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1 Introduction

This study investigates the influence of curing periods on the mechanical and
durability-related properties of limestone powder concrete, focusing on the potential
of limestone as a sustainable alternative to traditional materials, primarily cement.
The research explores the effects of varying cement replacement percentages (30-
55%) and curing durations (1, 3, 7, 14, and 28 days) on concrete properties such as
compressive strength, flexural strength, water permeability, and resistance to
chloride ingress. The limestone fineness was also tested using two powders from
the same chemical composition, but different particles size. Results indicate that
longer curing periods generally enhance concrete performance, but not in all cases.
The greatest benefits of extending the curing period was observed in the case of
water penetration depth, so the average difference between 1 and 28 days curing
was about 50%. Flexural strength also saw a substantial increase of up to 24% over
the same curing period. However, increasing the curing period from 7 to 28 days
resulted in an unexpected average reduction in concrete compressive strength of
13%. Despite previous results, a positive impact of a higher limestone powder
content was observed in all cases, except for resistance to chloride penetration.
Concretes that contained limestone powder had a significantly lower (as much as
186%) resistance to chloride penetration, compared to the reference (with the
highest dispersion of results). The study found no significant influence of limestone
particle size on concrete properties.

The construction industry, particularly the concrete
sector, significantly impacts the environment due to its
extensive use of raw materials, high energy consumption,
and substantial waste production. With an annual production
nearing 35 billion tons [1], [2], the concrete industry is a major
contributor to environmental degradation, primarily through
the use of natural stone aggregates and the large carbon
dioxide (CO;) emissions from cement production [3].
Moreover, cement production alone accounts for
approximately 7-10% of all anthropogenic CO; emissions [4],
making it one of the most carbon-intensive industries
globally. Efforts to address these environmental impacts
have led to a growing emphasis on finding sustainable
alternatives to traditional processes and materials within the
concrete industry. This transition is crucial for achieving a
carbon-neutral future and addressing the urgent need to
combat climate change. To improve the sustainability of
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concrete production, there has been a focus on reducing the
clinker content in cement by using supplementary
cementitious materials (SCMs) such as fly ash and ground
granulated blast furnace slag (GGBS), [5]. These materials
can partially replace ordinary Portland cement (OPC), thus
reducing CO, emissions. However, the availability of SCMs
is limited, and their supply is expected to decrease as coal-
fired power plants are phased out and the steel industry's
slag production declines [6], [7]. This scarcity necessitates
the investigation of alternative, eco-friendly materials, such
as finely ground limestone (LS), despite their lower reactivity,
even inertness [8], and potentially negative impact on the
mechanical and durability properties of concrete [9].
Therefore, the key challenge remains to balance
environmental and economic benefits with the technical
performance requirements of concrete [10].

Replacing OPC with LS powder can significantly
influence the workability of concrete. While high replacement
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percentages of OPC with LS powder (30-55%) can decrease
workability [11], [12], applying suitable water-reducing
admixtures and adjustments in the mix design can mitigate
these effects [13]-[16]. The fine particles of limestone fill
voids between cement grains, reducing the water demand
and improving the fluidity of the mix [17]. Some studies [18]—
[20] suggest that the incorporation of LS powder, especially
in combination with the appropriate powder paste (OPC + LS
+ water) volume and a dose of superplasticizer, can maintain
or even enhance concrete workability, making it easier to
cast and place.

The role of LS powder on the compressive strength of
concrete is multifaceted. At lower replacement levels (up to
10-20%), limestone powder can improve compressive
strength by enhancing particle packing and providing
nucleation sites for cement hydration, resulting in a denser
and stronger microstructure [8], [21]. Some other studies
have shown that even replacing OPC with a high LS powder
content (40-60%), while reducing water and increasing
superplasticizer content, can achieve comparable or even
higher compressive strength [11], [12], [17], [20], [22].
Additionally, the particle size distribution of LS powder plays
a significant role; finer particles enhance higher strength due
to better packing density and acceleration of initial hydration
[9], [12], [21], [23]. It is essential to carefully manage the
amount of LS powder, the quantity of paste, and the water-
to-cement ratio to ensure comparable strength. Other
mechanical properties are usually closely related to the
compressive strength [24]-[28].

LS powder affects various durability-related properties
through different mechanisms [29]. The water permeability of
concrete depends on the degree of cement hydration, the
porosity and pores structure of the cement matrix, the quality
of the transit zone between the cement matrix and
aggregates, but also on the intensity of water pressure [30].
LS powder primarily influences this property by its filler effect,
increasing the density and reducing porosity of the concrete
matrix [17]. By filling voids and minimizing capillary pores, LS
powder has mainly positive effects and decreases the water
permeability of concrete [24]. This improvement is better if
finer particles are used. However, an excessive replacement
ratio can also increase the porosity if not properly balanced
with other mix components, potentially compromising the
resistance to water penetration [31].

Unlike water penetration, incorporating LS powder as a
substitute for OPC has a predominantly negative influence
on the resistance of concrete to chloride ingress [16], [24],
[31]-[34]. The difference is more pronounced with higher
replacement percentages. In this case, the dilution effect
becomes prominent [8]. Moreover, the inert nature of
limestone powder reduces the overall content of
cementitious material, which reduces the aluminate phase
and consequently, the concrete resistance. The chemical
reaction between LS powder and available aluminates
further diminishes the already insufficient aluminate phase,
making this effect more expressed [9]. In this type of
concrete, the transport of chloride ions by diffusion is also
higher [35]. However, Li and Kwan [24] have demonstrated
that is possible to make concrete with a high LS contribution
(as much as 60%) that possesses better resistance against
chloride penetration compared to the reference OPC
concrete. This has been accomplished through meticulous
mix design and the optimization of powder paste volume.

112

1.1 Influence of curing on concrete properties

Regardless of the importance of the amount of cement
replaced by LS powder, curing of concrete under specific
thermo-hygrometric conditions during a certain period after
compacting could be pivotal in ensuring the desired concrete
performance. Proper curing enhances the hydration process,
significantly improving all mechanical and durability-related
properties of concrete. Despite its importance, the influence
of curing on LS powder concrete properties has been
insufficiently investigated. More precisely, a review of the
available literature has identified only four studies [16], [36]—
[38].

Dhir et al. [16] analyzed the effect of curing on the
compressive strength of concrete. Five concrete mixtures
with different percentages of cement replacements (0%,
15%, 25%, 35%, and 45% by mass) were prepared and
tested. The reference concrete (0% of cement replacement)
contained 310 kg/m? of cement with a water-to-cement ratio
(w/c = 0.6). LS powder concretes maintained the same total
amount of powder components (OPC + LS = 310 kg/m®) and
the same water-powder ratio (w/p = 0.6). The samples were
cured in water for 1 day, 3 days, 7 days, and 28 days
(including initial storage in steel molds covered with plastic
film for the first 24 hours). After water curing, the samples
were stored under constant laboratory conditions at 20°C
and 55% relative humidity (RH). Testing was conducted at 1,
3, 7, and 28 days. The authors emphasized that the samples
tested at 3, 7, and 28 days were removed from water 12, 24,
and 48 hours before testing, respectively. This was done to
achieve the same moisture conditions for all specimens.

The 28-day water-cured OPC mixture had the highest
compressive strength (41.0 MPa). Due to the adopted
approach (w/p = const), an increase in LS powder content
was accompanied by a decrease in compressive strength.
Mixtures with 15%, 25%, 35%, and 45% replaced cement
had 11%, 28%, 43%, and 59% lower compressive strength,
respectively, compared to the reference.

The ratio of compressive strength for the samples cured
for "i" days (fem') to the corresponding samples cured for "28"
days (fem?8), for concretes with different LS powder content,
is shown in Figure 1.

1.0
1 3 7
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m0% ®W[5% mM25% m35% m45%

i 28
fom'/ fem
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Figure 1. The effect of curing duration on the compressive
strength of concrete with different LS powder content, data
from [16]
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Increasing the curing period positively affects the
compressive strength of all tested mixtures. However, this
effect is more pronounced in mixtures containing LS powder.
OPC mixtures were less sensitive, with strength reductions
ranging between 10-20%, while mixtures with 45% LS
powder experienced declines of around 20-30%. These
conclusions align well with the observations of Sun and Chen
[38], but contradict the findings of Bonavetti et al. [39].
Namely, Bonavetti et al. [39] showed that the samples wet-
cured for 7 days had higher compressive strength (10-17%)
compared to those wet-cured for 28 days. Larger differences
correspond to a higher LS powder content. The same study
also found that samples air-cured in laboratory conditions
throughout had the lowest strength (15-32%), with losses
being greater in OPC mixtures than in LS powder concretes.
Contradictory findings indicate the need for additional
experimental research to clarify these effects.

