; pH
2.96 6.94 71.63 67.38 44.77 42.11 4.7 12.28
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29_01_00_3 (0% di C02)

Bending test
Specimen size [mm] Weight [g]
160 41.25 40.43 583.6
Bending
3
2,5

3 2 -
? 15
S 2
Rl 1
2
2 0,5
<

0
01 55 0 0,1 0,2 0,3

Displacement [mm]

Compression test

3A 3B

80 80
= = 60
EE 60 gi
®° 40 ® 40
S S
T 20 5 20
5 E
< 6 < 6

-0,5 0 0,5 1 1,5 2 -1 0 1 2 3
-20 -20 .
Displacement [mm] Displacment [mm]

Pmax [kN] Oflex [MPa] F. [kN] F. [kN] g1 [MPa] gy [Mpa] % CaCO3 pH

2.68 6.27 69.04 66.73 43.15 41.71 3.5 12.25




29_01_04_1 (0.4% di CO2)

Compression test

Specimen size [mm] Weight [g]
160 40.02  40.74 588.2
1 1
6 A 8 B
8 0
6
el
. .
= 8 S 4
-
2 8 = 0
o= @ =
a< 2= o
<= 09 0
0, 4 0 0, 1 1, 2 -0, 0 0, 1 1, 2
5 0 Displacement 5 5 -2 .5 5
Displacement
[mm] 0
[mm]
Pmax [kN] Ofrex [MPa] F. [kN] F. [kN] 0, [MPa] o, [MPa] % CaCOs pH
- - 55.16 66.47 34.48 41.55 5.4 12.27
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29_01_04_2 (0.4% di CO2)

Bending test

Specimen size [mm] Weight [g]
Benadin
8 160 40.35 41.87 601.6
3,5
_ 3
< 25
° 2
S 1,5
ks 1
g 05
<
0
0,1 05 0 0,1 0,2 0,3 0,4
Displacement [mm]
Compression test
2A 2B
80 80
= = 60
é 60 é
© ©
] -
3 20 2 20
E g
g 0 < 0
-0,5 0 0,5 1 1,5 2 -0,5 0 0,5 1 1,5
-20 20
Dispalcement [mm] Displacement [mm]
Pmax[kN] Oflex [MPa] F, [kN] F, [kN] 01 [MPCl] 0y [MPa] % CaCO3 pH
2.92 6.84 71.01 72.53 44.38 45.33 5.5 12.24




29_01_04_3 (0.4% di C02)

Bending test

. Specimen size [mm] Weight [g]
Bending

160 40.04 40.68 587.2
3

2,5
2
1,5
1
0,5

0
-0,1_0 5 0 0,1 0,2 0,3 0,4 0,5
Displacement [mm]

Applied Load [kN]

Compression test
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3A 3B

80 80
= —
= 60 é 60
'r'g ®
S a0 S 40
E E
% 20 _& 20
< <

0 0

0 0,5 1 1,5 0 0,5 1 1,5
Displacement [mm] Displacement [mm]

Pmax [kN] Oflex [MPa] F. [kN] F. [kN] 09 [MPa] () [MPa] % CaC03 pH

2.78 6.51 69.62 74.76 43.51 46.72 6 12.23
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29_01_08_1(0.8% di C0O2)

Bending test

Applied Load [kN]

-0,2

0,5
0
-0,5

Specimen size [mm] Weight [g]

Bending 160 39.96  40.41 584.7

0 0,2 0,4 0,6
Displacement [mm]

Compression test

1A 1B
70 80
60
T 40 3 40
S 30 S
E 20 E 20
g 10 g
< o < 0
-0,5 0 0,5 1 1,5
-0,5 .10 0 0,5 1 1,5 2 20
Displacement [mm] Displacement [mm]
Pmax [kN] Oflex [MPa] F. [kN] F. [kN] (41 [MPa] gy [MPa] % CaCO3 pH
2.58 6.04 62.15 71.14 38.84 44.46 6.1 12.26




29_01_08_2 (0.8% di C02)

Bending test

) Specimen size [mm] Weight [g]
Bending

160 40.06  40.85 582.2

Applied Load [kN]

05 0 0,2 0,4 0,6
Displacement [mm]

Compression test

2A 2B

80 80
= 60 = 60
= g
32 40 ? 40
S S
2 20 ks 20
s 5
2 0 < 0

-1 0 1 2 3 -0,5 0 0,5 1 1,5
-20 =20
Displacement [mm)] Displacement [mm]

Pmax [kN] Oflex [MPa] F. [kN] F. [kN] (1 [MPa] gy [MPa] % CaCO3 pH

2.57 6.02 66.01 64.77 41.26 40.48 4.6 12.26
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29_01_08_3 (0.8% di C02)

Bending test

3,5
3
2,5
2
1,5
1
0,5
0

Applied Load [kN]

-05 0

Bending

0,1

0,2 0,3 0,4

Displacement [mm]

Compression test

Specimen size [mm] Weight [g]

160 40.26  41.36 594.4

3A 3B
80 80
=
= 60 X, 60
ﬁ e}
©
® 40 S 40
= 3
© 20 s 20
2 <
< 0 0
-1 . 0 1 2 -0,5 0 0,5 1 1,5
Displacement [mm] Displacement [mm]
Pmax [kN] Oflex [MPa] F. [kN] F. [kN] 01 [MPa] (] [MPa] % CaCO3 pH
3.01 7.05 65.75 70.70 41.10 44.19 5.3 12.26




29_01_12_1(1.2% di C02)

Bending test
Specimen size [mm] Weight [g]
Bendmg 160 39.98  41.55 591.4
3
25
=
= 2
©
§ 1,5
o 1
Q
=3 0,5
Q.
< 0
01 45 0 0,1 0,2 0,3 0,4
Displacement [mm]
Compression test
1A 1B
80 70
= = 60
= 60 = 59
g € 40
S 40 S
el o 30
2 2
S 20 ‘s 20
2 g 10
0 0
-0,5 0 0,5 1 1,5 0 1 2 3 4
Displacement [mm] Displacement [mm]
Pmax [kN] Oflex [MPa] F. [kN] F. [kN] 01 [MPa] (] [MPa] % CaCO3 pH
2.79 6.53 68.51 66.35 42.82 41.47 7 12.24

91



29_01_12_2 (1.2% di C0O2)

Bending test

Specimen size [mm] Weight [g]

Bending 160  40.04 41.88 597.1

3,5
3
2,5
2
1,5
1
0,5
0
-0,1-0,5 0 0,1 0,2 0,3 0,4 0,5
Displacement [mm]

Applied Load [kN]

Compression test

%0 B 80
= <
= 60 ] I
B 3
S a0 = 40
° 2
s 20 § 20
< 0

0 0,5 0 0,5 1 1,5
0,5 0 0,5 1 1,5 2 “ ) )

Displacement [mm] Displacement [mm]

Pmax [kN] Oflex [MPa] F. [kN] F. [kN] (1 [MPa] gy [MPa] % CaCO3 pH

2.93 6.88 69.36 72.62 43.35 45.39 6.2 12.23
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29_01_12_3 (1.2% di C02)

Bending test
Specimen size [mm] Weight [g]
Bending
160 40.17  41.01 590.1
3
25
=
= 2
©
§ 1,5
go] 1
@
o 0,5
Q.
< 0
01 45 0 0,1 0,2 03 04
Displacement [mm]
Compression test
3A 3B
80 80
= =
= 60 = 60
o ©
© ©
S 40 ] 40
© el
2 2
=3 20 o 20
Q. o
< <
0 0
-0,5 0 0,5 1 1,5 -0,5 0 0,5 1 1,5
Displacement [mm] Displacement [mm]
Pmax [kN] Oflex [MPal] F, [kN] F. [kN] 01 [MPa] 0, [MPa] % CaCOs pH
2.82 6.61 71.12 68.69 44.45 42.93 7 12.26
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29_01_16_1(1.6% di CO2)

Bending test
Specimen size [mm] Weight [g]
Bendmg 160 40.32 41.18 594.6
3
25
=z
= 2
©
©
S
©
Q@
a
Q.

1,5
1
0,5
g —
-0,1_05 0 0,1 0,2 0,3 0,4 0,5
Displacement [mm]

Compression test

1A 1B

80 80
=
= 60 = 60
2 =
8 ©
S 40 & 40
£ -
S 20 k5 20
< 2

0 < 0
-0,5 0 0,5 1 1,5 -0,5 2 0 0,5 1 1,5

Displacement [mm] Displacement [mm]

Posx[KN]  Opex [MPa] F.[kN]  FI[kN] o [MPa]  o,[MPa] % CaCO, pH

2.65 6.22 69.45 71.41 43.41 44.63 7-4 12.25




29_01_16_2 (1.6% di C02)

Bending test

Bending

3,5
3
2,5
2
1,5
1
0,5
0
-0,1-0,5 0 0,1 0,2

Applied Load [kN]

Compression test

2A

80
60
40

20

. Applied Load [kN]

L
5

Dispalcement [mm]

Pmax [kN] Oflex [MPa] Fa [kN]

Specimen size [mm] Weight [g]

39.96  40.57 587.3

0,3 0,4 0,5
Displacement [mm]

. Applied Load [kN]

o

0 0,5 1

2B

80
60
40
20
0 0,5 1 1,5

-20
Displacement [mm]

0, [MPa] % CaCO, pH

2.87 6.72 68.38

44.72 8.1 12.24
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29_01_16_3 (1.6% di C02)

Bending test

3,5
3
2,5
2
1,5
1
0,5
0
-0,2 -0,5

Applied Load [kN]

Specimen size [mm] Weight [g]

Bendin
& 160 40.12  40.83 596.3

0 0,2 0,4 0,6
Displacement [mm]

