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Abstract

The durability of eco-efficient, clinker reduced concrete is a key factor for its performance. In the study presented, different durability indicators of a newly
developed eco-concrete composition (ECO) are tested and compared with standard normal concrete as reference (REF). The tested durability indicators
are open porosity, water penetration depth, rate of water absorption by capillarity and two different methods for measuring air permeability (PermeaTORR
AC device versus Testing bubble counter). The ECO mix and in particular its cementitious matrix is designed by a combined filler concept substituting
Portland cement partially by carefully selected limestone fillers of different grain sizes. The approach is based on a combination of particle packing
optimization techniques and the reduction of water demand to achieve a specific flowability of the paste. The cement content is below the limits of actual
descriptive standards while w/c-ratio exceeds such limits. The performance of the eco-concrete in terms of workability and strength is at least equivalent
to the reference normal concrete, while simultaneously the ecological impact indicators such as global warming potential and embodied energy are
substantially improved. Durability indicators overall show nearly equivalent performance of ECO and REF concrete. In detail, the resulting air permeability
coefficient tested with a bubble counter differs significantly from the coefficient determined by PermeaTORR, which is mainly attributed to different
moisture content.

Keywords: Sustainable concrete; Eco-efficiency; Durability testing; Air permeability; Performance specification

with a maximum grain size < 125 pum) taking into account their
environmental impact. At the same time, equivalent
functional performance of an eco-mix compared to normal
concrete has to be considered. Cement clinker — which
represents 95 wt.% of ordinary Portland cement (PC)
according to EN 197-1:2018 and is also the main constituent
of Portland composite cement — is primarily responsible for
GWP and PEt of the paste of normal concrete [1,2]. In an
optimized paste PC with its high GWP and PEt is partly
substituted by properly selected very fine micro-fillers (MF)
and coarser eco-fillers (EF) that have low water demand and
lower environmental impact (Table 2), [9]. Previous studies on
ecological concrete [6] and ultra-high performance concrete
(UHPC) [10] showed that a physical filler effect can be
achieved by a size ratio of smaller particles to larger particles
(i.e. cement, supplementary cementitious materials, fillers)

1 Introduction

In times of climate change increasing attention must be
directed to greenhouse gas emissions (kg CO»-equ., global
warming potential, GWP) and embodied energy (or total
primary energy, PEt) of the most used construction material
worldwide — normal concrete [1], [2]. In respect to durability
of innovative, eco-efficient materials, the specification of test
methods and parameters to prove their performance over
their service life is of prime importance, especially as these do
not comply with existing standards, such as the “eco-
concrete” presented in the paper. The consideration of both
durability performance and environmental impact is the basis
of sustainable concrete [4]. Such investigations were also in
the focus of COST action TU 1404 'Towards the next
generation of standards for service life of cement-based

materials and structures' [3].

The principles of “green concrete” or “ecological concrete”
were pointed out by [1, 2, 4-6]. The general approach of this
study is illustrated in Figure 1 according to [7-9]. The
methodology is based on the optimization of packing density
and the minimization of water demand especially of the
powders that represent the paste (i.e. all granular materials
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dwmie/dijarger particie) < 0.33 with an optimum reached at a ratio =
0.1. MFs practically have an average particle diameter dsg <<
5 um in any case, which is significantly lower than for PC. In
this study, MF and EF are carefully selected limestone
powders. Other possible powders for an eco-optimization are
dolomite, quartz, residuals or secondary cementitious
materials. Secondary raw materials in particular (ground
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granulated blast furnace slag, fly ash etc.) can be utilized
according to the presented method if regionally available, but
are out of the scope of this work.

normal paste

eco-efficient paste

cement
eco filler

interstitial
water

micro filler

interstitial
water

Figure 1. Optimizing paste by using combined fillers: normal paste of
PC and water versus eco-efficient paste with PC and combined fillers
(EF, MF). Eco-paste has enhanced packing density and lower water
demand than normal paste for equal flowability as well as reduced
environmental impact.