The same trend as for compressive strength under
different curing conditions was observed for tensile strength,
[39]. Moreover, these values are almost linearly correlated.

From the aspect of durability, the lack of results is
evident. Unfortunately, no paper was found addressing the
effects of initial curing on the water permeability of LS
powder concrete. The situation was not much better in the
case of concrete resistance to chloride penetration.

Sun and Chen [38] investigated the influence of three
different curing periods on the resistance of LS powder
concrete to chloride ingress. In addition to OPC concrete
(400 kg/m® cement) three more mixtures containing 8%,
16%, and 24% of LS powder were designed. All concretes
were divided into two groups. In the first group, the same w/p
ratio (0.45) was adopted. The second group aimed to
achieve a similar compressive strength of about 53 MPa, so
different w/p ratios were used. Three curing periods were
chosen for all concretes: 1) Standard curing period of 28
days under 20°C and 95% RH; 2) 7 days of curing at 20°C
and 95% RH, followed by 21 days under laboratory
conditions at 20°C and 40-50% RH; 3) 3 days of curing at
20°C and 95% RH, then 25 days under laboratory conditions
at 20°C and 40-50% RH.

When considering the standard curing period of 28 days
for the first group of samples, the results suggest that LS
powder can improve concrete resistance, but only at a low
replacement percentage. The mixture with 8% LS had the
lowest charge passed, about 6% lower than OPC. This can
be explained by the fact that very fine LS powder can affect
the interconnections between the pores [39], [40]. However,
further increasing the LS content to 16% and 24% reduced
the concrete's resistance by approximately 10% and 30%,
compared to OPC. According to the authors [38] the high
volume of LS powder significantly decreases the hydration
products, increasing porosity and pore connectivity.

For the second group, which contained the same strength
concretes, the results were different. In this case, OPC
showed the worst performance. Increasing the LS content
improved the concrete's resistance to chloride ingress.
Mixtures with 8%, 16%, and 24% LS powder showed a 17%,
23%, and 29% reduction in charge passed, respectively. It
was attributed to the better microstructure provided by a
lower w/p ratio that overcomes the negative effects of binder
dilutions. Similar observations were obtained for the other
curing conditions.

Comparing the results for the same concretes under
different curing conditions, the advantages of a longer curing
period are undeniable. Deviating from the standard curing
conditions and reducing the curing period from 28 to 7 days
compromised concrete permeability, increasing the charge

Building Materials and Structures 67 (2024) 2400007R

passed by an average of 10%. Further shortening the curing
period to only 3 days additionally jeopardizes concrete
performance. The total charge passed through the
specimens increased by about 18% overall.

The further prolongation of the curing period to 90 or 180
days resulted in a significant increase in concrete resistance
by 10-20% and 40-60% respectively [31], [38]. However,
these long curing periods are not suitable for practical
application.

2 Objectives

Although some aspects of the impact of LS powder on
concrete properties, such as workability and compressive
strength, have been relatively well-analyzed, investigations
into durability properties are significantly lacking. Moreover,
many studies are limited to low-to-medium LS powder
content. The literature review also highlighted a substantial
gap in understanding the effect of the curing period on all
concrete properties. Therefore, the main objective of this
research is to investigate how different curing periods
influence the properties of concrete containing a high volume
of LS powder (30-55% of the cement content). The potential
impact of LS powder fineness was also examined. To
achieve this aim, an experimental study was designed to
provide a better understanding of the interplay between
curing duration and the effectiveness of LS powder in
enhancing concrete performance.

3 Experimental procedures

3.1 Materials and methods

Ordinary Portland cement CEM | 42.5R (max 5%
additional constituents) according to EN 197-1 [41], with a
mean particle size of dsp = 11 pm was used. Two types of
commercially available LS powder with the same chemical
compositions (98% CaCOs3 content) in line with EN 197-1 [41]
were applied. The designation of LS powder was adopted
according to mean particle size (dso). L3 corresponds to dso =
3 um, which is much finer than cement, while Li» had a
similar particle size distribution (dso = 12 um) to OPC. Natural
aggregate was divided into three fractions | (0—4 mm), Il (4—
8 mm), and Ill (8—16 mm) which originate from the Danube
River. All mixtures contained the same total amount of
aggregate (1850 kg/m?3) with the following contribution of
individual fractions | (52%), Il (21%), and Ill (27%).

The final composition of the mixtures was determined by
the absolute volume method. The mixtures were designed to
fulfill the high workability requirements prescribed for
consistency class S4 or S5 with a target slump = 200 mm
[42]. The workability was controlled by an appropriate dose
of second-generation superplasticizer (1-2% powder
component).

Since the idea was to compare the properties of different
types of concrete with similar strengths, the target mean
compressive strength (fem) 48+4 MPa (measured on a 100
mm cube), was chosen, corresponding to commonly used
concrete classes C25/30 and C30/37 [43].

Reference OPC concrete was designed with 334 kg/m?3
cement and w/c = 0.51. Besides that, two groups of LS
powder concrete (L3 and L12) with three different percentages
of cement replacement (30%, 45%, and 55%) were made.
The higher LS powder content than the replaced cement
amount is the result of the volumetric replacement of cement
paste. This enabled a parallel reduction of water, and
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achieving the target workability and strength, despite the
significantly reduced amount of cement. The proportioning
of the tested concrete mixtures is shown in Table 1.

3.2 Casting, curing, and testing of specimens

After mixing, the workability of each concrete mix was
verified by a standard slump test [44]. All concretes were cast
into plastic and steel moulds and compacted using a
vibrating table. The samples are covered with a plastic sheet
and protected from moisture loss. After 24 hours, the
specimens were demoulded and stored under different
curing conditions for the first 28 days. Depending on the
desired test, five different curing conditions were adopted.
Curing modes are marked with numbers representing days
(1, 3, 7, 14, and 28 days) under standard curing conditions
[45]. These are listed and explained in detail in Table 2.

Mechanical properties were determined on samples
cured in all five conditions. Compressive strength tests were
performed on 100 mm cubic samples at different ages,
according to EN 12390-3 [46]. For flexural strength, 28-day-

old prismatic specimens (100 x 100 x 300 mm) were tested
using a three-point bending test [47].

Durability-related properties were determined on
samples cured under three different conditions (1, 7, and 28
days). Water penetration depths were tested on 150 mm
cubic samples at 28 days old, after exposure to a water
pressure of 0.5+0.05 MPa for 72+2 h [48]. Chloride
penetration depths were determined using non-steady-state
chloride migration tests [49]. For this purpose, a 50 + 2 mm
thick slice was cut from the central portion of the cylinder
(9100/H200 mm). After preconditioning, the specimens were
placed between catholyte (10% NaCl solution) and anolyte
(0.3N NaOH solution) reservoirs and subjected to the
appropriate external electrical potential axially. Using the
measured chloride penetration depths, non-steady-state
chloride migration coefficients (Dnssm) were determined.

All tests conducted in this research, considering curing
conditions and the age of the concrete at the time of testing,
are listed in Table 3 for transparency. All reported results
represent the mean values of three measurements.

Table 1. Mix proportions of tested concrete

Concrete Me Mms My w/c SP
mix lkg/m?] lkg/m?] lkg/m] -] [%]
OPC 334 0 171 0.51 1.0
L3-30 230 200 143 0.62 1.5
L12-30 230 200 143 0.62 1.5
L3-45 182 252 127 0.70 20
L12-45 182 252 127 0.70 20
L3-55 153 285 114 0.75 20
L12-65 153 285 114 0.75 20

Table 2. Curing conditions of concrete samples

Curing period Curing (1) Curing (3) Curing (7) Curing (14) Curing (28)
1 day M M M M M
1-3 days A W W W w
3-7 days A A W W w
7-14 days A A A W w
14-28 days A A A A W
M — in the mold; A — in the air 20°C, 65% RH; W — in the water 20°C
Table 3. Conducted tests considering curing conditions and the age of concrete

Age at the . . . . .

tir?1e of testing Curing (1) Curing (3) Curing (7) Curing (14) Curing (28)

1 day CS CS CS CS CSs

7 days CS / CS / CSs

CS, FS, WP, CS, FS, WP, CS, FS, WP,
28 days cP CS, FS cP CS, FS cp

CS — Compressive strength; FS — Flexural strength; WP — Water penetration; CP — Chloride penetration

114
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4 Results and discussions
4.1 Workability

A well-designed mixtures with an appropriate powder
component, customized w/c ratio, and sufficient
superplasticizer content ensured excellent workability. The
consistency class S5 [42] with a slump value over 220 mm
was obtained across all concrete mixtures. However,
mixtures with higher percentages of cement replacement
demanded more superplasticizer to maintain the same level
of workability. This is primarily due to the reduced water
content in these mixtures, even though their w/c ratios were
higher than those of OPC, owing to the lower cement
content. If lower workability is acceptable, the
superplasticizer dosage can be reduced. Alternatively, the
same effect can be achieved by increasing the water content,
though this would result in a decrease in strength.