Compression test

3A 3B
80 80
= = 60
E 60 FZ_‘,
B 40 B 40
S S
T 20 ° 20
o o
I o0 & 0
0 0,5 1 1,5 -0,5 0 0,5 1 1,5
220 -20
Displacement [mm] Displacement [mm]
Pmax [kN] Oflex [MPal] F, [kN] F, [kN] 0, [MPa] g, [MPa] % CaCO; pH
2.93 6.86 66.68 68.21 41.68 42.63 6.8 12.24
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29_01_32_1(3.2% di C02)

Bending test
i Specimen size [mm] Weight [g]
Bending
160 40.28  41.52 588.2
3
_ 25
=
= 2
©
§ 1,5
gl 1
Q@
& 0,5
< 0
-0,1 05 0 0,1 0,2 0,4
Displacement [mm]
Compression test
1A 1B
80 80
= 60 = 60
=3 =3
® 40 T 40
S S
? 20 3 20
a a
& 0 o —
-0,5 0 0,5 1 -0,5 0 0,5 1 1,5 2
-20 -20
Displacement [mm] Displecement [mm]
Prax [KN] Of1ex [MPa] F1 [KN] F. [kN] o, [MPal o, [MPa] % CaCO, pH
2.82 6.61 66.80 66.30 41.75 41.44 6.6 12.19
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29_01_32_2(3.2% di C0O2)

Bending test

3,5

3
2,5

2
1,5

1
0,5

0
-0,1 0,5 0

Applied Load [kN]

. Specimen size [mm] Weight [g]
Bending

160  40.05  41.57 589.9

0,1 0,2 0,3 0,4
Displacement [mm]

Compression test

2A 2B

80 80

70 70

60 60

50 50

40 40

30 30

20 20

10 10

0 0
-0,5 0 0,5 1 1,5 05 -0 0 0,5 1 1,5

Pmax [kN] Oflex [MPal] F: [kN] F2 [kN] 01 [MPa] 0, [MPa] % CaCO, pH

2.86 6.70 70.44 67.95 44.02 42.47 6.7 12.21
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29_01_32_3(3.2% di C02)

Bending test

) Specimen size [mm] Weight [g]
Bending

160 40.10  41.50 588.4
3

2,5
2
1,5
1
0,5

0
05 0 0,1 0,2 0,3
Displacement [mm]

Applied Load [kN]

Compression test

3A 3B

70 70

= 60 = 60
= =

> 50 - 50

3 40 S 40
| ]

ko] 30 kel 30
2 2

= 20 = 20

g 10 g 10

0 0

-0,5 0 0,5 1 1,5 -0,5 0 0,5 1 1,5
Displacement [mm] Displacement [mm)]

Posx[KN]  Opex [MPa] F.[kN]  FI[kN] o [MPa]  o,[MPa] % CaCO, pH

2.74 6.42 64.96 66.16 40.60 41.35 7.3 12.25
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Specimen 31_05 CEM | 52,5

In the case of Compression tests, the two elements of the sample that were broken

during the Bending test are indicated with 1A, 2A, 3A and 1B, 2B, 3B.

31_05_00_1 (0% di CO2)

Bending test

31 05 00_1
4000
Z
o 3000
=
o
= 2000
: 3
T 1000
8
n 0 M

0 0,05 0,1 0,15 0,2
Standard travel [mm]

Compression test

Specimen size [mm] Weight [g]

160 40.28 41.69 592

100000 __ 100000
2
z 80000 - 80000
(8]
S 60000 S 60000 i
° -]
= 40000 5 40000
5 ©
- 20000 S 20000
g &
5 0 0 T T
20000 4 6 8 0 2 4 6 8
Standard travel [mm] Standard travel [mm]
Pmax [kN] Oflex [MPa] F. [kN] F. [kN] 09 [MPa] () [MPa] % CaC03 pH
3.03 7.10 94.2452  94.9173 58.90 59.32 6.1




31_05_00_2 (0% di CO2)

Bending test

Specimen size [mm] Weight [g]

31_05_00 2 %0

41.03  40.85 588

4000

3000

2000

1000

Standard force [N]

-1000

Standard travel [mm]

Compression test

31_05_00 2A 31_05_00_2B
__ 100000 __ 120000
£ 80000 £. 100000
S S 80000
£ 00000 i "'.3 60000
§ 40000 ¥ 40000
§ 20000 E 20000
@ 0 x : @ 0
0 2 4 6 0 0,5 1
Standard travel [mm] Standard travel [mm]

Posx[KN]  Opex [MPa] F.[kN]  FI[kN] o [MPa]  o,[MPa] % CaCO, pH

3.38 792 94.69 99.49 59.18 62.19 5.31

101



31_05_00_3 (0% di C02)

Bending test

Specimen size [mm] Weight [g]
31_05_00_3 160 41.25 40.96 586
. 4000
Z
o 3000
2
L
o 2000
(T
T 1000
S
2 0
0 0,1 0,2 0,3 0,4

Standard travel [mm]

Compression test

31_05_00 3A 31_05_00 3B
__ 120000 __ 100000
% 100000 % 80000
(5] (8]
§ o § oo L
S 40000 E 40000
& 20000 § 20000 i
2 0 @ 0 |
0 0,5 1 1,5 0 05 1 15 2
Standard travel [mm] Standard travel [mm]

Posx[KN]  Opex [MPa] F.[kN]  FI[kN] o [MPa]  o,[MPa] % CaCO, pH

3.19 7-47 96.49 93.68 60.31 58.55 5.6
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31_05_08_1(0.8% di C02)

Bending test

Specimen size [mm] Weight [g]

31_05_08_1

160 40.02 40.77 584

4000

3000

2000

1000

Standard force [N]

-1000

Standard travel [mm]

Compression test

__ 100000 __ 100000
=3 =3
3 80000 3 80000
§ 60000 § 60000
el
= 40000 T 40000
el o
£ 20000 £ 20000
a 0 & 0
0 0,5 1 15 0 0,5 1 1,5
Standard travel [mm] Standard travel [mm)]
Pmax [kN] Oflex [MPa] F. [kN] F. [kN] 0, [MPa] g, [MPa] % CaCo0, pH
3.22 754 92.75 93.71 57.97 58.57 5.59 -
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31_05_08_2 (0.8% di C02)

Bending test

Specimen size [mm] Weight [g]
- - - 160  40.35 40.78 585
4000
Z 3000
S
§ 2000
T
& 1000
T
[=
S 0
w
-1000
Standard travel [mm]
Compression test
__ 100000 __ 100000
= £
3 80000 3 80000
S 60000 § 60000 {
T 40000 T 40000
T T
§ 20000 § 20000 |
@ 0 @ 0 |
0 0,5 1 1,5 0 0,5 1 1,5
Standard travel [mm] Standard travel [mm]
Puax[KN]  Gpex [MPa] F. [kN] EIkN] o, [MPa]  o,[MPa] % CaCO, pH
3.27 7-66 95.03 94.24 59.40 58.90 5-54 -




31_05_08_3 (0.8% di C02)

Bending test

31 05 08 3 Specimen size [mm] Weight [g]
- - = 160 40.0
4000 40.04 41.34 591
£
o 3000
o
Lo
o 2000
E }
1000
5 3
& 0 M
0 0,2 0,4 0,6
Standard travel [mm]

Compression test

__ 120000 __ 120000
Z. 100000 % 100000
Q
£ 80000 £ 80000
".é 60000 “1; 60000
S 40000 £ 40000
& 20000 & 20000
& 0 & 0
0 0,5 1 1,5 0 0,5 1 1,5
Standard travel [mm] Standard travel [mm]
Prmax [kN] Of1ex [MPa] F. [kN] F. [kN] o, [MPa] o, [MPa] % CaCo;, pH
3.39 7-94 97.14  98.45  60.72 61.53 6.23 -
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31_05_16_1 (1.6% di C02)

Bending test

Specimen size [mm] Weight [g]

31 05_16_1

160 39.96 41.69 595

4000

3000

2000

1000

Standard force [N]

-1000

Standard travel [mm]

Compression test

__ 100000 __ 100000
Z Z
v 80000 v 80000
§ 60000 § 60000
el
S 40000 T 40000
T T
S 20000 S 20000
& 0 f & 0
0 0,5 1 1,5 0 0,5 1 1,5
Standard travel [mm] Standard travel [mm]
Pmax [kN] Oflex [MPa] F1 [kN] F. [kN] o1 [MPal] o, [MPal] % CaCoOs pH
3.17 7.42 90.51 91.67 56.57 57.30 7.2 -
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31_05_16_2 (1.6% di C02)

Bending test

31 05 16 2 Specimen size [mm] Weight [g]
- - - 160 40.06 41.49 594
4000
Z 3000
S
§ 2000
©
& 1000
T
[=
S 0
w
0,2 0,4 0,6
-1000
Standard travel [mm]

Compression test

100000 __ 100000
z = 80000
v 80000 g
S 60000 S 60000
el kel
_§ 40000 _§ 40000
§ 20000 & 20000
@ 0 ! @ 0
0 0,5 1 1,5 0 0,5 1 1,5
Standard travel [mm] Standard travel [mm]
Pmax [kN] Oflex [MPa] F. [kN] F2 [kN] (41 [MPa] (] [MPa] % CaCO3 pH
3.11 7.29 90.72 93.28 56.71 58.30 6.57 -
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31_05_16_3 (1.6% di C02)

Bending test

31 05 16 3 Specimen size [mm)] Weight [g]

200 160 40.26 41.32 588
z ¢
et <
o 150
g o
)
".é 100
< 50
g o
2 0

0 0,05 0,1
Standard travel [mm]

Compression test

— 100000 100000

=3 =

y 80000 £ 80000

8 60000 § 60000

el

-§ 40000 "Eu 40000

T
@ 0 | & 0 ‘
0 0,5 1 1,5 0 05 1 15
Standard travel [mm] Standard travel [mm]

Pmax [kN] aflex [MPa] F. [kN] F2 [kN] 09 [MPa] (] [MPa] % CaCO3 pH

- - 91.56  91.76 57.23 57.35 5.78 -
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31_05_24_1(2.4% di CO2)