An optimized mix of PC/EF/MF according to Figure 1 requires
less water for achieving a specific flowability than normal
paste (mainly of PC). This is due to: (i) packing optimization,
which corresponds to the physical filler effect of MFs and/or
an optimized grain size distribution of all granular materials;
(ii) a significant amount of EF, which has a high sensitivity to
water addition and therefore lowers the water demand
required for a specific flowability of a mix; (iii) addition of
superplasticizers (SP). As SP have a high environmental
impact (Table 2), they must be used sparingly in an eco-
optimization process. With such an optimized mix it would be
possible to lower the total amount of water in the mix and
even the w/cratio (water/cement), a principle that is
successfully applied for UHPC. In our case of eco-concrete, the
paste-mix is more eco-efficient when PC or clinker are partly
substituted with MF and EF. Such eco-pastes typically have a
lower total water content in the mix, but the same or even
higher w/c-ratio as pure PC-pastes as well as decreased w/p-
ratio (water/powder-ratio) at equal flowability and at least
equal strength [9].

Traditional descriptive concepts of actual standards (e.g. EN
206-1:2013 and its national applications) prescribe a
minimum cement content and maximum w/c of concrete,
whereas innovative “eco-concretes” exceed these limits. Eco-
efficient concretes are hampered from being introduced into
practice, due to the lack of performance-oriented
specifications and test methods as components of the
standards. This paper thus specifies durability parameters
tested on standard concrete (REF) as a reference and also a
newly developed eco-concrete (ECO) and attempts to
evaluate their equivalent performance.

2  Materials and mix design
2.1 Materials to design the cementitious matrix

The following properties of powder materials are crucial for a
functional and environmental performance optimization of
the paste, cementitious matrix respectively [9]: (i) particle size

distribution (PSD) including average particle diameter dso (ii)
packing density and (iii) water demand to reach the desired
flowability associated with specific surface area (SSA) as well
as (iv) environmental indicators (GWP and PEt, see Table 2
and chapter 3.3).

PSD was measured in the range of 0.45 um to 875 um (3
repetitions) with a laser diffraction particle size analyzer
(Sympathec HELOS). To provide similar measurement
conditions for all powders, 10 ml of dried powders were
dispersed at a pressure of 2.5 bar. For the conversion of the
diffraction spectra into a volume-based particle size
distribution (of idealized homogeneous spheres) the “Mie-
theory” was applied. The results are presented in Figure 2.

100

: il
70 // // / 52.5N'SR3) |
7 —_— 4
a\; ig / ,'7 l(\l/gﬂlestone) |
S 40 / /,/ ——FF |
30 / /'I/ (limestone) i
20 /l,'l/ ====gco-paste _

PC/EF/MF
10 /// (: 5C<;/25//65) N

0 T
0.1 1.0 10.0 100.0 1000.0

diameter [pm]
Figure 2. PSD of used powders and powder mix for the eco paste.

Parameters regarding the packing density and water demand
as well as the optimum mix-ratio of PC/EF/MF were
determined by a new combination of methods termed “Mi-
S” described in detail in [9]. “Mi-S” stands for a mixing process
(Mi) to measure the wet packing density ®e, of a water-
powder mix combined with a subsequent spread flow test (S).
In the first step, Qexp Was determined by the maximum power
consumption of the mixing device during mixing and
continuous water adding. The maximum power peak occurs
at the maximum shear resistance and represents the water-
saturation point of the powder, which is directly related to the
maximum achievable wet packing density ®ey, according to
Marquardt [11]. In the second step a spread flow test
according to Okamura [13] was carried out. The test allows (i)
the water demand at the onset of flow B, and (ii) the
sensitivity to water addition E, of a water-powder mix to be
determined. The water needed to achieve different spread
flow diameters is thus measured. At several steps during
water addition the volumetric w/p-ratio V../V, is plotted
versus the relative spread flow area I [12] so that a linear
regression line can be drawn, see Figure 3. Their parameters
B, (water demand at the onset of flow) and E, (sensitivity of a
powder to water addition) are characteristic for the material
or powder mix. Table 1 shows all above mentioned properties
of source materials comprised in this study (repeat
determinations). It is worth noting that no superplasticizer
(SP) is used during the entire procedure in our case for the
material characterization.
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Figure 3. characteristic parameters B, (water demand at the onset of
flow) and E; (sensitivity to water addition) of pure PC compared with
eco- paste (PC/EF/MF).