4.2 Mechanical properties

4.2.1 Compressive strength
In Figure 2, the average compressive strengths at 28
days of age for concrete mixes cured under different

conditions are shown. For samples cured in water for 28
days, the measured compressive strengths ranged from 44

65.0

L3-30 L12-30

MPa to 51.8 MPa, which corresponds to the initial hypothesis
of producing concrete mixes with uniform strength.

The curing period of concrete in water up to 7 days had
a positive effect on the achieved compressive strength
values. The longer the concrete was cured in water, the
higher the compressive strength. In contrast, concrete mixes
cured in water for 28 days showed lower compressive
strength values compared to all other curing regimes. The
reason for these unexpected results may be the greater
amount of water that the concrete was able to absorb and
which remained in the concrete at the time of testing under
compressive force. Specifically, the retained water in the
concrete, when external load is applied, leads to the
development of internal stresses and water vapor pressure,
resulting in reduced fracture toughness. Similar conclusions,
albeit with different types of concrete, were reached in the
studies by [50]-[52]. It is assumed that complete drying of
samples cured in water for 28 days would lead to higher
compressive strength compared to other curing regimes.

A similar effect is observed in concrete cured in water for
14 days. Except for the L3-55 mix, all other mixes showed
measured values approximately equal to the compressive
strengths of concrete cured for 7 days in water.
Figure 3 shows the relationship between the compressive
strength of concrete cured under different conditions (for)
and the compressive strength of the same type of concrete
cured in water for 28 days (fem?®). Both strengths (fem) and
(fzm?®) refer to samples tested at 28 days of age.
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Figure 2. The compressive strength of concrete mixtures with different curing duration at the age of 28 days
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Figure 3. The effect of curing duration on the compressive strength of different concrete mix
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As can be seen, the effect of curing had a greater impact
on the development of compressive strength in LS concretes
compared to OPC concrete. For instance, compared to
concrete cured for 28 days in water, the compressive
strengths of concrete cured under other conditions range
from -0.6% to 5.6% for OPC concrete, from 2.2% to 24.1%
for L3 concretes, and from 1.0% to 13.6% for L12 concretes.
When comparing only LS concretes, it can be concluded that
with an increase in the fineness of the limestone powder
used, the sensitivity of the concrete mix to the curing regime
also increases. This behavior of the concrete may be due to
the relatively small amounts of water used in mixes with a
high content of LS powder. Specifically, this water is used not
only for cement hydration but also for moistening the LS
grains. In mixes with finer LS grains, a larger amount of water
is needed because the specific surface area of the grains is
greater.

The diagrams of strength gain rates for concretes cured
in water for 7 and 28 days are shown in Figure 4. The
diagrams clearly show that only the L12-55 mixture exhibits a
noticeably slower strength gain in the first three days. In the
period from 7 to 28 days, the strength gain rate for LS
concretes under pressure is consistent (the lines on the
diagram are parallel) and is slightly higher compared to OPC
concretes. It can be concluded that different curing regimes
did not have a significant impact on the strength gain rate of
the tested concretes.
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4.2.2 Flexural strength

In contrast to the results of compressive strength tests,
the results of flexural strength (see Figure 5) clearly indicate
that, with increased curing duration of concrete in water, the
measured flexural strengths also increase for most concrete
mixtures. These results are consistent with the explanations
provided in section 4.2.1, as during flexural tests, a linear
force acts on the center of the span of prismatic samples,
which does not induce pore pressures in water-saturated
samples, unlike in compressive strength tests where such
pore pressures have influenced the decrease in these
values. The only exceptions are the results obtained from the
L12-30 and L12-55 mixtures for samples cured in water for 28
days, as it was found during testing that the rate of load
application did not meet the conditions of the EN 12390-5
[47] standard.

If, due to the pronounced effect of pore pressure,
compressive strengths of concrete from samples cured in
water for 7 days are considered as the reference, a clear
correlation can be drawn between the results shown in
Figure 5 and the compressive strength results for different
concrete mixtures. Specifically, concrete mixtures that had
higher compressive strengths logically also had
proportionally higher flexural strengths. Additionally, there is
no significant impact of the coarseness of the used limestone
powder on the obtained bending strength values, which is
consistent with the research by Kim et al. [26].
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Figure 4. The effect of curing duration on the development of concrete compressive strength: 7 days in water (left); 28 days in
water (right)
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Figure 5. The effect of curing duration on the development of flexural strength maesured at 28 days
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4.3 Durability

4.3.1 Water penetration

The measured water penetration values are shown in
Figure 6. Compared to OPC concrete, concretes with partial
cement replacement by limestone powder exhibited lower
water penetration depths. This is attributed to the better
"packing" of LS particles, which resulted in concrete with
higher density. Other studies also confirm these results [17],
[24].

The impact of curing duration on the measured water
penetration values is even more pronounced (see Figure 7).
For example, OPC concretes cured for 1 and 7 days in water
show water penetrations that are 78% and 87% higher,
respectively, compared to the same concrete cured for 28
days in water. For LS concretes, these differences range
from 38% to 183% for L3 concretes and from 34% to 114%
for Li2 concretes. However, unlike OPC concrete, LS

85.0

75.0
__ 650
g
E 550
=
T 450
35.0
25.0
15.0
OPC

L3-30 L12-30

concretes show a significant difference in measured water
penetrations between samples cured for 1 day and those
cured for 7 days in water. Additional curing between 1 and 7
days allowed for a reduction in water penetration of up to
50% in LS concretes. These results indicate that, in the case
of using limestone powder, proper curing can significantly
improve the waterproofness of concrete compared to OPC
concretes.

Generally, considering the test results for all mixtures
cured in water for 28 days, which aligns with the EN 12390-
8 standard [48], all concretes meet the requirement for the
waterproof concrete (according to the Serbian national
annex of the EN 206 standard [53]). On the other hand,
except for the L3-55 mixture, no other mixture cured in water
for 1 day meets the criteria for waterproof concrete. This
highlights the importance of proper curing for concrete used
in structural elements that are required by the design to be
waterproof.
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Figure 6. Water penetration depth of concrete mixtures with different curing duration measured at 28 days
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Figure 7. The effect of curing duration on the water penetration depth of different concrete mix
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4.3.2 Chloride penetration

The calculated values of chloride migration coefficients
(Dnssm) are shown in Figure 8. The values were calculated
using measured chloride penetration depths, according to
EN 12390-18 [49]. With the increase in the curing period,
there was a decrease in the chloride penetration depth, and
therefore decrease in the migration coefficient. For concrete
Ls-30 and L3-45, 7 days curing period showed slightly better
results compared to 28 days curing. However, with OPC
concrete, the best results were shown for 1 day curing
period, which cannot be explained by physico-chemical
processes inside the concrete. Therefore, it is necessary to
repeat these and perform additional tests with these
concretes in the future.

The results showed that with an increase in the LS
replacement percentage, there is no decrease in resistance.
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Also, there was no significant difference between the types
of LS powder. The only difference was observed at 30%
replacement of cement with LS. However, LS concretes
showed significantly worse chloride penetration resistance
compared to OPC concretes. The far worse chloride
penetration resistance of LS concretes can be attributed to
the reduced content of the aluminate phase [9], [35] and to
the dilution effect of the cement paste and increased porosity
(8], [54].

The impact of water curing duration on the chloride
migration resistance is shown on Figure 9. Curing between
1 and 7 days allowed for a chloride migration coefficient up
to 20% in LS concretes. These results indicate that, in the
case of using LS powder, proper curing can improve the
chloride resistance. However, it is still necessary to look for
a way to improve the chloride resistance of these concretes,
so that their performances can be closer to OPC concretes.
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Figure 8. The chloride migration coefficient of concrete mixtures with different curing periods
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Figure 9. The effect of curing duration on the chloride migration coefficient for different concrete mixtures
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5 Conclusions

The main objective of this study was to analyse the
impact of different curing periods on the properties of
concrete containing a high volume of LS powder (30-55% of
replaced cement). The potential impact of LS powder
fineness was also examined. An experimental study with five
different curing periods (1, 3, 7, 14 and 28 days) and two
different LS was designed to examine the interplay between
curing duration and the effectiveness of LS powder in
enhancing concrete performance. Based on the own
experimental results, the following conclusions can be made:

— The curing period of concrete in water up to 7 days
had a positive effect on the achieved compressive strength
values. The longer the concrete was cured in water, the
higher the compressive strength. Contrary to expectations,
28 days of curing did not result in the best concrete
performance. Concretes cured for 7 days had an average
compressive strength of about 13% higher than concrete
cured for 28 days, regardles the LS powder content.