Bending test

Specimen size [mm] Weight [g]
31 05 24 1
- T 160 39.98 40.81 585
3000
z
3 2000
8
S 1000
©
T
§ 0
w 4
-1000
Standard travel [mm]

Compression test

__ 100000 __ 100000
Z Z
v 80000 v 80000
§ 60000 :é 60000
el
S 40000 T 40000
T T
S 20000 S 20000
& 0 &a 0 f
0 0,5 1 1,5 0 0,5 1 1,5
Standard travel [mm] Standard travel [mm]
Prmax [kN] Oflex [MPa] F. [kN] F. [kN] o, [MPa] o, [MPa] % CaC0; pH
2.83 6.64 94.58 92.31 59.12 57.70 5.85 -
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31_05_24_ 2 (2.4% di CO2)

Bending test

Specimen size [mm] Weight [g]

—T T 160 40.04 41.35 600
__ 4000
Z
o 3000
e
Lo
o 2000
: {
2 1000
©
& | L—-;

0 0,2 0,4 0,6
Standard travel [mm]

Compression test

__ 120000 __ 120000 ‘
% 100000 % 100000
£ 80000 £ 80000
“.é 60000 “é 60000
S 40000 5§ 40000
& 20000 & 20000
& 0 & 0
0 0,5 1 1,5 0 0,5 1 1,5
Standard travel [mm] Standard travel [mm]
Prmax [KN] Oflex [MPa] F. [kN] F. [kN] o, [MPa] o, [MPa] % CaCO, pH
3.19 7-47 97.78  95.43 61.12 59.65 5.76 -
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31_05_24_3(2.4% di CO2)

Bending test

Specimen size [mm] Weight [g]
- - - 160  40.17 41.16 593
4000
Z 3000
S
§ 2000
o
& 1000
e
c
8 0
wv
-1000
Standard travel [mm]
Compression test
__ 120000 | __ 100000
% 100000 % 80000
(3]
£ 80000 5 60000
3 60000 2 40000
S 40000 5
& 20000 § 20000
& 0 2 0
0 0,5 1 1,5 0 0,5 1 1,5
Standard travel [mm] Standard travel [mm]
Pmax [KN] Of1ex [MPa] F: [kN] F2 [kN] 0, [MPa] 0, [MPa] % CaCOs; pH
2.91 6.81 99.36  94.06 62.10 58.79 6.7 -
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31_05_32_1(3.2% di C02)

Bending test

Specimen size [mm] Weight [g]

31 05 32 1

160 40.32 42.54 600

4000

3000

2000

1000

Standard force [N]

-1000

Standard travel [mm]

Compression test

31 05_32_1A 31_05_32_1B
. 100000 . 120000
-%- 80000 % 100000
o
5 60000 5 80000
< T 60000
_§ 40000 r & 40000
g 20000 & 20000
< 0 “ 0 |
0 0,5 1 1,5 2 0 0,5 1 1,5
Standard travel [mm)] Standard travel [mm]

Prsx KNl  0yi0x [MPa] F. [kN] F.IkN] o [MPa]  o,[MPa] % CaCO, pH

3.02 7.08 93.33 95.98 58.33 59.99 6.73 -
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31_05_32_2 (3.2% di C02)

Bending test

31 0 32 2 Specimen size [mm] Weight [g]
- - = 160 39.96 41.20 589
4000
Z 3000
S
§ 2000 -
©
& 1000 -
©
[=
S 0
w
0,5 1,5
-1000
Standard travel [mm]

Compression test

. 100000 . 100000
= £
v 80000 v 80000
S 60000 S 60000
el el
= 40000 = 40000
2 2
§ 20000 5 20000
@ 0 @ 0 |
0 0,5 1 1,5 0 0,5 1 1,5
Standard travel [mm] Standard travel [mm]
Prmax [kN] Oflex [MPa] F. [KN] F. [kN] o, [MPa] o, [MPa] % CaCO, pH
3.02 7.08 94.33 90.32 58.96 56.45 6 -
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31_05_32_3 (3.2% di C02)

Bending test

Specimen size [mm] Weight [g]
- - - 160  40.12  40.80 586
__ 3000
£ 2500
v 4
£ 2000 b
5 1500 b
5 1000 '
8§ 500 -
" 0 M—
0 0,2 0,4 0,6
Standard travel [mm]

Compression test

__ 100000 __ 100000

= £

3 80000 v 80000

S 60000 S 60000

el

S 40000 T 40000

T T

§ 20000 & 20000

@ 0 @ 0

0 0,5 1 1,5 0 0,5 1 1,5
Standard travel [mm] Standard travel [mm]
Prmax [kN] Oflex [MPa] F. [kN] F2 [kN] (1 [MPa] [} [MPa] % CaCO; pH
2.86 6.69 93.37 89.26 58.36 55.79 4.76 -
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31_05_40_1 (4.0% di CO2)

Bending test

31 05_40 1

4000

3000

2000

1000 - !

Standard force [N]

0,5

-1000

Standard travel [mm]

Specimen size [mm] Weight

[g]

160 40.28 41.17 594

Co

mpression test

. 100000 100000
= 80000 z
g 3 80000
S 60000 & 60000
el el
§ 40000 _§ 40000
£ 20000 & 20000
& 0 @ 0 1
0 0,5 1 1,5 0 0,5 1 1,5
Standard travel [mm] Standard travel [mm]
Prmax [kN] Oflex [MPa] F. [kN] F. [kN] 0, [MPa] 0, [MPa] % CaCo;, pH
3.11 7.28 90.53 87.09 56.58 54.43 5.85 -
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31_05_40_2 (4.0% di CO2)

Bending test

Specimen size [mm] Weight [g]
31 05 40 2
- - - 160 40.05 40.68 584
3000
3
3 2000
8
% 1000
©
T
s 0
& 3
-1000
Standard travel [mm]

Compression test

__ 100000 __ 120000
2 2
< 80000 = 100000
(8]
5 60000 5 80000
- * 60000
T 40000 =
s £ 40000
£ 20000 & 20000
& 0 @ 0
0 0,5 1 1,5 0 0,5 1 1,5
Standard travel [mm] Standard travel [mm]
Pmax [kN] Oflex [MPa] F. [kN] F2 [kN] 01 [MPa] (] [MPa] % CaCO3 pH
2.75 6.45 95.22  95.33 59.51 59.59 6.53 -
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31_05_40_3 (4.0% di CO2)

Bending test

31 0 40 3 Specimen size [mm] Weight [g]
—_— - - 160  40.10 40.95 587
3000
3
3 2000
8
o 1000
4]
T
§ 0
wv 4
-1000
Standard travel [mm]

Compression test

__ 100000 __ 120000

Z Z

i’ 80000 . 100000

(3]

§ o

T 40000 T 40000

T T

£ 20000 & 20000

& 0 @ 0 |

0 0,5 1 1,5 0 0,5 1 1,5
Standard travel [mm] Standard travel [mm]

Pmax [kN] Oflex [MPa] F. [kN] F2 [kN] o1 [MPal] 0, [MPal] % CaCOs pH

2.79 6.54 94.27 96.07 58.92 60.05 7.25 -
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Specimen A- Plain
Here are all thetests doneduring test # 3.

In some cases there are proofs that have been redone dueto technical problems, these

are named with the name following the consideration.

Al

Bending test

Specimen size [mm] Weight [g]

Al

160 40,05 40,68 584

u
o
o

—

2 3 4
Standard travel [mm)]

o

Standard force [N]
e &
8 8
™

o

S

o
=

Compression test

AlA AlB
60000 60000
50000 [“\ _ 50000 n
£. 40000 \ £ 40000 \
(&)
5 30000 \ 5 30000 Al
T g~
§ 20000 \ & 20000 I
§ 10000 i & 10000 7 =
& ]
0 0
10000 © 2 4 6 3 10000 © 2 4 6 3
Standard travel [mm] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,18 4,82 51,10 48,74 31,94 30,46
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A2

Bending test

Z Specimen size [mm] Weight [g]
A 160.33 40.64 40.64 543.03
2500
Z 2000 f
g 1500
$ /
1000 /
[1°}
S 500 ’/
©
b 0
500 0 1 2 3 4
Standard travel [mm]
Compression test
A2A1 A2B
60000 60000
Z 50000 i = 50000 A
g 40000 \ g 40000 f \
S 30000 \ S 30000 [\
T 20000 AN £ 20000 .
2 10000 = N 2 10000 / T~
& 0 & 0
-10000 0 2 6 8 -10000 © 5 3
Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,30 5,13 49,07 47,69 30,67 29,81
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A3

Bending test

A3 Specimen size [mm] Weight [g]
160.08 41.24 40.73  555.74

Z 2000

81500

é 1000 /

b o] 1UUU

3 500 /

s J 1

& 0

-1 599 0 1 ) 3 4

Standard travel [mm]
Compression test
A3A A3B
60000 50000

__ 50000 _ N

> n = 40000

o 40000 5

8 ]{ \ 8 30000

& 30000 [\ £ 50000 \

£ 20000 T )f \

2 10000 \ T 10000

] —— [

A 0 & 0

-10000 24 ' 10000 &2 4 6 8
Standard travel [mm] Standard travel [mm)]

Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]

2,04 4,48 48,37 44,97 30,23 28,11
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A4

Bending test

Specimen size [mm] Weight [g]
A4 160.03 39.38 40.03 535.17
2500
z 2000
8 1500
5 /
. 1000 /
S 500
=
©
& 0
500 1 2 3
Standard travel [mm]
Compression test
A4A A4B
50000 60000
50000
40000 N = '(\
Z / \ — 40000
g 30000 S f \
5 { \ S 30000 \
3 20000 ) T 20000 \
T 10000 i — K
c ~—~ < 10000
© e -
2 4 6 5
~10000 P 0000 2 2 4 6 8
Standard travel [mm)] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,07 4,85 44,12 49,96 27,58 31,23
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A5