The specific surface area of the powders was determined by
BET-measurements as additional information (ISO 9277,
device used: Micromeritics Flowsorb Il 2300). Results are
given in Table 1.

Table 1. Properties of granular source materials and of optimized
PC/EF/MF mix

Type P dso SSA Deyp Bo E,
(g/em®) (um)  (m%*/g) () () (-)

PC £ REF 3.17 10.1 1.01 0.57 0.99 0.102

(CEM I 52.5N SR3)

EF (limestone) 2.70 7.1 0.89 0.60 0.79  0.047

MF (limestone) 2.73 2.2 1.96 0.69 0.65 0.010

ECO paste 2.94 5.8 1.20 0.62* 0.66* 0.034*

(PC/EF/MF=50/25/25)

*data of one experiment

Mi-S tests were carried out with varied mix ratios of PC/EF/MF
until an eco-efficient paste was found (i.e. PC/EF/MF of
50/25/25 V.-%) with higher ®¢,, and lower water demand
(lower By and Ey) than the reference paste of pure CEM |, see
Table 1 and Figure 3. It should be noted that the MF used
possesses the ability to simultaneously increase the packing
density of a mix by its physical filling effect and to enhance the
flowability despite its high SSA by flow-enhancing effects
similar to that of a SP [9]. Additionally, the used EF increases
the flowability of the mix with PC due to its relatively low
water demand 3, and E,. It can be seen from the values of B,
and E, in Figure 3, that eco-paste needs less water to flow
than pure PC-paste leading to a lower volumetric w/p-ratio at
equivalent flowability. Additionally, Figure 2 shows the PSD of
eco-paste’s powder mix compared with that of reference PC,
note the smaller dsp and flatter slope of its PSD.

2.2 Concrete mix design

The concrete mix REF corresponds to the concrete used in the
extended round robin test program of COST action 1404 [3].
The mix composition is given in Table 2, concrete properties
are shown later (in chapter results). Both mixes REF and ECO
were designed with an equal volume of paste and equal
fractions of the same sand and gravel with maximum grain
size of 16 mm. Equal SP type and low SP content was used for
ECO and REF to minimize SPs environmental impact. Despite
a significantly higher w/c-ratio and lower w/p-ratio of ECO

than REF, workability and strength were nearly the same. In
addition to the reference ordinary concrete produced at TU
Graz (“REF_G"), data for an ordinary concrete produced to
the same formula at the University of Zagreb (“REF_Z") within
the frame of a Round Robin Test program of COST action [3]
is subsequently used for the comparison of durability
performance.

Table 2. GWP, PEt of concrete constituents as well as concrete mix
composition.

GWP PEt REF_G ECO
Type

(kg COz-equ./t)  (MJ/t)  (kg/m?) (kg/m?)
PCCEM 152.5 N SR3 831 4030 320 208
EF limestone 25 717 - 104
MF limestone 35 1005 - 104
sand 0/4 mm, dry 2 58 830 827
gravel 4/11 mm* 2 58 449 447
gravel 8/16 mm* 2 58 564 562
;(P)‘;;P\f/i,ter content) 944 29150 14 14
added water - - 172 126
effective water - - 167 121
total water - - 173 127
wjc - - 0.54  0.61
w/p** - - 0.54  0.30

*fully saturated, ** powder = PC+EF+MF (fines of the aggregates are
not considered)

The aggregates used had significant water absorption (WA-
coefficient of sand 0/4 is 0.77 wt.%, of gravel 4/11 is 2.61
wt.%, of gravel 8/16 is 2.25 wt.%), which had to be considered
according to the guidelines of the extended round robin test
of COST action 1404 [3]. The gravel was added fully water-
saturated to the mix, but the sand was added in a dry state.
Effective water was assumed to correspond to the added
water minus absorbed water by the sand plus water content
of SP, which led to an effective wer/c of 0.52 of REF, 0.58 of
ECO respectively and a ratio w/c of total water to cement of
0.54, 0.61 respectively.