— The effect of curing had a greater impact on the
development of compressive strength in LS concretes
compared to OPC concrete. When comparing only LS
concretes, it can be concluded that with an increase in the
fineness of the LS powder used, the sensitivity of the
concrete mix to the curing regime also increases.

— The results of flexural strength indicate that with
increase in curing period flexural strengths also increase (up
to 24%). Additionally, there is no significant impact of the
coarseness of the used LS powder on the obtained flexural
strength values.

— The positive effect of water curing duration on the
measured water penetration was even more pronounced. On
average, a 50% less water penetration depth was observed
for mixtures cured for 28 days compared to mixtures cured
for only 1 day. The obtained results also indicate that, in the
case of using LS powder, proper curing can significantly
improve the waterproofness of concrete compared to OPC
concretes.

— With the increase in the curing period, there was a
decrease in the chloride penetration depth, and therefore
decrease in the migration coefficient. The results showed
that with an increase in the LS replacement percentage,
there is no decrease in resistance. Also, there was no
significant difference between the types of LS powder.
However, LS concretes showed significantly worse
penetration resistance chloride (up to 186% with a significant
scatter) compared to OPC concretes, which needs to be
research in more detail in the future.
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ABSTRACT

This study examined the impact of substituting Natural Coarse Aggregate (NCA)
with varying quantities of sintered fly ash aggregate (SFA) in concrete. To ensure
sustainability, manufactured sand (M-Sand) was consistently substituted for river
sand in all mixtures. Slump values increased as the SFA content increased, which
positively impacted workability. The results suggest that a complete replacement of
the coarse aggregates can achieve substantial weight reduction potential. Even
though compressive strength, split tensile strength, flexural strength, and Young's
modulus decreased as the SFA content increased, all compositions (SFAQ, SFA50,
and SFA100) surpassed the minimum field requirement of 20 MPa compressive
strength. Impact testing adversely affected the impact strength of the SFA50 mix,
while SFAO and SFA100 demonstrated comparable failure modes. It is important to
note that replacing 50% NCA with SFA resulted in an increase in concrete durability,
as demonstrated by a lower average sorptivity value. The results of this study
indicate that SFA is a potential partial replacement for NCA. It provides advantages
in terms of workability, weight reduction, and potential enhanced durability, while

still maintaining adequate strength for field applications.

1 Introduction

Concrete construction has demonstrated the numerous
advantages of using lightweight materials like sintered flyash
aggregates, crushed clay bricks, and coconut shells. The
advantages include possible cost savings, a decrease in
autogenous shrinkage, and a reduction in concrete density
when compared to ordinary concrete [1, 2 and 3]. Low bulk
density, strong thermal insulation, and fire resistance are just
a few of the benefits that make lightweight concrete a viable
choice for both structural and non-structural building
applications. The use of lightweight aggregates in concrete
significantly reduces pouring costs.

The Sintered Flyash Aggregates (SFA) are produced with
the help of flyash from thermal power plants mixed with 90
% water to convert in the form of pelletization and further, it
is heated to produce lightweight aggregate. These sintered
aggregates have an advantage in the construction industry
in making structural lightweight concrete, arrestor beds, filter
media, roof tiles, and land drainages [4]. Manufactured Sand
(M-Sand) is made by crushing the hard granite stones into
small, angular-shape particles that are washed and finely
graded to be used as an alternative to river sand. The M-
sand has almost an equal character as compared to river
sand, which is less expensive and free from silt and clay
particles [5].

" Corresponding author:
E-mail address: ranjithbabucivil@psnacet.edu.in
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The compressive strength of lightweight aggregates is
never entirely dependent on porosity [6-7]. Several
associated variables, such as changes in the mineralogical
composition [8], the melting temperature of binders [9], the
margin of densification during sintering [10], aggregate
bloating [11], and internal flaws caused by thermal pressures
[12], further influence the compressive strength. The
recommended methods for designing concrete mixes for the
development of Lightweight Aggregate Concrete (LWAC)
differ greatly from standard approaches for designing
aggregate concrete mixes [13]. The majority of mix design
approaches, regardless of the aggregate properties and
necessary strength, focus on fixing the paste volume of
concrete or aggregate content [14]. This approach highlights
the durability and strength of the material. Because
lightweight aggregate is porous [15], it has a lower
compressive strength capability and less free water in the
paste matrix. Therefore, a substantial amount of cement
paste is required to achieve optimal workability and strength.
This might have an impact on the durability requirements of
structural concrete.

The addition of sintered flyash aggregate strengthens the
bond between the aggregate surfaces and cement paste [16,
17]. Extensive research is being carried out on the
sustainable production of lightweight concrete using sintered
flyash aggregates [18]. The researchers observed an
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increase in water absorption and voids as the proportion of
sintered aggregates increased. Replacing 40% (by mass) of
sintered flyash aggregate with 100% natural aggregates can
increase the strength of the concrete [19]. Furthermore,
reports indicate that using manufactured sand in ultra-high-
strength concrete produces hydration products that are
denser than those made with natural sand [20, 21].

The spherical shape of sintered flyash aggregate
positively impacts the LWAC's workability. When comparing
sintered flyash aggregates to regular angular aggregates, it
is seen that a comparatively smaller amount of
superplasticizer is needed to produce the required slump.
Increased water-to-cement ratios or the use of plasticizer are
suggested as ways to improve the workability of concrete
made completely of manufactured sand [22]. Previous
research revealed better compressive strength outcomes
when compared to conventional aggregate concretes. It was
also observed that the Interfacial Transition Zone (ITZ) has a
major role in regulating the strength of the LWAC and that the
strength of the aggregate alone does not influence the
compressive strength of the concrete that is formed. When
compared to regular concrete, variables such as test
specimen size, loading rate, multi-axial stress, etc. have
negligible effects in LWAC. Furthermore, it is noted that the
correlations between cylinder and cube strength in standard
concrete and LWAC differ.

Concrete's high permeability and capillary permeability
primarily contribute to its durability. One such simple
laboratory-based measurement, sorptivity, determines the
durability index by measuring the amount of water that
penetrates the concrete, and it holds practical significance.
The lower the sorptivity value, the concrete will have a higher
paste and a densified microstructure [16].

By analyzing the combined effects of Manufactured Sand
(M-Sand) and Sintered Flyash Aggregate (SFA), this
initiative pushes the limits of sustainable concrete
production. The research successfully develops structurally
lightweight concrete while simultaneously promoting
resource conservation through the partial and complete
replacement of natural river sand with SFA. This represents

a substantial contribution due to the potential cost savings
and weight reduction benefits of lightweight concrete. The
compressive strength, split tensile strength, flexural strength,
Young's modulus, impact resistance against drop weight,
and sorptivity of these samples are then experimentally
examined. Overall, this study illuminates the potential of SFA
and M-Sand as viable materials for sustainable construction
applications, demonstrating encouraging outcomes in terms
of strength, workability, and durability.

2 Experimental programme
2.1 Materials

The components utilized in creating the concrete mix
were the following.
211 Cement

In this study, Ordinary Portland Cement (OPC) of 53
grade, produced by KPC Limited in India and meeting the
1S:12269 standards [23], served as the binding agent. The
laboratory assessed several properties of the cement,
including specific gravity, fineness, setting time, and
consistency, through various standard experiments as per
the BIS code (IS 4031 Part 2, 4, 5, 11) [24-27]. Table 1 details
the outcomes of these experiments.

2.1.2 Manufactured sand (M-sand)

The M-sand utilized in the concrete blend was procured
from local suppliers in the vicinity. A grading analysis for the
manufactured sand is in accordance with [28]. The sieve
analysis graph in Figure 1 shows that the manufactured sand
fits into Zone Ill of 1S:383, and the particle size distribution is
within the range of values given in 1S:383. Additionally, the
properties of manufactured sand are determined in
accordance with BIS specifications [28, 29], which is
enumerated in Table 2.

Table 1. Physical Properties of Cement Under Examination

Properties Test results Test method
Specific gravity 3.15 IS: 4031 (Part- 11) [27]
Fineness (m?/kg) 320 IS: 4031 (Part- 2) [24]
Consistency (%) 33 IS: 4031 (Part- 4) [25]
Setting times (min) IS: 4031 (Part- 5) [26]
(a) Initial setting time 52
(b) Final setting time 300

100 3

o0 Zone -ll

80
W 70
S 60
:‘E 50
T a0
T a

20 \

10

0 - ‘ .
100 10 0.1 0.01
Sieve Size (mm)
—s—DNanufactured Sand  —e—Min. LS 383 —e—Max. 15 383

Figure 1. Gradation Curve for Manufactured Sand
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Table 2. Physical Properties of Manufactured Sand

Properties M-sand Test method

Bulk density (Loose) 1632 kg/m3 IS: 2386 (part -3) [29]
Bulk density (Compacted) 1797 kg/m3 IS: 2386 (part -3) [29]
Specific gravity 2.5 IS: 2386 (part -3) [29]
Water absorption 0.4 % IS: 2386 (part -3) [29]
Fineness modulus 2.14 IS: 2386 (part -1) [28]

2.1.3 Natural coarse aggregates (NCA)

The NCA used in the concrete mix was sourced from
locally convenient suppliers. Grading analysis for coarse
natural aggregates was carried out [28]. Figure 2 presents
the sieve analysis graph. Table 3 also displays the properties
of natural coarse aggregates determined according to BIS
specifications [28, 29].