Bending test

Specimen size [mm] Weight [g]
AS 160.06 40.38 39.87  540.99
2500
= 2000
8 1500
5 /
% 1000 /
3 500
g /
& 0
-500 L 2 3
Standard travel [mm)]
Compression test
AS5A A5B
60000 60000
— 50000 [‘\ —. 50000 n
2 2
o 40000 |{ \ < 40000 ! \
(5] (5]
S 30000 f \ S 30000 ] \
£ 20000 \ T 20000 F
T N A e j
S 10000 S 10000 i
-10000 2 4 > -10000 2 4 :
Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,27 5,30 50,87 47,87 31,79 29,92
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A6

Bending test

Specimen size [mm] Weight [g]
A6 159.89 39.5 40.33 535.74
2500
z 2000
8 1500
5 !
o 1000 /
1]
© 500
b 0
500 0 1 2
Standard travel [mm)]
Compression test
AGA A6B
60000 60000
. 50000 __ 50000 A
2
o 40000 ‘(A\ %‘ 40000 ]'{ \\
o Q
S 30000 l' \ S 30000 |' \
5 20000 F £ 20000
©
§ 10000 — £ 10000 /
n 0 n 0 W adl
-10000 2 4 -10000 2 4 6
Standard travel [mm)] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,07 4,83 49,19 51,96 30,74 32,48
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A7

Bending test

Specimen size [mm] Weight [g]
A7 160.33 39.58 40.76  536.08
2000
Z 1500 /
g /
§ 1000
£ s00 /
(1]
-]
g S
& 0
0 0,5 1 1,5 2
-500
Standard travel [mm]
Compression test
A7A A7B
50000 60000
= 40000 f‘\\ = 50000 iﬂ\
g 30000 8 40000 \
5 | | 5 30000
5 20000 l \ S oo \
- = ZUUUU
3 10000 {1 o B L0000 RN
S \-.__,.-"" s 10000 j \“‘
& 0 & 0
10000 0] 2 4 6 8 20000 0 ) 5 3
Standard travel [mm)] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,78 4,06 45,36 54,46 28,35 34,04
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A8

Bending test

A8 Specimen size [mm] Weight [g]
160.4 40.25 40.17 541.48
2500
Z 2000
8 1500
k3 /
. 1000 /
(1]
< 500 /
E A
&
-500 0,5 1,5 2
Standard travel [mm]
Compression test
A8A A8B
50000 60000
—. 40000 A . 50000
= \ £ 40000 N
g 30000 g " \
S j \ S 30000
£ 20000 e [\
g ] \ 2 20000 \
© ©
§ 10000 J A — E 10000 ,J N—
0] 2 4 ) 8 |
-10000 P -10000 0 2 4 O 8
Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,08 4,80 42,91 48,65 26,82 30,41
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A9

Bending test

Specimen size [mm] Weight [g]
A9 160.45 40.65 40.14 548.15

2500
g 2000 //
8 1500 /
o
T 1000 /,
B 500 4
©
b 0

500 0 0,5 1 1,5

Standard travel [mm]
Compression test
A9A1 A9B

60000 60000
__ 50000 !ﬂ\ __ 50000 [‘"‘\
£ 40000 \ £ 40000 M\
56_, 30000 \ § 30000 ,
§ 20000 \ £ 20000
© T
£ 10000 \\ £ 10000 /j N\ N

Standard travel [mm)] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,27 5,21 55,83 54,10 34,89 33,81
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A10

Bending test

Specimen size [mm] Weight [g]
Al10 159.98  39.97 40.44  545.57
2500
g 2000 /
8 1500 /
o
< 1000 /
"E 500 /
& __
& 0
-500 03 L
Standard travel [mm]
Compression test
A10A A10B1
60000 60000 .
— 50000 — 50000
s A\ £ 40000 A
g 40000 \ § \
S 30000 I £ 30000 \
o e
& 20000 IR § 20000 N
= 10000 i i £ 10000 ,j
& 0o —# & 0
-10000 02468 -10000 O 2 6 8
Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,07 4,75 49,22 53,90 30,76 33,69
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All

Bending test

Specimen size [mm] Weight [g]

All 160.26 40.2 40.68  545.6

Standard travel [mm)]

Compression test

Al11A Al1B

60000 60000

50000 f\
40000

A

40000

30000 / \\ 20000 \\
0o/

20000 \
0 2 4 6 8

Standard force [N]
Standard force [N]

N
10000
o

-10000 O 2 6 -20000
Standard travel [mm)] Standard travel [mm)]

Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,95 4,40 47,98 55,96 29,98 34,97
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Al12

Bending test

Specimen size [mm] Weight [g]
Alz 160.46 40.55 40.4 547.19
— 2000
E' £LUVUU
3 1500
2 1000 ,/
z 500 /]
g \
n 0
05 £50 0 0,5 1
Standard travel [mm]
Compression test
Al12A A12B

— 50000 —
z A = N\
) 40000 .’ \ o 40000
S 30000 £ \
% J \'\_ S \
2 10000 2 e
s S 0
@ 0 ‘ [ & ) 2 4 6 3

-10000 O 2 6 3 -20000

Standard travel [mm] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,00 4,53 47,93 56,02 29,95 35,01
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Al13

Bending test

Specimen size [mm] Weight [g]
Al3 160.73 40.73 40.58  539.69

Z 2000

8 1500 -~

2 11000 '/

E |nfa¥a) /

'g JUU /

® - e

; 1V

-0,2500 0,2 04 06

Standard travel [mm]
Compression test
Al13A Al3B
50000 50000

Z 40000 [“\ Z 40000 f'\\

8 30000 N g 30000 \

L o

5 20000 ] \ .g 20000 1{ L

‘é_‘ 10000 f\ < 10000 =

S 0 S 0

m L m - ~

-10000 © 5 1 -10000 © 2 4 b6
Standard travel [mm] Standard travel [mm]

Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] o2 [MPa]

1,98 4,43 44,32 45,21 27,70 28,26
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Al4

Bending test

Specimen size [mm] Weight [g]
Al4
160.39 40.57 40.49  539.09
2500

= 2000 /

8 1500 /

(2]

= 1000 /

5 s00 yd

& -

& 0

Standard travel [mm]
Compression test
Al14A1 A14B
60000

Z . = 60000

2 20000 S

3 I\ 5 20000 7\

2 0 S 0 —

= ) 5 10 & ;

© 20000 ? A 20000 ° ? b P

Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,96 4,43 44,11 44,72 27,57 27,95
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A15

Bending test

Specimen size [mm] Weight [g]
Al5 160.95 40.24 40.46  534.74
2500
= 2000 /
8 1500 /
o
% 1000
5 500 //
c
& 0 ——!/
Standard travel [mm)]
Compression test
Al15B
A15A
50000
60000 _ A
'y’ 40000 f‘\ 8 30000 A
o L
%5 20000 I\ < 20000 J' \
s S 10000 \
T S c | N
§ 0 s
& 5 10 n |
-20000 ~10000 10
Standard travel [mm)] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,97 4,48 45,51 44,12 28,44 27,57
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A16

Bending test

Specimen size [mm] Weight [g]
Al6 160.33 39.77 40.34  538.78
2500
z 2000 /
8 1500 /
o
% 1000
5 500 //
c / \
g 0 B—
500 0 0,5
Standard travel [mm)]
Compression test
Al16A A16B
50000 60000
z 40000 In\ 'E‘
8 30000 \ g 40000 \
L o
. 20000 \ 5 20000 ) \{
B 10000 o\ ke =
S 0 —2 & 0
& ] b 0 2 il 3 3
10000 4 -20000
Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,95 4,53 46,23 53,30 28,90 33,31
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Al17

Bending test

Specimen size [mm] Weight [g]
Al17 160.75 40.67 40.44 542.54
z 2000
8 1500
2 1000 /
§ [afa¥al //
JUU
& ,./
& 0
05 £50 0 05
Standard travel [mm)]
Compression test
Al7A Al7B
50000 60000
= 40000 A = 50000 n
o [ \ ‘o 40000
8 30000 S {\
S )' \ S 30000
20000 \ T 20000 { N\
g 2T S
g 10000 2 10000 SN
© ©
& 0 & 0
-10000 © 2 4 b ¢ -10000 © 2 b 8
Standard travel [mm] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,06 4,65 46,65 48,85 29,16 30,53
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A18

Bending test

Specimen size [mm] Weight [g]
Al8 159.95 40 40.67  542.4
= 2000
8 1500 /
':é 1000 /
o] 1UUU
= P
R 500
5 -~
& 0
-0,5 500 D 0,5 1
Standard travel [mm)]
Compression test
Al18A Al18B
60000 60000
A Y
z 50000 ,[\ g 50000 [\
) 40000 ]' \ g 40000 \
S 30000 \ S 30000 \
£ 20000 \ £ 20000 \
S ° J \ o~
5 10000 i N & 10000 C -
) 0 wv 0
-10000 © 6 -10000 © 3
Standard travel [mm)] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,07 4,70 52,53 51,04 32,83 31,90
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A19

Bending test

Specimen size [mm] Weight [g]
Al9 160.51  40.22 40.53  544.38
2500
= 2000 /
8 1500
Lo
. 1000
(1]
© 500
c
g2 0 /
500 0 0,5 1
Standard travel [mm)]
Compression test
A19A1 A19B
50000 50000
— f\
= 40000 f \ T 40000 N
o o
% 20000 2 50000 by |
5 \ -?5 )' \._/'/
B 10000 —— S 10000
c
& 0 = 0
-10000 © 2 4 6 3 ~10000 2 4 6
Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,07 4,70 46,21 46,23 28,88 28,89
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A20

Bending test

Specimen size [mm] Weight [g]
A20 159.91  41.16 40.55  550.82
2000
Z. 1500 /
g /
::_': 1000 7
< J/
5 500 /
-]
B o= *
(%]
500 0 0,5
Standard travel [mm)]
Compression test
A20A A20B
60000 60000
Z 50000 A = 50000 f‘\
8 40000 \ g 40000 \
S 30000 \ S 30000
T 20000 \ T 20000 \_
2 10000 - S 10000 — S
g < ~
) 0 & 0
-10000 O 2 4 6 -10000 O ) A 5
Standard travel [mm)] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,87 4,15 47,78 53,78 29,86 33,61
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A21