3  Testing and evaluation methods

The performance of the concrete mixes produced was
evaluated in terms of: (i) functional parameters such as
consistency and strength; (i) durability indicators; (iii)
environmental impact.

3.1 Standardized functional parameters

The flow-table spread (i.e. spread diameter on the flow-table
after defined compaction according to EN 12350-5: 2009) of
the mix 10 min after water addition (spread,10) was tested as
well as the value 30 min after water addition (spread,30).

The compressive strength was tested on concrete cubes (150
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mm, n = 3) according to EN 12390-3:2009 - cured for the first
24 hours in moulds covered with plastic sheet at a
temperature 20 - 23°C, and then stored under water until
testing at an age of 1 day (“1d-strength”) and 28 days (“28d-
strength”).

3.2 Durability indicators

For all durability tests, specimens were cured in moulds
covered with plastic foil for 24 hours (at 20-23°C) after casting,
then demolded and stored under water up to 28 days, and
then further prepared for each individual test as described
below.

Open porosity was determined in accordance with EN
1936:2007. Cubes of ~50 mm (n=4), cut out of a bigger
specimen at an age of 28 d, were dried at 70°C until constant
mass, which they reached at an age of about 50d. In the
following test their water uptake when immersed in water
under partial vacuum was measured. The water uptake
represents the water that accesses the open pores, which are
mainly capillary pores. The open porosity was calculated by
relating it to the volume of specimen.

A second parameter of the pore system is the rate of water
absorption by capillarity in accordance with EN 13057:2002.
Cylindrical specimens cut from drilled cores (¢ 94 mm, height
of 53 mm, n = 3) were oven dried to constant mass (at 70°C)
and tested at an age of about 45 days. The specimens were
placed on line-supports under water, so that its bottom
surface absorbed water by capillary suction (the water level
was 2+1 mm above bottom surface; an effect of sorption
through the circumference was neglected). The specimen’s
water uptake was measured after 12 min, 30 min, 1 h, 2 h,
4h, 5h, 24h and several time steps later. A linear vt
relationship between water uptake and time was observed
within the first 24 h for both concretes, REF_G and ECO. Thus
the sorption coefficient was calculated according to EN
13057:2002 as the linear regression line of uptake over
square root of time within 12 min to 24 h (coefficient of
determination was R?>=0.997 for REF_G and 0.996 for ECO).

The depth of water-penetration was tested according to EN
12390-8:2009, equivalent to Austrian standard technical rule
ONR 23303:2010 [14] on water cured concrete prisms
(200x200x120 mm, n=4) starting at the age of 28d.
Pressured water was applied to one surface in 2 steps of

control unit

testing sample

1.75bar up to 3d and 7.0bar up to 14d according to
specifications in ONR 23303:2010 [14]. Afterwards each
specimen was split and penetration depth was measured.