2.1.4 Sintered fly ash aggregates (SFA)

The SFA has been purchased from Ahmedabad, Gujarat,
India, for use in the concrete mix. The SFA is spherical and
brownish-grey, as seen in Figure 3. The various properties of
SFA acquired in accordance with IS codal regulations are
listed in Table 4. Table 4 shows that SFA was more capable
of absorbing water than NCA. This increased water
absorption influenced the porous nature of SFA. Figure 4
shows the sieve analysis graph and the grading analysis for
sintered fly ash aggregate [28].

100 -
90
80 ~
T0
60
50
40
30
20 1
10 +

(%o} Passing

100 10

—s—Natural Coarse aggregate

Sieve Size (mm)

—e—NMin. IS 383

—s—Dax. IS 383

Figure 2. Gradation Curve for Natural Coarse Aggregates

Table 3. Tested Physical Properties of Natural Coarse Aggregates

Properties NCA Test method

Bulk density (Loose) 1467 kg/m3 IS: 2386 (part -3) [29]
Bulk density (Compacted) 1640 kg/m3 I1S: 2386 (part -3) [29]
Specific gravity 2.4 IS: 2386 (part -3) [29]
Water absorption 1% IS: 2386 (part -3) [29]
Fineness modulus 2.6 I1S: 2386 (part -1) [28]

Figure 3. Typical View of Sintered Fly ash Aggregates
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Table 4. Physical Properties of Sintered Fly ash Aggregates

Properties SFA Test method
Bulk density - Loose 778 kg/m?® IS: 2386 (part -3) [29]
Bulk density - Compacted 862 kg/m?® IS: 2386 (part -3) [29]

Specific gravity

IS: 2386 (part -3) [29]

Water absorption 16.8 % IS: 2386 (part -3) [29]
Fineness modulus 2.87 IS: 2386 (part -1) [28]
Impact value 27.78 % IS: 2386 (part -4) [30]
Crushing value 15.63 % IS: 2386 (part -4) [30]
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40 -
30
20
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(o) Passing

100 10

—s—Sintered fly ash aggregates

Sieve Size (mm)

—e—Min. IS 383

—e—Max. 1S 383

Figure 4. Gradation Curve for Sintered Fly ash Aggregates

2.1.5 Water

Portable water from the laboratory supply [31] was
utilized in the production of this concrete mix.

2.1.6 Superplasticizer (SP)

Conplast SP430, a chloride-free additive based on
sulphonated naphthalene polymers, was incorporated to
enhance the workability of the concrete mix and serves as a
water-reducing agent. All concrete mixes with a brown hue
and a specific gravity of 1.22 received a dosage of 2% SP
relative to the cement content.

2.2 Concrete Mix

The design of M30-grade concrete [32] used a control
mix with a slump of 95 +/- 5 mm. Following the guidelines,
coarse aggregates were utilized in Saturated Surface Dry
(SSD) conditions for all mixes. Unlike SFA and NCA, where
SFA exhibited a higher water absorption percentage, we
maintained the water-to-cement ratio constant across all
mixes. To achieve SSD conditions, additional water was
introduced to the aggregate surfaces before mixing. SFAwas
substituted in the concrete mix by 50% and 100% of NCA,
respectively, with the specific weight of the SFA serving as
the primary parameter for coarse aggregate replacement.
Table 5 provides detailed mix specifications.

2.2.1 Casting and curing of specimens

The initial step in preparing the concrete mix involved dry-
mixing the ingredients - cement, M-sand, NCA, and SFA - in
the concrete mixer machine for three minutes. Subsequently,
the dry mix was blended with water for five minutes to ensure
uniformity in the concrete mixture. The concrete was poured
into designated moulds, such as cubes, cylinders, prisms,
and discs, after conducting a slump test to determine its
consistency, and allowed it to set for 24 hours. Afterwards,
the concrete samples were removed from the moulds and
immersed in a concrete water curing tank until they reached
the required curing age of 28 days. To facilitate various tests,
specimens for each concrete mix were cast as follows.

. 3 nos. of 100 mm cubes both fresh and dry, were
used to measure the compressive strength after 28 days.

. 3 nos. of 100 x 200 mm cylinders were tested for
split tensile strength after 28 days.

. 3 nos. of 150 x 300 mm cylinders were used for
Young’s modulus test after 28 days;

° 3 nos. of 100 x 100 x 500 mm prisms were used
for the determination of flexural strength after 28 days;

. 3 nos. of 150 x 64 mm discs were used for the
determination of drop weight impact test after 28 days;

. 2 nos. of 100 x 50 mm discs were used for the
determination of water sorptivity test after 28 days.

Table 5. Mix details for concrete

. Replacement
_Mlx _ of NCA with Ceme?t M - Sa?d NCA3 SFA3 Watesr SP(%)
Designation o (kg/m?) (kg/m?) (kg/m?) (kg/m?) (kg/m?)
SFA (%)
SFAO 0 435 771 904 0 152.4 2
SFA50 50 435 771 301 301 152.4
SFA100 100 435 771 0 603 152.4
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2.3 Testing Procedures

BIS and ASTM standards [33-37] were referenced to find
various properties of the concrete specimens, including
density (both fresh and dry), compressive strength, split
tensile strength, flexural strength, Young’'s modulus, drop
weight impact tests, and sorptivity tests.

3 Test results and discussion
3.1 Workability Measures

Figure 5 shows the change in slump values for different
levels of SFA in concrete. Using M-sand in concrete instead
of river sand reduces the slump value. The concrete mix
without SFA has a lower slump value than the concrete mix
containing 50% and 100% SFA. When SFA is replaced, the
slump value increased by 55% and 73% compared to the
concrete mix that does not contain SFA.

3.2 Wet and dry density

Figure 6 provides the change in the wet and dry density
of the concrete mix. The concrete mix containing 0% SFA
has a wet density of 2650 kg/m?. The addition of 50% and
100% SFA in the concrete mix reduced the wet density by
13% and 20%, respectively. A similar trend in the dry mix was

observed. The dry density of the concrete mix, which
contains 0% SFA, is 2570 kg/m3. Further additions of 50%
and 100% SFA in the concrete mix reduce the dry density to
14% and 19%, respectively. M-sand is used in all concrete
mixes to increase wet and dry density. Concrete with a
combination of light and normal weight aggregate [37] has a
specific density greater than 2480 kg/m?® and can be defined
as structural concrete.

3.3 Compressive Strength Test

Figure 7 displays the average test results of concrete
cube samples after 28 days of normal water-curing. The 50%
replacement of SFA in concrete reduces the compressive
strength of the concrete by 17.14% and the 100%
replacement of SFA reduces the compressive strength by
31.4%. The 100% SFA replacement signifies its structural
lightweight nature, as its compressive strength is more than
21 MPa [37].

3.4 Split Tensile Strength

Figure 8 displays the 28-day split tensile strength values
based on [34]. The increased SFA content in the concrete
decreases the split tensile strength. 50% SFA in concrete
decreases the split tensile strength by 27.2%, and 100% SFA
in concrete decreases the split tensile strength by 20.3%.

100
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80
70
60 55
50
40
30
20

Slump (mm)

SFAQ wSFAS0 = SFA100

95

Figure 5. Variation of Slump Value for Different Levels of SFA In Concrete Mix
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Figure 6. Wet And Dry Density of Concrete Mix Contains Varying SFA
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Figure 7. The Compressive Strength of Concrete Mix Contains Varying SFA
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SFA0 3.37
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Figure 8. Split Tensile Strength of Concrete Mix Contains Varying SFA

Figure 9 illustrates the failure mode of tested split tensile
cylindrical specimens. Various international codes were used
[38—42] to compare the experimental values of split tensile
strength. Table 5 provides the empirical formulas used for the
prediction. The required cylinder compressive strength for
the prediction of split tensile strength is calculated by
multiplying 0.8 with cube compressive strength [43]. Figure
10 displays the predicted split tensile strength at 28 days
using empirical formulas.