Bending test

Specimen size [mm] Weight [g]
A21 159.93 39.39 40.76  530.3
2000
Z 1500 /]
3
§ 1000
£ 500
1]
T P
3 0
@ 0 0,5 1
-50
Standard travel [mm]
Compression test
A21A A21B
50000 50000
= 40000 ‘\ 40000 {“\
g 30000 8 30000
2 20000 J \ 2 %0000 j \\
g I\ 2 / ~N\
T 10000 ! N © 10000 i X
& &
& 0 & 0
10000 0] 2 4 6 8 40000 0 2 4 6 3
Standard travel [mm)] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,85 4,23 40,82 42,84 25,51 26,77
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A22

Bending test

Specimen size [mm] Weight [g]
AZZ 160.16 40.63 40.54 536.98

2500
z 2000
8 1500
5 /
% 1000
E o0 /

> o
c
E oo —
500 0,5
Standard travel [mm]
Compression test
A22A A22B2

50000 50000
Z,A0000 A = 40000 A
S 30000 i! \ S 30000
-E ZUU0UUU ] \ -E \
3 10000 / —— S 10000 —
c c JJ "
g o 2 0
wv w

-30000 2 4 -10000 2 4 :

Standard travel [mm)] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,01 4,52 41,74 45,00 26,09 28,12
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A23

Bending test

Specimen size [mm] Weight [g]
A23 160.17 40.64 40.43 544.28
2000
Z 1500 /]
g /
:§ 1000
T
_¢§ 500
g 0 L
[7,]
0 0,5 1
-500
Standard travel [mm]
Compression test
A23A A23B
50000
60000
= 40000 N —
= 2
5 20000 i \ 2 20000 N
S 10000 | R N s N
g T 5 0
n ) | & 0 ) 4 6 3
-10000 24 6 8 -20000
Standard travel [mm)] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,73 3,90 40,98 48,89 25,61 30,56
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A24

Bending test

Specimen size [mm] Weight [g]
A24 160.28 39.58 40.76  533.55

2500
= 2000 /
8 1500
o /
%5 1000 /
£ 500 /
S P L
& 0

Standard travel [mm)]
Compression test
A24A1 A24B

60000 60000
z A z
o 40000 f o 40000
2 S
2 20000 “ \ 2 20000 ) \
T el
] ){ \ & / \\‘_
e P ol e
c 0 c 0
(1] ©
& 0] 2 4 ) 8 b 0 2 4 6 3

-20000 -20000

Standard travel [mm)] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,04 4,66 49,67 48,66 31,04 30,41
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A25

Bending test

Specimen size [mm] Weight [g]
A25 160.21 39.83 40.61  533.23
2500
z 2000
3 1500
o /
£ 1000
& w00 /
g -
& 0
500 © 05
Standard travel [mm)]
Compression test
A25A A25B
50000 50000
__ 40000 ,f\ __ 40000
3 \ z
@ 30000 g 30000
g \ :
= 20000 3 20000 \
(1] [}
] N o
c 10000 c 10000 7
(] ©
0 0
2 4 6 0 2 4 6 3
-10000 -10000
Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,06 4,69 46,13 47,59 28,83 29,74
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A26

Bending test

Specimen size [mm] Weight [g]
A26 160.2 39.74 40.44  532.21
2500
z 2000
8 1500
5 /
%5 1000 /
S 500 7
& <
b 0 —/—
500 0 0,5 1 15
Standard travel [mm)]
Compression test
A26A A26B
50000 50000
8 30000 \ 'Y 30000 / \\
L o
o 20000 J \ % 20000 \
© o &
"% 10000 ] S 'g 10000 I N e
) ] i ad
) 0 B 0
10000 &2 4 6 8 0000 &2 4 6 8
Standard travel [mm)] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,05 4,72 44,30 42,01 27,69 26,26 2,05
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A27

Bending test

Specimen size [mm] Weight [g]
A27 159.97 40.01 40.46 539.85
=z 2000
8 1500 /
g /
o] 1UUU
L 500 //
§ fa _//
[7) \v}
05 500 0,5 1
Standard travel [mm)]
Compression test
A27A A27B1

50000 60000
S 40000 A\ Z 0000 Al
- | \ g 40000
8 30000 o [\
5 \ 8 30000 \
B 20000 ]' \ T 20000
5 s \
S 10000 £ ee——— € 10000 ,J S
g 0 & 0

-10000 2 4 8 -10000 0 2 | 6 8

Standard travel [mm)] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,92 4,40 43,56 50,39 27,23 31,49
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A28

Bending test

Specimen size [mm] Weight [g]
A28 160.01  39.85 40.52 52521
2500
z 2000 /
8 1500
o
% 1000
B 500 //
A 07
500 0 0,5 |
Standard travel [mm]
Compression test
A28A A28B1
60000 50000
— — n
= 50000 N Z 40000 \
g 40000 \ 8 30000
£ 30 \ £ 50000 [\
T 20000 2 ]‘ \
3 \ S 10000
A 0 & 0
-10000 D ) ] 6 3 -10000 0 2 4 6 8
Standard travel [mm)] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,03 4,65 48,49 45,07 30,30 28,17
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A29

Bending test

Specimen size [mm] Weight [g]
A29 160.26 39.98 40.58 532.41
2500
z 2000 /
8 1500
5 yd
% 1000 7
'§ 500 /
c
(]
& 0 e \
500 0 0,5
Standard travel [mm]
Compression test
A29A A29B
50000 60000
= 40000 ﬁ\ = 50000 “\
8 30000 \ g 4000 \
o o 30000
= 20000 e !\
% oo L\ S )
< — € 10000 /
0000 &2 4 6 -10000 O 6
Standard travel [mm)] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,91 4,36 46,37 51,81 28,98 32,38
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A30

Bending test

Specimen size [mm] Weight [g]
A30 160.25 40.6 40.38 542.46
2000
Z 1500 /
8 /
:§ 1000
g 500
(1]
2 i
] 0 ==
(%]
0 0,5 1
-500
Standard travel [mm)]
Compression test
A30A A30B
60000 50000
— 50000 — 40000 A
2 A 2 I\
o 40000 l \ @ 30000
[S) (8]
5 30000 \ & Loom0 f \
T 20000 \ =
T T 10000 ¥
£ 10000 P S
© ~0 ]
& o’ a 0 /J
J - ) £ 6
-10000 2 4 -10000 2 : t ? ?
Standard travel [mm] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,84 4,16 50,18 45,76 31,36 28,60
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Campione B — Carbon

Quisonoriportatetutte le provefatte duranteiltest #3

In alcuni casi ci sono proviche sono statirifatti per problemi tecnici, questi sono

nominati conilnome successivo al corrispettivo.

Bl

Bending test

Specimen size [mm] Weight [g]
Bl 160.37 39.87 40.48 525.84
2500
z 2000
8 1500
s A
% 1000
5 )y
3 500
(1] / By
& 0
500 0 0,2 0,4 0,6 0,8
Standard travel [mm)]
Compression test
B1Al B1B
60000 50000
z Z 40000 A
ot n —
40000
g / \ g 30000 l! \
S 20000 \ % 20000 ]
3 ‘/ N S 10000 i N
c 0 < g
5 A S5 0 -
@ 0] 2 4 6 8 @ |
-20000 -10000 O L . 6 3
Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,05 4,71 45,67 43,79 28,54 27,37
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B2

Bending test

Specimen size [mm] Weight [g]
BZ 160.4 41.11 40.66 531.83
2500
g 2000 /]
8 1500
o
. 1000 /
1]
< 500
% a/ \
& 0
-500 05 1,5
Standard travel [mm)]
Compression test
B2A B2B
50000 ﬂ 50000 ﬂ
40000 = 40000
& 30000 ,[[ \ g 30000 l" \\
o o
% 20000 I %S 20000 f
S 10000 Fi S 10000 ]
© (] Jp-f
&0 & 0
fooo0 0 2 4 6 d -10000 2 e g 8
Standard travel [mm] Standard travel [mm]
max o flex a o} a o} a
P [kN] flex [MPa] F1 [kN] F2 [kN] 1 [MPa] 2 [MPa]
2,10 4,64 47,50 47,57 29,69 29,73
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B3

Bending test

Specimen size [mm] Weight [g]
B3 160.53 40.76 40.49 536.94
2500
z 2000
3 1500
‘§ 1000
o o
5 P
TS 500 ,,
g = X
& 0
500 ( 0,2 0,4 0,6 0,8
Standard travel [mm]
Compression test
B3A B3B
60000 50000
Z Z A
» 40000 A < 40000 i\
S / £ 30000 i\
< 20000 / S 20000 I
3 s S 10000 7
g 0 S o
a 0] 2 4 6 8 & 10000 O ) £ 3
-20000 - = y o
Standard travel [mm] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,96 4,40 48,36 43,25 30,23 27,03

150




B4

Bending test

Specimen size [mm] Weight [g]
B4 160.55 41.02 40.32  543.67
2500
z 2000
8 1500
S /
5 1000 e
g /1
© 500
8 \
b 0
500 0 0,5
Standard travel [mm)]
Compression test
B4A B4B
—, 60000 ., 60000
£ =3
g 40000 A g 40000 A
§_ 20000 [\ ‘§ 20000 /
T 0o —~ g 0
© L L
a2 § 1 & 2 q ¢ 3
& 20000 d % 20000 P
Standard travel [mm] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,02 4,55 47,68 43,03 29,80 26,90
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B5

Bending test

Specimen size [mm] Weight [g]
B5 160.77  39.66  40.84 52537
2500
Z 2000 //
8 1500
[]
% 1000
-‘E 500
& /
b 0 ==
500 0 0,5 |
Standard travel [mm]
Compression test
B5A B5B
50000 50000
= 40000 I"\\ = 40000 |'n\
8 30000 ] 8 30000 ][ \
(2] ]
5 20000 ,, % 20000 !
T &
10000
s~ 3 A
& 0 — & 0
-10000 P4 68 -10000 > 10
Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,13 4,84 44,11 46,33 27,57 28,95
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B6