Air permeability was tested with two different testing
procedures. The first test procedure was carried out with a
“PermeaTORR AC” device [16] on concrete cubes (150 mm,
n =3) in accordance to SIA 262/1:2013 “air permeability on
site”, see Figure 1. The specimens were stored under water to
an age of 28 d, then stored at 65% r.h. and 20°C up to an age
of 54 d, dried at 50°C for 8 d, cooled down slowly and tested.
A slightly different preconditioning was applied at Uni Zagreb
(REF_Z). Specimens were stored in a curing chamber (20+2°C,
r.h.>95%) up to an age of 147 d, dried at 50°C for at least 3 d,
cooled down for one day and tested. A vacuum is applied (30
to 50 mbar) in both concentric chambers of a vacuum cell
(“active cell”), which is sealed onto the concrete surface by
means of a pair of concentric soft rings. After 60 seconds, the
inner chamber is disconnected from the vacuum pump and
its pressure begins to rise due to air flowing through the pores
in the concrete. By using the two chamber system the
pressure of the outer chamber is balanced with that of the
inner chamber by means of a regulator, a unidirectional flow
of air into the inner chamber is ensured. The rate of increase
of pressure in the inner chamber is directly linked to the
coefficient of air-permeability K, calculated in accordance
with SIA 262/1-E:2013 [15] as described in [16]. The device
also displays the approximate penetration depth of the test L
(mm) [16] representing the affected concrete cover depth.

For the second procedure a “Testing” bubble counter [17]
was used and air permeability was tested in accordance with
RILEM specification TC 116-PCD [18], see Figure 1. Cylindrical
specimens were cast (d = 150 mm, cut to h=50 mm, n=2),
stored under water to an age of 28 d, dried at 50°C until 56 d,
stored at 65% r.h. and 20°C until testing at an age of 91 d. The
specimens were sealed on their circumferences. The test
device applies an overpressure to the underside of the
specimen, with the result that a specific volume of inert gas
(air was used) migrates over time units through the entire
concrete disk to the upper side. The rate of ascent of a soap
bubble at different pressure steps (2.5, 3.0, 3.5 bar) is
measured. A corresponding coefficient of permeability Kgy
was calculated as the mean of the three pressure steps [17].

.:\‘-——7’\ =

e

ﬁ bubble measurement unit
1

Figure 4. Test setup “PermeaTorr” (left) and “Testing” bubble counter (right).
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3.3 Ecological impact

The data for the environmental indicators GWP and PEt are
shown in Table 2. They were taken from equivalent materials
published in [7-9] calculated by the method of Life Cycle
Assessment (LCA) in accordance with ISO EN 14044:2006
using SimaPro software (v. 7.3) and the ecoinvent database
[19]. PC exceeds the environmental impact of finely milled
stones (fillers), aggregates and secondary raw materials
(GGBS, FA) by far. Superplasticizers possess very high GWP
and PEt due to the energy demand of the production [20]. The
ecological impact of 1 m? fresh concrete was calculated in
accordance with the values for GWP and PEt of the source
materials and their fresh concrete quantities. Impacts due to
production and transport were assumed identical for REF and
ECO and were not taken into account.

4  Results and Discussion
4.1 Workability, strength, porosity

Table 3 shows fresh and hardened concrete properties as well
as all parameters related to open porosity, water penetration
depth and capillary sorption coefficient with its arithmetic
means and standard deviations. In the workability context,
flowable consistency of the fresh concrete directly after
mixing was achieved for REF and ECO concrete (spread,10
equal to 52+2 cm). However, ECO lost its consistency faster
than REF, as can be seen from the values spread_30in relation
to spread_10 of both mixes. The reasons are manifold, i.e.
lower w/p-ratio and higher specific particle surface, which
lead to lower particle distance, SP type etc. Changing it from
a highly liquefying type to a more consistency-maintaining
type of SP or choosing a SP that is better adjusted to the
clinker/limestone combination could compensate the effect.

The 1d-strength of ECO is significantly higher than that of REF,
whereas the 28d-strength is equal, which means low w/p and
a high content of MF accelerate early age strength
development [9]. This is due to multiple effects influencing
the cement hydration such as increased packing density, high
specific surface area providing additional nucleation sites for
C-S-H growth and changed phase assemblage of the
hydration products [22], [23]. This can be seen as an
advantage, for example for precast applications [24].