(a)

(b)

According to the ACI code regulation, replacing 50% of
the coarse aggregate (SFA) in a concrete mix results in a
split tensile strength that is higher than the strength of the
tested samples. The observed values were greater than the
projected values in the remaining codes. The drop in strength
causes the SFA to rupture and pop out at 50% and 100% in
the concrete mix [18]. The use of M-sand in concrete
demonstrates its equivalence with river sand.

(c)

Figure 9. 28-Day Split Tensile Failure of Concrete Cylinders Contains SFA (a) 0% (b) 50% (c) 100%
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Table 5. Formulas to Predict Split Tensile Strength (fsp), Flexural Strength (fcr), and Modulus of Elasticity (E) from
Compressive Strength (fc or fic)

Split tensile strength (fsp)

Flexural strength (fcr)

Modulus of elasticity (E)

0 = 0.56,/1,'[38]

for = 0.62/1,[38]

E = 4700,/(0.8/,)[38]

fop = 1.56[’”;—;812[39]

for = 0.70,/1,[45]

E = 5000,/7;[45]

fop = 0.21(£.)5[40]

for = 0.81,/£[39]

- (22t ) wa
T fe

fsp = 0.19(£.)075[41]

fop = 0.19(£.)3[42]

for = 0.75,/f,[44]

Note: f; and f'¢c are 28-day cube and cylinder compressive strength, respectively.

4
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Figure 10. Comparison Between Predicted and Experimental Split Tensile Strength for The Concrete Mixture Containing
Varying Percentages of SFA

3.5 Flexural Strength Test

The flexural strength was determined in the concrete cast
[33]. Figure 11 depicts the variation in flexural strength at 28
days for concrete prisms made with an SFA-containing
concrete mix. The flexural strength values exhibit a similar
pattern to that observed in the split tensile and compressive
strength data. For concrete mixes containing 50% and 100%
SFA, respectively, the flexural strengths dropped by 25% and

14.8%. This decrease is caused by the addition of SFAto the
concrete mix. The complete substitution results in a
decrease in flexural strength of 14.8% when compared to a
50% SFA mixture. This suggests that a 100% SFA mixture
exhibits the characteristics of lightweight concrete. Figure 12
depicts the failures of the evaluated flexural strength prism
specimens.

SFA100

SFAS0

SFAQ

<
—

Figure 11. Flexural Strength of Concrete Mix Contains Varying SFA
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The experimental flexural strength values were
compared with various international codes available [38, 45,
39, 44). Table 5 provides the empirical formulas used for
predicting flexural strength. The formula suggests multiplying
the cylinder's compressive strength by a factor of 0.8 by its
corresponding cube compressive strength [43]. Figure 13
displays the predicted flexural strength results for the mix
after 28 days. In comparison to the other codes, CEB-FIP
predicts flexural strength with the highest accuracy. The
flexural strength values for the concrete mix with 0% and
100% SFA predicted by the code DG/TJ demonstrate good
agreement with experimental values. As the SFA content
increased, the flexural strength values decreased. All
concrete mixes contain M-sand, which had the similar
properties as river sand.

(a)

3.6 Modulus of Elasticity

Figure 14 shows the variation of the 28-day tested secant
modulus of elasticity (working stress) values, which are
based on the cylindrical compressive stress-strain values. As
the percentage replacement of SFA increased, the concrete
mix's modulus of elasticity decreased. The split tensile and
flexural strength values also follow the same trend.

The percentage decrease in secant modulus is 24.2% for
SFA 50% and 46% for SFA 100. These reductions in elastic
values are only due to the presence of SFA in the concrete
mix. The modulus of elasticity determined experimentally is
compared with various international codal provisions [38, 45,
44]. Table 5 lists the empirical values. Figure 15 displays the
predicted values. The anticipated outcomes indicate that the

(c)

Figure 12. Flexural Failure of Concrete Prisms Contains. SFA (a) 0 % (b) 50 % (c) 100 %
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Figure 13. Comparison Between Predicted and Experimental Flexural Strength for The Concrete Mixture Containing Varying

Percentages of SFA
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Figure 14. Modulus of elasticity of concrete mixture contains varying SFA
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Figure 15. Comparison Between Predicted and Experimental Modulus of Elasticity for The Concrete Mixture Containing
Varying Percentages of SFA

concrete mix comprising 50% and 100% SFA exhibits greater
values compared to the experimental data. We observed that
the IS 456:2000 code yields higher predictions than other
codes. Unlike the SFA content, the use of M-sand in concrete
shows no signs of degradation.

3.7 Drop Weight Impact Test

A simple drop weight test was used [46] to calculate the
impact energy (J) of the concrete mix on nine 150-mm-
diameter and 64-mm-high cylindrical specimens. Figure 16
displays the fabricated drop-weight impact tester. The test
procedure follows: We released a 4.56 kg cylindrical mass,
measuring 7 cm in diameter and 15 cm in height, from a
height of 457 mm, and it collided with a 64 mm diameter steel
ball that touched the top surface of the concrete specimens.
The number of blows until the first crack appears (N1) is
recorded. Then the test is continued until the cracks appear
from bottom to top and the ultimate failure (N2) of the
specimen is recorded.

The impact energy of each specimen was calculated
using Equation [1]:

my?
Impact Energy (J) = 5= mgh.n [1]

The variables under consideration were V, m, g, n, and J.
These variables represent the impact velocity, drop weight
mass, acceleration due to gravity, number of blows to cause
impact, and energy absorbed. Table 6 presents the findings
of the 28-day impact energy test. The concrete mix using
SFA50 has a comparable energy absorption capacity to that
of the concrete mix without SFA (SFAO). The SFA100 mix
had a 51.39% reduction in impact energy compared to the
SFAO concrete mix. A regression analysis was conducted on
the concrete mix to examine the impact of adjusting the SFA
content. The R-square values for the concrete mixes,
including SFAO, SFA50, and SFA100, are 0.98, 0.99, and
0.99, respectively. Figure 17 depicts the regression chart for
the concrete mix. Figure 18 depicts the failure mechanisms
exhibited by the specimens under testing. The SFA50
concrete mix's failure mechanism aligns with the
experimental study's observed failure mode [48].

Hardened Steel
all

rop Hammer

Figure 16. Test Setup for Drop Weight Impact Tester
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Table 6. Impact Resistance Results for the Concrete Mix Containing Varying Percentages of SFA

: J (Nm)
DesiMrl1);tion (m':;n) (m'\(i,gn) N2-N1 N2/N1
9 First crack Final crack
SFAOQ 131 146 15 1.1 2678 2985
SFA50 142 148 6 1.01 2903 3026
SFA100 66 71 5 1.07 1349 1451
250
v=12411x - 16.92
200 R? = 0.9877 S

a ¥ E11046x - 8.8814

z e R* =10.9998

£ 150 . ,

E 100

= L

=

50 ¥y = 0.6452x + 28.419
R =0.9926
0
0 50 100 150 200 250
First crack (N1)

Figure 17. Regression analysis for the concrete mix for varying SFA

L

Figure 18. Failure modes of tested concrete mix with varying SFA (a) 0 % (b) 50 % (c) 100 %

3.8 Sorptivity (S)

By measuring the capillary rise absorption rate of the
homogenous material, the sorptivity of the concrete mix can
be determined. Water in this experiment was used to
investigate the phenomenon of capillary action. Figure 19
depicts the test setup for measuring sorptivity on the
concrete specimens. To prevent water from moving laterally
within the disc, a non-absorbent (epoxy) applied coating was
to its side, keeping the water level at no more than 3 mm
above the specimen. The following formulas were used to
calculate the sorptivity (S), and estimated for 30 minutes [47].

132

e 0.5
v (mm/min®>),

whereas

| define rate absorption as %,

t = time in minutes,

w4 = oven dry weight of specimen in kg,

w» = weight of specimen after 30 minutes of capillary
suction of water in kg.

A'is the surface area in which the water penetrates, and

d is the density of water in kg/mm?3. Table 7 displays the
sorptivity results.
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Figure 19. Test Setup for Sorptivity of Concrete Cylindrical Specimens

Table 7. Sorptivity (102 mm/min®®) for Concrete Mix for SFA Content

Mix Designation (Vk\lg1) (Vllng) S%'f:éz ° Devc:;g' o (S1<())r2p m’r':]);;ﬁ:g% Ave\l;z?uees((;ror{tzmty
(mm?) (kg/mm?®) mm/min®?)

SFAOQ-a 1.069 1.071 9424.77 10 0.039
SFAO0-b 1.042 1.047 9424.77 10 0.097 0.068
SFA50-a 1.164 1.167 9424.77 10 0.058

SFA50-b 1.128 1.131 9424.77 10 0.058 0.058

SFA100-a 0.905 0.908 9424.77 100 0.058

SFA100-b 0.861 0.865 9424.77 10 0.077 0.068

a & b indicate the first and second specimens respectively taken for the sorptivity test

The average findings reveal that incorporating 50% SFA
in the concrete mix correlates with a reduction in sorptivity.
Furthermore, the sorptivity value of concrete with 0% SFA
matches that of concrete with 100% SFA. Partially
substituting 50% SFA in concrete leads to a decrease in
sorptivity. As per Gomathi et al. 2015 [16], maintaining SFA
content within a specified range enhances the durability of
the concrete mix. Additionally, M-sand proves to be a
superior alternative to river sand in concrete applications.