Bending test

Specimen size [mm] Weight [g]
B6 160.9 39.99 40.84  535.17

=’ 2000

8 11500 /

‘§ 1000 /

o] 1UUU

S| o0 P

& . ,.--/

& 0

-0.2500 02 04 06 08

Standard travel [mm)]
Compression test
B6A B6B
z z
g 40000 f\ g 40000 A\
§_ 20000 5 /
o \ 5 20000
s 0 = 0
) ) ) 4 6 8 & 0 ) 4 6 3
-20000 -20000
Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,01 4,51 48,90 48,13 30,56 30,08
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B7

Bending test

Specimen size [mm] Weight [g]
B7 160.48 40.15 40.66 527.48
2500
= 2000
8 1500
5 /
. 1000 /
3 500 /
s - \
“ [
Standard travel [mm]
Compression test
B7A2 B7B
50000 50000
= 40000 l"l\ = 40000 /ﬂ\
8 30000 I g 30000 ,,
(=] (=]
% 20000 I\ S 20000 !
S 10000 —— S 10000 J—
© ©
& 0 & 0
10000 © 2 4 6 8 10000 9 ] 4 6 3
Standard travel [mm] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,02 4,57 44,33 42,19 27,71 26,37
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B8

Bending test

Specimen size [mm] Weight [g]
B8 160.32 39.55 40.44 523.3
2500
g 2000
8 1500
k5 /
o 1000 /
3 500 ,
& _____."/
& 0
Standard travel [mm]
Compression test
B8A B8B
50000 50000 ﬁ
g 40000 I \ z 40000 ! \
g 30000 [ 8 30000 ] \
(2] (]
5 20000 % 20000 \
'§ 10000 ] '§ 10000 l \
& 0 —~ & 0 "‘
10000 0] 2 4 6 8 -10000 D 2 4 6 8
Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,00 4,65 46,10 47,41 28,81 29,63

155



B9

Bending test

Specimen size [mm] Weight [g]
Bg 160.26 40.01 40.66  536.72

2500
z 2000 )‘
8 1500
5 /
5 1000 7
'§ 500 /
g P .
b 0 =t

500 0 0,2 0,4 0,6 0,8

Standard travel [mm)]
Compression test
B9A B9B

60000 60000
z A z
g 40000 3 40000 A
'§ 20000 :c:: 20000
° RN ° \
5 J | T S / M
% 0 el -g 0 ey
& ) 2 4 6 3 A 0 2 4 6 3

-20000 -20000

Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,97 4,48 46,19 51,28 28,87 32,05
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B10

Bending test

Specimen size [mm] Weight [g]
Blo 160.15 40.14 40.64  535.08

2000
Z 1500 /]
g /
‘§ 1000
= 500 /
(1}
©
§ 0 —E-/ s

0,5 1
-500
Standard travel [mm)]
Compression test
B10A1 B10B

60000 __ 60000
z = A\
g 40000 f\\ g 40000 ] \
& 0000 / \ 2 20000
2 AN - P ]\ -
[1°}
° 0 - 1 -g 0 A
= 2 4 6 8 & g 5 10

-20000 -20000

Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,83 4,14 50,34 48,48 31,46 30,30
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B11

Bending test

Specimen size [mm] Weight [g]
B11l 160.06 39.69 40.62  528.56
2500
= 2000
8 1500
5 /
o 1000
S 500
c
2 —
& 0
Standard travel [mm)]
Compression test
B11A B11B
50000 60000
= 40000 N = 50000 n
M f \ 2 40000
o 30000 o ,'
5 ,l \ S 30000 /
S 20000 \ T 20000 / \\
© -]
T 10000 7 e € 10000 ] -
© e
& 0 - n 0
-10000 0] 2 4 6 o] -10000 © D 6 ]
Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,03 4,66 45,12 48,12 28,20 30,08
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B12

Bending test

Specimen size [mm] Weight [g]
B12 160.12 40.1 40.55 531.91

2500
g 2000
8 1500
5 /
%5 1000
5 /
< 500
& .
& 0

-500 05

Standard travel [mm)]
Compression test
B12A1l B12B

— 60000 60000
£ Z
g 40000 f\\ @ 40000 ‘(\\
2 / \ S / \
o 20000 { \ < 20000 f \
© S Py &
s &
& 0] 3 4 6 b 0] 2 4 6 3

-20000 -20000

Standard travel [mm)] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,98 4,50 48,85 49,27 30,53 30,79
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B13

Bending test

313 Specimen size [mm] Weight [g]
160.46 39.9 40.93 535.81
2500
g 2000
8 1500 /]
k5 /
. 1000
1]
- 500
§ 0 /
(%]
Standard travel [mm)]
Compression test
B13A B13B
50000 50000
z 40000 P\ z 40000 jn\
8 30000 |' \ 8 30000 ’ \
o ]
% 20000 RN % 20000 \
© © A
T 10000 ,j T 10000 jf AN
(] ©
& 0 &a 0
-10000 > 10 -10000 > 10
Standard travel [mm)] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,91 4,28 47,33 44,87 29,58 28,04
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B14

Bending test

Specimen size [mm] Weight [g]
B14 16048 407 406 54644
2500
z 2000 /’
8 1500 /
o
“.é 1000 /
3 500 ”
c
g 0 / \
500 0 05 1
Standard travel [mm]
Compression test
B14A B14B1
60000 60000
=z Z
& 40000 /‘n‘\ g 40000 l‘(\
(&]
o o
5 20000 N\ %S 20000 J \\
: [ || & y
© T
c 0 c 0
© ©
& ) ) 4 5 8 & 0 2 4 6 3
-20000 -20000
Standard travel [mm)] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,05 4,59 48,28 51,01 30,18 31,88
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B15

Bending test

Specimen size [mm] Weight [g]
B15 160.34 41.26 40.66 552.6

2000
Z 1500 /]
g /
§ 1000
£ s00 ‘/
(1]
-]
g i‘-/ >
(%]

0,5 1
-500
Standard travel [mm)]
Compression test
B15A1 B15B

60000 60000
=z Z
o 40000 A\ E 40000 ‘(\
[S)
& 20000 / \ g 20000 / \\
el T
£ 0 = 0 -
A 0] 2 4 6 3 &a 0] 2 4 6 3

-20000 -20000

Standard travel [mm] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,84 4,04 52,13 50,25 32,58 31,41
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B16

Bending test

Specimen size [mm] Weight [g]
B16 160.43 39.65 41.05 527.26
2500
z 2000 /
8 1500
L
% 1000
"3 500
& pd
A 0
500 0 0,2 04 0,6
Standard travel [mm]
Compression test
B16A B16B
50000 60000
z A z
5 000 A g 40000 A
g 30000 ,| \ g / \
S 20000 I\ 5 20000 / \
S 10000 < ]
c ,J' s 0
© 0 + L
b | ") 2 4 6 8
-10000 5 1 -20000
Standard travel [mm)] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,07 4,65 42,79 48,07 26,74 30,05

163



B17

Bending test

B17 Specimen size [mm] Weight [g]
160.66 40.08 40.68 529.84
2500
z 2000 /
8 1500 /
o
% 1000
-‘§ 500 ‘/
& e \
& 0 =
500 9 0,5 1
Standard travel [mm)]
Compression test
B17A1 B178
60000 50000
z A Z 40000
g 40000 / 3 30000 f/\
o ]
% 20000 / % 20000 N
3 3 10000 \E?"—
e 0 c J
3 s 0 s
n 0] 2 4 6 3 ] ] |
-20000 -10000 2 4 3
Standard travel [mm)] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,08 4,71 46,44 40,29 29,02 25,18
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B18

Bending test

Specimen size [mm] Weight [g]
B18 160.36 40.04 40.89  533.69

2000
Z 1500 /
3 /
é 1000
£ 500 /
1]
T e
5 0 -
@ 0 0,5 ]

-500

Standard travel [mm]
Compression test
B18A B18B

60000 60000
= Z
& 40000 A & 40000 A
< 2
2 20000 / \ € 50000 / \
% J | /N
° N—T ° 7
c 0 c 0
© ]
& ) 2 4 6 8 &5 0 2 4 6 3

-20000 -20000

Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,89 4,22 46,07 46,56 28,79 29,10
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B19

Bending test

Specimen size [mm] Weight [g]
B19 160.3 40.72 40.8  541.59
2500
z 2000 /
8 1500
5 /
. 1000 /
B 500 7
8 __,...-""' \
& 0
500 0 0,5 1 1,5
Standard travel [mm)]
Compression test
B19A B19B
50000 60000
Z. 40000 A z A\
= i\ = 40000
8 30000 A\ 8 / \
o []
S 20000 S 20000 L
-‘é 10000 — .‘,: . ——
© ©
& 0 _ I & 0 2 4 6 3
-10000 2 4 -20000
Standard travel [mm] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,91 4,22 45,42 49,72 28,39 31,08
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B20

Bending test

Specimen size [mm] Weight [g]
B20 160.49 39.65 40.68  521.55

2500
z 2000 /
3 1500
5 /
. 1000 /
(1]
° 500 /
5 0 — b
[7,]

500 0 0,5 1 1,5

Standard travel [mm]
Compression test
B20A1l B20B

50000 60000
Z 40000 A Z
8 30000 /\ g 40000 /ﬂ\
S o
T 20000 | \\ S 20000 /
[0}
$ 10000 e 3 0 —=
5 0 8 L
& I & ) ) 4 6 3

-10000 © . 4 6 -20000

Standard travel [mm] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,91 4,38 43,56 45,45 27,23 28,41
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B21