In the context of porosity related parameters, a differentiated
view is necessary. Open porosity and the sorption coefficient
of REF_G are higher than that of ECO. The water penetration
depth of REF_G, however, is slightly lower compared to ECO.
It can be assumed that the pore size distribution and the
number of connected capillary pores differ for the two mixes,
but these aspects were not investigated in detail. Both REF
(15mm) and ECO (18 mm) are below limits of water
penetration depth according to Austrian Standard ONORM B
4710-1:2018 (class XW2 limits 25 mm) [21].

4.2 Gas permeability

The results of air permeability measurements from the two
applied methods are shown in Table 4. Average values of the
air permeability coefficients Kr. and Ksia are calculated as
geometric means because of the logarithmic character of

permeability indicators [25]. For the same reason the scatter
is calculated as the standard deviation of the decimal log of K-
values sd log(K) [25]. To show the range of K according to this
scatter, a standard deviation factor SDF can be taken into
account as SDF=10"sd log(K). Subsequently a range from the
geometric mean divided by SDF to the geometric mean
multiplied by SDF is shown in Table 4 and in Figure 5.

Table 3. Concrete properties with their standard deviations and
calculated GWP and PEt

REF_G ECO

flow-table spread,10 cm 54.3+0.3  50.5+1.3
flow-table spread,30 cm 43.5+0.5 37.0+0.0
1 day strength MPa 11.3+1.1  17.520.4
28 day strength MPa 55.4+2.2 56.2%3.5
open porosity % 13.4+0.5 11.5+0.4
sorption coefficient kg/m*Vh 0.91+0.06 0.69+0.04
water penetration depth mm 15.0£1.9 17.8+2.0
GWP CO2-equ /m3 282 180

PEt MJ/t 1715 1400

The air permeability coefficient Kg. of REF_G is significantly
higher than that of ECO measured with the bubble counter,
see Table 4. The air permeability coefficient Ksa, however
does not confirm this. It was measured at TU Graz and Uni
Zagreb with the same “PermeaTORR AC” device on REF_G
and REF_Z concrete, which have the same mix composition
but were manufactured in different labs with slightly different
preconditioning. In the context of the geometric mean of Kg
and the range of scatter the performance difference of ECO
and REF is small, with a slightly higher permeability of ECO
than REF. However, according to Torrent [9] REF and ECO are
classified equally into “low permeability” (very low: Ksia 0.001-
0.01 E-16 m?, low: Ksa 0.01-0.1 E-16 m?, moderate: Kga 0.1-
1.0 E-16 m?).

A significant difference of the permeability coefficients tested
by SIA- and RILEM-method can be observed, however,
according to Table 4. Possible reasons for this are significant
differences in the preconditioning of the samples and in the
test procedures as described in chapter 3.2. The
preconditioning led to different test ages and moisture
content of the specimens. The moisture content of specimens
REF_G and ECO immediately after the testing by SIA method
were determined by the gravimetric method (weighing
before and after a drying at 105°C) resulting in 3.4+0.4
(REF_G) and 2.6%0.1 (ECO) wt.-%. Moisture content of
specimens tested by RILEM method was not measured. But
according of EN ISO 10456:2010 [26], it can be estimated to
be lower than 1.6 wt.-% (i.e. moisture content of normal
concrete at 23°C/65% RH, read from values of Table 4 in [26]).
Consequently, the SIA-specimens moisture content was
approximately twice as high as RILEM-specimens, which led
to a significantly lower air permeability [27].
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Moreover, (i) different pressure was applied (overpressure up
to 3.5 bar during the RILEM test, underpressure ~1 bar during
the SIA test), (ii) the specimens age and therefore their
hydration degree were different and (iii) the thickness and the
composition of the concrete layer, which is affected by the
tests were different. In the case of SIA only the cover layer
corresponding to the penetration depth L (i.e. 5 to 9 mm) at
the formworks surface of the specimen was considered,
whereas in case of RILEM the through-flow was measured
though a 50 mm thick cut specimen. Due to the wall effect the
affected concrete cover layer of SIA specimens may have had
higher binder content, lower w/b as well as lower effect of the
interfacial transitional zone (ITZ) and thus a lower
permeability than that of RILEM specimens.