4 Conclusions

The following conclusions were made based on the
results of the previously mentioned experimental
examinations:

e The introduction of M-sand into concrete leads to a
decreased slump, while the inclusion of SFA results in an
increased slump.

e The SFA100 concrete blend demonstrates
lightweight properties, as evidenced by its wet density being
20% lower compared to concrete containing natural
aggregates (SFAQ). Similarly, the SFA100 mix had a 19%
lower dry density than the SFAQ mix.

¢ With higher SFA content, mechanical characteristics
such as compressive strength, split tensile strength, flexural
strength, and Young's modulus decreased. However,
comparing these three mixes was impractical due to
variations in their dry and wet densities.

Building Materials and Structures 67 (2024) 2400005B

e According to IS 456 code, the minimum compressive
strength required for concrete in the field is 20 MPa.
Hence, SFA incorporation renders the concrete suitable for
field applications while reducing the structure’s self-weight.

e The partial replacement of SFA with natural coarse
aggregates (NCA) affected the impact strength of the
SFA50 concrete mix. During impact strength testing, both
SFA 0 and SFA 100 concrete mixes failed in similar
manners.

e The average sorptivity value indicates that replacing
50% of the NCA in concrete with SFA improves the
concrete mix's durability.
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ABSTRACT

3D concrete printing (3DCP) technology represents a new approach to producing
contemporary concrete structures. The application of sophisticated equipment such
as a 3D printer has brought numerous advantages, which were noted through
significant practical application. Currently, 3DCP technology is being developed in
two main directions: on-site production of entire structures and prefabricated
construction. However, 3DCP technology has not yet reached its full potential in
prefabrication as the connections between individual segments and their capacities
under horizontal and vertical loads, have not yet been extensively investigated. This
paper focuses on the experimental testing of the bearing capacity of a beam
constructed by connecting individual segments of 3D printed concrete. The
segments are connected using post-tensioning steel bars. The experimental
program included testing a single segment as well as a segmental girder in a 3-point
test. In the case of the individual segment, failure occurred due to the loss of tensile
capacity of the concrete. For the segmental beam, failure occurred when the shear
capacity was reached. Shear fracture was accompanied by diagonal cracks

extending from the point of force application towards the beam supports.

1 Introduction

The construction industry has a significant impact on the
gross domestic product (GDP) of each country, not only
through construction activities but also through related
industries such as mechanical engineering, electrical
engineering, material production, and others. Over the
centuries, the construction industry has undergone constant
changes and innovations driven by advancements in science
and technology. However, compared to other sectors,
construction has experienced a relativelely slow increase in
productivity. One potential direction for enhancing
productivity development in this sector is the application of
3D concrete printing technology (3DCP). The digitalisation of
the building process significantly reduces the time required
for construction, material waste, and errors [1]-{3].

3D printing technology is a modern method for creating
three-dimensional shapes. It originated as a laboratory
technique, with one of the pioneers being Chuck Hull, who
successfully printed the first three-dimensional shape in
1986. [4]. The concept of 3D printing can be applied to a
variety of materials, such as plastic, composite, concrete or
steel. Behroh Hoshnevis from the University of Southern
California patented the Contour Crafting (CC) method for
3DCP in the late 20th century [5]-{7] which has since
become the most widely used method for concrete printing.

" Corresponding author:
E-mail address: smitrovic@imk.grf.bg.ac.rs
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In addition to CC technology, two other methods have
been developed and used for 3D concrete printing (3DCP):
the Inject Printing method and the Shotcrete 3D Printing
(SC3DP) technology [7]1-[10].

3DCP using the aforementioned methods has been
successfully implemented in various applications, as shown
in Figures 1-3:

1. Individual elements, such as columns and walls

2. Decorative elements, including arabesques,
ornaments, and facade panels

3. Outdoor furniture, such as benches, tables, and
planters

4. Sculptures and monuments

5. Single-story and multi-story buildings, including family
houses and residential buildings

6. Pedestrian bridges and similar structures

It is important to note that companies specializing in
material production, such as Lafarge and Sika, have
recognized 3DCP technology as a new construction method.
Ready-made premixes for use in 3D printing are now
available on the market. Companies like COBOD BOD?2,
Apis Cor, Contour Crafting, and XtreeE have developed
printers capable of printing large structures, including one-
story houses, on-site [11]. Support for these projects has
been provided by companies specializing in formwork, such
as PERI and DOKA [12].
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Figure 2. Striatus bridge [13]

Figure 3. Horizontally printed panel [1]

The advantages of using 3D printing technology in the
production of contemporary concrete structures are
numerous [13]. First of all, significant time savings are
achieved because the process is automated, reducing the
need for labor. A 3D printer requires only a small number of
operators. Additionally, 3D printing technology allows for
greater freedom in the design of elements and structures.
There is no need for complicated formwork, which is often
difficult to create for more complex elements and can only be
used once [11]. The cost of construction is reduced, as the
value of the formwork typically accounts for about 35-60%
of the element's price [15]. Furthermore, material waste and
construction waste on-site can be minimized. It is also
possible to use "green" concrete by incorporating recycled or
waste materials [14], [16]. The application of 3D concrete
printing enhances workplace safety, reduces human errors
and omissions, and is suitable for use in challenging
conditions. This technology is particularly well-suited for
constructing buildings intended for rapid accommodation
following natural disasters such as earthquakes and floods.
These structures can also be used to house refugees or
patients during pandemics like COVID-19.

There are also some shortcomings and open questions
regarding the broader practical application of this technology
[17]. A 3D printer is a sophisticated piece of equipment that
requires a substantial initial investment, which can hinder the
wider adoption of this method, as low cost and simple
production are the main reasons for the widespread use of
concrete in construction. Additionally, the operator must be
adequately qualified. To print an entire structure, a printer
larger than the structure itself is required, leading to complex
and costly printer construction [18], [19]. Thus, the authors
believe that 3DCP technology needs to be adapted for the
prefabrication of concrete elements. In such cases, individual
segments are produced in a prefabrication plant, transported
to the construction site, and then assembled. Challenges
include ensuring proper connections between segments,
addressing cold joints, and incorporating reinforcement, if
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needed. A significant obstacle to the wider application of this
technology is the inability to achieve consistent quality of
printed concrete using the same mixture on different printers.
Therefore, the quality of the final product depends on the
correlation between the mixture and the printer, as
demonstrated in an interlaboratory test conducted by the
University of Eindhoven and the University of Delft [20]. The
incorporation of reinforcement remains an open question,
although various models have been proposed [21]. The
development of an adequate and robust static system for
safely transmitting loads in 3DCP structures is still
unresolved. Additionally, there are currently no material
models for the static and dynamic calculation of structures
[12], [22].

The scientific community has recognized the open
questions and obstacles related to 3DCP technology. The
RILEM organization, through its two technical committees,
TC 276-DFC and TC 304-ADC, is addressing the issue of
standardizing the 3DCP process and laboratory testing of the
properties of 3D printed concrete. Namely, there are
currently no standardized models or guidelines for the design
and calculation of materials and elements, including
standards and regulations for the production of fresh
concrete mix, testing properties in both fresh and hardened
states, the 3D printing process, and the testing of finished
elements and structures. Additionally, committees such as
ACI Committee 564, ISO/TC 261, and ASTM Committee F42
have been established to focus on these challenges. The
preliminary version of the new edition of standard EN 206-4,
which pertains to 3DCP technology, is expected to be
released in 2027 [12].

The aim of this paper was to analyse the current state-of-
the-art in the field of experimental testing of segmental
concrete elements produced using 3DCP. Additionally, the
paper presents the authors' own experimental results from
the initial phase of producing and testing a prototype of
precast 3DCP two-segment girder.

Building Materials and Structures 67 (2024) 2400008M
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2 3D printed concrete segmental elements: state-of-
the-art

As mentioned in the previous chapter, prefabrication
holds significant potential for the further development of 3D
concrete printing technology. Open questions include the
manufacturing of connections and the verification of the load-
bearing capacity and serviceability of the elements [12], [21].
The first elements that were manufactured and analyzed as
segmental components are beams. In addition to being

printed as a single piece, beams can also be constructed by
connecting smaller individual segments using epoxy
adhesives, reinforcement, or post-tensioning. The tests
conducted focused on determining the bending or shear
capacity of the beams [12]. A summary of the tests from the
literature review is presented in Table 1, showing the types
of elements and tests performed, the type and content of
fibers, and the type of reinforcement or cables used. An
example of these tests is shown in Figure 4.