Bending test

Specimen size [mm] Weight [g]
BZ]‘ 160.95 40.06 40.77 529.99

2500
z 2000
8 1500
5 /
o 1000 /
1]
° 500 /
g O ___._,_--"" \

500 ¢ 0,5 1

Standard travel [mm]
Compression test
B21A1l B21B
., 60000 _ 60000
2 2
g 40000 A g 40000 A\
:c'_: 20000 \ ‘§ 20000 \
=] S ©
s Vi ~ & J N~
c c 0
S )2 4 ; 3 ) 2 4 6 8
“ 20000 ' “ 20000 i
Standard travel [mm)] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,04 4,61 48,28 46,84 30,18 29,28
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B22

Bending test

Specimen size [mm] Weight [g]
B22 160.18 39.86 40.43  530.65
2500
Z 2000 /
8 1500
k5 /
© 1000
(1]
° 500
& \
b 0
500 O 0,5 1
Standard travel [mm]
Compression test
B22A1l B22B
. 60000 _ 60000
Z Z
g 40000 A ‘g’ 40000 A
5 [\ : [\
"-5 20000 \ "-5 20000 ] N
& A &
c c
2 ) 2 4 6 8 2 ) 2 4 6 3
“ 20000 ' “ 20000 [
Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,97 4,53 49,52 48,75 30,95 30,47
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B23

Bending test

Specimen size [mm] Weight [g]
BZ3 160.33 39.85 40.57 528.75
2500

z 2000 /‘

8 1500 /

o

".é 1000 /

3 500

& \

(]

& 0 —_

500 © 0,5 1 1,5
Standard travel [mm]
Compression test
B23Al B23B

__ 60000 __ 60000

2 2

‘@ 40000 A ‘@ 40000 A\

2 o

§_ 20000 / \ 2 20000 / \

o] | \ T N

S w ~ ] \“-\

= 0 2 0

2 ) ) 4 6 8 2 ) 2 4 3 3
“ 20000 ' -20000

Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,11 4,83 49,17 48,87 30,73 30,54
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B24

Bending test

Specimen size [mm] Weight [g]
B24 160.23  39.89 4067 531.99
2000
Z 1500 /]
8 /
§ 1000
Rl
s 500
E \
5 0 ———
(%]
0 0,5
-500
Standard travel [mm]
Compression test
B24A B24B
60000 60000
z =
g 40000 A T 40000 N
: : [\
o 20000 ; W - "-5 20000 Ay
- IS B : —~
g 0 5 O
2] 0] 2 4 6 & D 2 4 6 3
-20000 -20000
Standard travel [mm)] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,60 3,63 45,62 48,85 28,51 30,53
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B25

Bending test

Specimen size [mm] Weight [g]
BZS 160.98 39.99 40.57 531.58

2500
Z 2000
8 1500 //
o
% 1000
] /
& o
& 0

-500 05

Standard travel [mm)]
Compression test
B25A B25B
. 60000 — 60000
£ £
g 40000 N\ 3 40000 A
: [\ : I\
S 20000 s 20000
© A & ){
© o N
5 5 °
& 2 4 6 &5 0 5 0
® 20000 P T 20000 )
Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,94 4,42 44,99 47,67 28,12 29,79
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B26

Bending test

Specimen size [mm] Weight [g]
BZG 160.36 40.15 40.8 533.79
2500

Z 2000

3 1500

5 /

% 1000

5 w0 /

& e \

& 0 —

500 9 05 |
Standard travel [mm)]
Compression test
B26A B26B

60000 . 60000

= =

3 40000 N 3 40000 N

':é pYaYalaTal / \ é 20000 / \

o LUVUUU b o] g A

© \ = w N

-] 0 o 0

& &

2-D 0 2 4 ) 8 & 0 2 4 6 3
9 50000 P “ 20000 P

Standard travel [mm)] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,99 4,46 47,09 45,17 29,43 28,23
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B27

Bending test

Specimen size [mm] Weight [g]
B27 160.66 39.88 40.74 527.14
2500
g 2000 /
8 1500 /
o
£ 1000
"E 500 /
5 -~ \
b 0 =
Standard travel [mm]
Compression test
B27A B27B
., 60000 60000
z z
g 40000 N\ 2 40000 A
: [\ : A
- 20000 < 20000 F—\C
E “""H‘/ a _'J b ——
e 0 2 0
g g
& 0] 2 i ) 8 = 0] 2 4 6 3
® 20000 P “ 20000 P
Standard travel [mm)] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,07 4,70 45,49 44,23 28,43 27,64
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B28

Bending test

Specimen size [mm] Weight [g]
B28 160.19  40.04 4041 5325
2500
g 2000
8 1500
S /
% 1000 /
B8 500 /
g 0 -E-"’ \
-500 0>
Standard travel [mm)]
Compression test
B28A B28B
60000 50000
—_ ) A
2 Z 40000
& 40000 A 3 I\
8 / \ 8 30000 \
o []
S 20000 BN % 20000 I\
(] 1]
3 , /—“ § 10000 7 < —
S S 0
& 2 4 6 &a I
-20000 -10000 O ; 4 5
Standard travel [mm)] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,03 4,66 50,32 45,29 31,45 28,31
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B29

Bending test

Specimen size [mm] Weight [g]
B29 160.5 39.5 40.22  529.23
2000
Z 1500 /
g /
é 1000 /-
£ 500 /
-]
g D
3 0
(%]
0 0,5 1
-500
Standard travel [mm]
Compression test
B29A B29B1
60000 60000
=z Z
& 40000 A o 40000 A\
2 S
E Al S oo -\
S 20000 N S N\
ks P B k:
£ 0 g 0
& 0] 2 4 6 3 & 0] 2 4 6 3
-20000 -20000
Standard travel [mm)] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,87 4,39 48,72 49,23 30,45 30,77
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B30

Bending test

Specimen size [mm] Weight [g]
330 160 40 40.35 535.69
2500
z 2000 /
8 1500
o /
% 1000
5 500 ,./
& 4_/"’
a3 0
Standard travel [mm]
Compression test
B30A B30B
. 60000 = 60000
Z S
g 40000 N\ g 40000 A
5 /\ 5 /\
- 7 E
3 0 +— g 0
© L © -
a2 0] 2 4 ¢ 8 & 0] 2 4 ]
& 20000 P “ 20000 P
Standard travel [mm] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,95 4,49 48,26 49,34 30,16 30,84
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CampioneC - Fiber

Quisonoriportatetuttele provefatteduranteil test #3

In alcuni casi ci sono proviche sono statirifatti per problemi tecnici, questi sono
nominati conilnome successivo al corrispettivo.

C1

Bending test

C]_ Specimen size [mm] Weight [g]
159.9 41.18 40.54 557.65

2500
Z 2000
8 1500
5 |
. 1000 "
-‘é 500

R

©
& 0 _

-500 2 4

Standard travel [mm)]
Compression test
Cl1A CiB

60000 60000
2 2
g 40000 ‘r \ g 40000 /\ \
$ 20000 / \ $ 20000 I \
o N o ~~
2 0 e 0
2 Yy 2 4 6 2 ) ) 4 5

-20000 -20000

Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,02 4,49 51,54 56,70 32,21 35,44
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Cc2

Bending test

Specimen size [mm] Weight [g]
C2 16028 4092 4091 548.78

2500
z 2000 A“
8 1500 !
L
o 1000 I,
1]
© 500 —
% .““"""'-q_
b 0

500 0 2 4 6 3

Standard travel [mm]
Compression test
C2A C2B

60000 60000
z z
'é' 40000 /f \\ g 40000 [\ \
5 8 / \
. 20000 / ~ -g 20000 7 ~—
(1]
- 0 = 0
b ) ) 4 6 & ) ) 4 6

-20000 -20000

Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]

2,11 4,62 52,81 52,24 33,00 32,65
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c3

Bending test

Specimen size [mm] Weight [g]
C3 160.15 41.49 40.84  551.27
2000
£. 1500
8
5 1000
S w0 ]
% H"""'---._,__
c
8 0
[7,] L
-500 0 2 4 6 3
Standard travel [mm]
Compression test
C3A C3B
. 60000 60000
= z
g 40000 AN ‘g’ 40000 A\
£ AN : /
- 20000 1 N~ “.5 20000 £
] &
i 0 2 0
© ©
& 0] 2 4 6 & 0 2 4 6 3
-20000 -20000
Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,72 3,72 51,71 49,64 32,32 31,02
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c4

Bending test

Specimen size [mm] Weight [g]
C4 160.28 40.28 40.34 548.4

2500
z 2000
8 1500
2 1000
E oo [T
© 500 ~——
% “-‘_‘_‘_"‘—i—
& 0

_500 O 2 4 b

Standard travel [mm)]
Compression test
C4A c4B

60000 60000
z z
'g 40000 /\ N\ 'g 40000 p \
£ 0000 / \ £ 0000 / \‘
o b o] I 4 ——
E —/—— | || &
& 0 & 0
& 0] 2 il b 0] 2 4 6

-20000 -20000

Standard travel [mm)] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,01 4,59 53,82 55,54 33,64 34,71
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C5

Bending test

c5 Specimen size [mm] Weight [g]
160.5 40.33 40.81 549.92

2500
Z 2000
8 1500
s f
5 1000 N
© e
- 500 =
c ——
5 0
(%]

-500 D 2 4 5

Standard travel [mm)]
Compression test
C5A C5B

60000 60000
z z
‘g’ 40000 N g 40000 /N
S / \ ‘§ / \
S 20000 ~—— S 20000 / ~—
(] 1]
2 0 e 0
g 2 4 b 0] 2 4 6

-20000 -20000

Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,14 4,78 49,85 55,19 31,16 34,49
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C6

Bending test

Specimen size [mm] Weight [g]
C6 160.88 40.3 40.82  549.98
2500
z 2000
3 1500
o
= 1000 ™N
]
T 500
(]
& o
500 © 5 10
Standard travel [mm)]
Compression test
C6A C6B
—, 60000 60000
2 —_
= 2
8 40000 /’P \\ ‘g 40000 /f \\
o _
w ]
3 5
g 0 E 0
@ 0 2 4 6 8 ) 0 2 4 6 3
-20000
Standard travel [mm)] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,10 4,69 52,41 54,22 32,75 33,89
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Cc7