4.3 Overall comparison

In Figure 3 the performance values of ECO are compared with
those of REF. This shows workability (spread,10), 1-day-
strength, 28-day-strength, water penetration depth, open
porosity, air permeability tested by SIA- and RILEM-method,

Table 4. Tested air permeability parameters

sorption coefficient as well as environmental impact GWP
and PEt. Flowable consistency of the fresh concrete directly
after mixing was achieved for both mixes (spread_10 equal to
52+2 c¢cm). The 1 d-strength of ECO was significantly higher
than that of REF, because of accelerated strength
development by the effect of MF and the mix design concept.
The 28 d strength of both was equal. The aim of improving
ecological performance while keeping workability and 28 d-
strength at the level of the reference concrete was achieved.
GWP of ECO was reduced up to 36% and PEt up to 19%
compared to REF.

The durability parameters open porosity, RILEM air
permeability and sorption coefficient show a better
performance (i.e. lower values) for ECO compared with REF.
On the other hand, in the context of water penetration and
SIA air permeability, ECO achieved higher values than REF.
With respect to their scatter, the performance is in the same
range. However, the significant difference of the resulting
permeability coefficients Ksa and Kriem must be mentioned as
discussed above.

method series sample affected air perm. air perm. standard deviation standard range of K
cover depth  coefficient geometric mean of log(K) deviation factor  (scatter)
L Kisia or rit) Kisia orri) sd log(K) SDF Kisia or rit)
mm 10 m? 10'¢ m? 106 m?
REF.G1 9 0.036
REF_G REF_G2 5 0.010
REF_G3 5 0.010 0.012 -
REF 71 9 0.032 0.022 0.256 1.802 0.039
SIA REF_Z REF_Z2 8 0.027
REF_Z3 9 0.031
ECO_1 9 0.033 0.025
ECO ECO_2 9 0.035 0.030 0.078 1.196 0.036 )
ECO_3 8 0.025 )
REF_1R - 1.219 . -
REF REF_ZR 0.839 1.011 0.115 1.302 (1) ;1;
RILEM ECO_1R - 0.256 0.254 -
ECO ECO 2R B 0.268 0.262 0.014 1.033 0.271
175% - O REF value
150% 1 ] { OECO value
125% - j( w
100% } i [ : J I
75% A
50% -
25% - T
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Figure 5. Normalized comparison of all investigated parameters.

5 Conclusions and Outlook

In this study eco-concrete (ECO) and in particular its paste was
designed by a combined filler concept with the aim of
optimizing its performance in respect to functionality,

environmental impact and durability. The PC content of ECO
was below the requirements set by the current “descriptive”
European standards while w/c-ratio exceeded such limits.
Subsequently the performance of the developed eco-
concrete was evaluated in terms of workability, strength and
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durability indicators versus a standard reference concrete
(REF). While the functional performance of ECO in terms of
workability and strength was at least equivalent to REF, the
environmental impact was substantially reduced (GWP -36%
and PEt -19%). Durability indicators — open porosity, water
penetration depth, sorption coefficient and air permeability —
overall show nearly equivalent performance. The resulting air
permeability coefficients tested by a bubble tester in
accordance with RILEM TC 116-PCD [18], however, showed
significant differences compared with coefficients tested by
PermeaTORR AC device in accordance with SIA 262/1:2013
[15]. This can mainly be attributed to different moisture
content due to preconditioning, but also to the different
pressure applied and the affected concrete-layer thickness of
the two methods.

Further investigations on a larger number of specimens and
concrete-mix variations are pending with the aim of deriving
clear relationships between mix parameters of eco-concretes
and durability indicators. In addition the significance of
durability indicators such as air permeability and their testing
methods for the resistance of concrete in the context of
different exposure classes (such as carbonation and chloride
ingress) is to be investigated in more detail, especially for eco-
efficient, clinker-reduced concrete.
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