Bending test

Specimen size [mm] Weight [g]
c7 15075 3944 1044 543.62
2500
g 2000
8 1500
S N
% 1000
§ s00 AN
P
§ T
& 0
500 0 5 10
Standard travel [mm)]
Compression test
C7A Cc7B
. 60000 __ 60000
z A z
o 40000 \ o 40000 /\
L S
: / £ /N
S 20000 { - 20000 ¥ ~—
] &
2 0 2 0
(1] ©
& 0] 2 il 6 3 & 0] 4 6
-20000 -20000
Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,04 4,75 56,97 55,46 35,61 34,66
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C8

Bending test

Specimen size [mm] Weight [g]
C8 160.37 39.67 40.31 548.35
z 2000
81500 J
':é 1000 I
-E 1UUU !
© [=fa¥al “““\
"% JUU \\_“-
& 0
2 550 0 2 4 6
Standard travel [mm]
Compression test
C8A C8B
60000 80000
= =
& 40000 N\ < 60000 /\
o 2 N,
$ LN § 40000
% 20000 — bt /
5 £ 20000 ]
T -]
& 0 & 0
& ) 2 4 6 & ) ) A 5
L o}
-20000 -20000
Standard travel [mm)] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,95 4,53 51,93 59,02 32,46 36,89
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9

Bending test

Specimen size [mm] Weight [g]
C9 159.61 40.55 40.16  553.55
z 2000
8 1500
(=]
5 1000 "™
-‘E OO0 \
g TN——
& 0
Standard travel [mm)]
Compression test
CoA CoB
__ 80000 . 60000
£ £
5 40000 / \\ S 10000 / \
T 20000 ° f
(1] 1]
20 g 0
i L s ) ) 4 6 3
& 20000 2 4 5 & -20000
Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,07 4,75 59,80 52,39 37,38 32,74
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C10

Bending test

Specimen size [mm] Weight [g]
C10 159.65 40.18 40.38  557.55
z ZOUU
g 2000
S 1500
-u 1000
E 1000
-]
c 500
©
& 0
5 500 5 10
Standard travel [mm)]
Compression test
C10A C10B
80000 80000
= Z
= 60000 = 60000 N\
AN g [N
S 40000 l \ § 40000 ] \
E 20000 7 — B 20000 S
-]
8 0 & 0
n L b L
o000 02 4 6 8 o000 024 6 3
Standard travel [mm] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,46 5,62 57,20 63,27 35,75 39,54
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Ci1

Bending test

Specimen size [mm] Weight [g]
Cll 160.28 40.58 40.24 562.39
2500
z 2000
8 1500
8 fl
% 1000 ! ™
‘é 500
g 0 —
500 0 2 4 6 3
Standard travel [mm)]
Compression test
Cl1A C11B
80000 80000
=z =z
= 60000 = 60000
g ™\ g AN
:§ 40000 / \ .§ 40000 / \
T 20000 —7F T 20000 J —
© T
§ 0 g 0
* 20000 2 * g ” 20000 © ’ 2 g
Standard travel [mm] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,20 5,02 58,56 59,05 36,60 36,90
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C12

Bending test

Specimen size [mm] Weight [g]
C12 159.94 40.63 40.55 562.1
2500
= 2000
8 1500
K]
° 1000 .\\
(C
T 500 a—
© .‘-“""‘—‘ﬁ-_
& 0
500 0 5
Standard travel [mm]
Compression test
C12A C12B
60000 — (80000
z 40000 N\ £ 60000
g / 5 40000 AN
£ 20000 =4 R 1N
o = (ZUUUU
E [}
° 0 20
- ~ (1]
& 200002 2 4 6 HB0000 ) 4 ; )
Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,15 4,83 56,06 58,47 35,04 36,54
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C13

Bending test

Specimen size [mm] Weight [g]
C13 160.08 40.82 40.04  558.96
3000
= 2500 ]
S 1500 i
T 1000 ™
% j_‘-““‘"‘--_
& 0
-500 O 2 4 6
Standard travel [mm]
Compression test
C13A C13B
60000 60000
2 2
‘g’ 40000 AN ‘g’ 40000 !f\ \\
8 / 8 7
5 20000 5 20000
] &
2 0 2 0
© ]
b 0] 2 4 a 0] 2 4 6 8
-20000 -20000
Standard travel [mm)] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,45 5,62 54,82 54,89 34,26 34,30
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Ci4

Bending test

Specimen size [mm] Weight [g]
Ci4 159.93 41.25 40.25 563.55
2000
Z 1500
3
5 1000
£ s00 \\‘..
g S———
3 0
[7,]
0 2 4 6 8
-500
Standard travel [mm)]
Compression test
C14A Ci14B
— 80000 —, 80000
£ 60000 £ 60000
g TAN g FAN
S 40000 71N 5 40000 7 TNC
g 20000 Y, — g 20000 /
2 0 2 0
5 ] . S A
& 20000 © 2 4 > & -20000 O 4 J
Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,71 3,84 60,22 57,72 37,64 36,07
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C15

Bending test

Specimen size [mm] Weight [g]
C15 160.08 41.2 40.07  560.75
2000
Z 1500 I
3
:§ 1000
o |
& 500
©
c N
3 0
(%]
0 2 il 6 3
-500
Standard travel [mm]
Compression test
C15A C15B
80000 60000
z 0000 z N\
- 60000 g 40000 \
5 40000 [\ o / e
< | 5 20000 7
= 20000 5
2 R K 0
s - A ) ) 4 5
c wv
“10 S5n000 O 2 1o -20000
Standard travel [mm] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
1,76 3,99 57,50 52,54 35,94 32,84
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Cle6

Bending test

Specimen size [mm] Weight [g]

Cl6 159.89 39.94 40.41 547.38
= 2000 J
8 1500
5 1000 |
% 1000
5 500 I \\.
% H\‘—‘--—
& 0

-2 500 0 2 4 3 8
Standard travel [mm)]
Compression test
C16A Ci6B
60000 60000
2 2
o o
< 20000 J ~ “.é 20000 ~—T—
(1} (5]
&2 0] 2 4 6 & 0] ) il 6
920000 P “ 20000 P
Standard travel [mm)] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,25 5,17 53,85 53,71 33,66 33,57
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C17

Bending test

Specimen size [mm] Weight [g]
C17 159.62 40.18 40.12 543.21
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° 500 —— N
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-500 D ) 4 3
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& -20000 2 : b A 50000 2 ! >
Standard travel [mm)] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,04 4,72 52,58 55,89 32,86 34,93
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C18

Bending test

Specimen size [mm] Weight [g]
C18 159.62 40.69 40.24  550.87
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§ 2000 f
o 1500 A‘\
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25000 ’ - 5
Standard travel [mm)]
Compression test
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—, 60000 = 60000 ~
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T 0 E 0
] ) L L
S -20000 O 2 2 -20000 O ? 4 J
8 Standard travel [mm] g Standard travel [mm)]
[7,]

Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,54 5,77 47,96 49,84 29,97 31,15
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C19

Bending test

Specimen size [mm] Weight [g]
C19 160.31  39.71 40.16  539.47
—_— o] =Fa'a)
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& -20000 0 2 6 & -20000 -

Standard travel [mm] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,57 6,02 57,94 55,99 36,21 34,99
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C20

Bending test

20 Specimen size [mm] Weight [g]
C 159.8 40.64 40.18 554.48
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Standard travel [mm)]
Compression test
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T 20000 ~ £ 20000 —
T 2 0
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& -20000 4 @ 20000 2 4
Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,28 5,22 65,11 58,54 40,69 36,58
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C21

Bending test

Specimen size [mm] Weight [g]
C21 159.79  40.85 40.39  560.03
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Standard travel [mm)]
Compression test
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Standard travel [mm] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,07 4,65 57,38 56,14 35,86 35,09
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C22

Bending test

Specimen size [mm] Weight [g]
CZZ 159.86 39.94 40.37 547.95
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Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,27 5,22 47,73 49,73 29,83 31,08
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C23

Bending test

C23 Specimen size [mm] Weight [g]
160.2 40.23 40.36  548.15
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Compression test
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Standard travel [mm] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,11 4,83 51,87 45,93 32,42 28,70
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C24

Bending test

Specimen size [mm] Weight [g]
C24 159.82 39.81 40.58 538.05
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Standard travel [mm]

Compression test
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Standard travel [mm] Standard travel [mm]

Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,02 4,63 46,63 43,03 29,15 26,89
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C25

Bending test

Specimen size [mm] Weight [g]
C25 160.07 39.63 40.4 543.34
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8 1500 L \\
(2]
< 1000 \
S 500 ] -
g T~
& 0
500 O ) 4 6 8
Standard travel [mm)]
Compression test
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Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,34 5,44 56,22 53,15 35,14 33,22
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C26

Bending test

Specimen size [mm] Weight [g]
CZG 160.17 40.45 40.51 556.38
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Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,23 5,05 55,06 52,64 34,41 32,90
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Cc27

Bending test

Specimen size [mm] Weight [g]
C27 160.09 40.03 40.42  553.09
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Standard travel [mm] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,23 5,12 60,38 62,58 37,74 39,11
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Cc28

Bending test

C28 Specimen size [mm] Weight [g]
159.38 40.82 40.44 554.7
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0 2 4 6 8
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Compression test
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Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,25 5,05 47,99 51,34 29,99 32,09
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C29

Bending test

Specimen size [mm] Weight [g]
C29 160.02 40.22 40.21 547.4
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Standard travel [mm] Standard travel [mm)]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,24 5,16 53,53 46,33 33,46 28,96
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C30

Bending test

Specimen size [mm] Weight [g]
C30 159.63 39.94 40.21  544.59
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Compression test
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Standard travel [mm] Standard travel [mm]
Pmax [kN] o flex [MPa] F1 [kN] F2 [kN] ol [MPa] 02 [MPa]
2,07 4,81 50,04 51,53 31,28 32,20
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