Table 1. Experimental and numerical analysing of 3SDCP segmental beams and bridges

Content
us Type Dimension of Type of  of . Type of Type of FEM
&: of element elements [mm] Type of test fibers fibers Reinforcement reinforcement Cables cables Analysis
[%]
9 Dywidag-
system
. e High-strength tendons
(se'zrr'r‘]’(fnetal) 1 1720x460x500 ;‘eﬁgi‘;‘g PP ; C;r?r:fe(ra:(ffz"let;y steel cable @ tenzi‘(’)snting (@15.7 mm, Yes
0.63 mm Y1860 steel
grade), initial
load 120 kN
23] 16 Dywidag-
Live system
. load/reached High-strength tendons
(seBrr';’g:tal) 1 3440x920x6500 100% of SLS PP ; Car?;fe(ra:gfzdlet;y steelcable @  Post  (@15.7 mm, Ves
9 Moment in p 0.63 mm  tensioning Y1860 steel
span grade), initial
load 150 kN
(4], Beam 1 on0xas0x3000 POt pp 050 Manually placed St€elrebar@ / SAP2000
(segmental) bending 16 mm
Standard bar &
Beam 3-point 14 mm
[25] (segmental) 7 240x240x960 bending / / Manually placed Stirrup @ 8 mm / / No
(e= 80 mm)
Bending
under
[26] Beam 1 4000 (span) uniformly / / Manually placed Steel rebar @ P.OSt. @9.4mm  Fusion 360
(segmental) disturbed 12 mm tensioning
load
Beam 4-point B Post Grasshopper
(271 (segmental) 1 2500 (span) bending Glass / / tensioning Robot Studio
(28] , Beam 43 yogo16x3300 SPOINt / /' Manually placeg St@ndardbar @, / Abaqus
(segmental) bending 12, 16, 25 mm
Bridge . compas_3dec
[29] (segmental) 1 16000 (span) In situ / / / / / / Sofistik
Standard bar @
Beam 4-point 8,10, 12 mm
[30] 4 150x350x3200 ; / / Manually placed Steel spirals @ / / No
(segmental) bending 8 mm (e= 200
mm)
E ..
i e
Figure 4. In situ testing of the bridge with water-filled containers [23]
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The tests presented in Table 1 include the measured
displacement of bridges or girders under load. Two
approaches are usually used to design 3D printed concrete
elements: topology optimization and the trial-and-error
approach. The main goal of the presented research was to
achieve the minimum required amount of material and to
demonstrate the potential of 3DCP technology in
prefabricated construction. In all cases, the bridges or beam
girders had hollow configurations with various types of
fillings. Some researchers incorporated fibers into the fresh
concrete mixture. It is found that while a great range of
element shapes can be created, but tensile strain in concrete
cannot be completely eliminated, which is resulted that post-
tensioning cables or reinforcement are required. The
procedure for incorporation of cables or rebars is the same
as that of conventionally made concrete elements, also with
the need for filling the joints with injection mortar.

3 Experimental investigation
3.1 Scope of the experimental programme

The experimental phase of this research was divided into
two main directions:

1. Determination of the bearing capacity of a single
segment made of 3D printed concrete, with dimensions of
435x240x300 mm, using a 3-point test.

2. Determination of the bearing capacity of a two-
segment girder created by connecting two individual
segments of 3D printed concrete. The total dimensions of the

girder were 435x240x600 mm, and it was tested using a 3-
point test.

3.2 Preparation of samples

The individual segments were produced using 3D
concrete printing technology, as shown in Figures 5 and 6. A
3D printer at the Faculty of Civil Engineering at the University
of Belgrade was employed for this purpose [12]. The fresh
concrete mixture was made using a ready-to-use, one-
component premix with the commercial name Sikacrete®-
751 3D, manufactured by Sika [31]. Each segment consisted
of 20 layers, with an average layer height of 15 mm. The
printing parameters included a printing speed of 1200
mm/min, a nozzle offset of 15 mm, and a pump pressure of
4 bar. The segments, which had a hollow lattice filling and
dimensions of 435x240x300 mm, were cured in a dry
environment for 28 days.

The beam is manufactured by connecting two individual
segments using post-tensioning with two M16 steel bars of
quality 8.8, as shown in Figures 7 and 8. The bars are
centrally placed through the hollow structure of the
segments. Steel plates with dimensions of 500x300x10 mm,
along with additional plates, are positioned at the ends of the
segments. These steel plates are adhered to the segments
using epoxy paste adhesive. The connection of the
segments is achieved through post-tensioning. The

segments are in dry contact with each other. The steel bars
are tightened to the required level using a torque wrench.
GEOKON Model 4000 vibrating wire strain gauge sensors
(VWSG) were installed on the segments prior to connecting
them.

Figure 5. The process of 3DCP of individual
segments

Figure 6. Printed individual segments

Figure 7. Individual segments before connection
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Figure 8. The post-tensioning including the tightening of

nuts with a torque wrench
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The purpose of the post-tensioning force is to connect the
segments into a single element and to ensure the required
shear capacity of the beam. The beam, with a span-to-height
ratio of less than three, supposed to exhibit shear failure in
the 3-point test. The criterion for selecting the prestressing
force was based on the contribution of the normal force to
the shear capacity of the beam, as outlined in Eurocode 2
[32], through the parameter oc. The post-tensioning force
was determined by limiting the parameter ocp to a value of
0.2*f.q, where f.qa represents the design compressive strength
of the concrete. The required force was calculated based on
a cross-sectional area of 59712 mm? and concrete class
C25/30, resulting in a value of 160 kN, or 80 kN per steel bar.
The maximum permissible force in a bar of quality 8.8 is 90
kN. To achieve the necessary post-tensioning forces, each
bar had to be tightened with a torque of 192 Nm.

The strain of the beam during post-tensioning was
measured by means of vibration wire strain gauges (VWSG).
The normal force induced in the girder is calculated as the
product of the modulus of elasticity, the cross-sectional area,
and the mean value of the measured strain. The testing of
the modulus of elasticity was performed on two types of
samples: mold-cast samples and printed samples. In both
cases, the modulus of elasticity exhibited a value of 27 GPa.
The nut tightening was performed in several stages. The
values of the measured strains are presented in Table 2,
along with the difference between the measured force and

the expected force based on theoretical calculations. On the
first day of post-tensioning, the beam was prestressed and
then unloaded to allow for necessary adjustments and fitting
of the segments. Final post-tensioning was carried out the
following day, after which the beam was subjected to a 3-
point test until failure.

3.3 Testing of the individual segment

The first part of the experimental program focused on
testing an individual segment without reinforcement or steel
fibers using a 3-point test. The experimental setup is
illustrated in Figure 9. The segment was supported and
subjected to force using steel plates, which were adhered to
the segment with epoxy paste adhesive. The segment was
positioned on fixed and roller supports, with a span of 240
mm. The test was conducted using an Amsler press with a
capacity of 2500 kN.

The load was applied gradually to the sample at a rate of
1 kN/sec until failure occurred. This setup allowed for the
evaluation of the segment’s bending capacity and the
determination of its structural performance under load.

The ultimate load capacity of the segment was 130 kN,
and the total test duration was 2.50 minutes. The fracture
pattern observed in the individual segment after reaching its
bearing capacity is depicted in Figures 10 and 11.

Table 2. Measured strain in the post-tensioning process of segmental beam

First day — 16/07/2024

Torque Expected Total VWSG VWSG VWSG VWSG Main Measured
[Nm] Force by expected 1 [ug] 2 [ue] 3 [ue] 4 [ug] value force [kN]

bar [kN] force [kN] [ue]
0 0 0 0 0 0 0 0 0
60 25 50 -12 -28 -33 -8 -20 33
110 46 92 -18 -33 -45 -10 -27 43
160 67 133 -26 -44 -62 -13 -36 59
190 79 158 -31 -50 =72 -15 -42 68
0 0 0 -1 -9 -2 2 -2 4

Second day — 17/07/2024
Torque Force by Total VWSG VWSG VWSG VWSG Main Measured
[Nm] bar [kN] force [kN] 1 [ug] 2 [ue] 3 [ue] 4 [ug] value force [kN]
[pe]
0 0 0 0 0 0 0 0 0
60 25 50 -5 -8 -19 -3 -9 15
110 46 92 -10 -16 -35 -7 -17 28
160 67 133 -19 -26 -56 -11 -28 46
P

U ___—Steel plate

435

Testing girder

Fixed support % % Roller support

240 0]

Figure 9. Experimental setup for 3-point test for individual segment
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[N

Figure 10. The failure mechanism of the
segment in 3-point test - inside

3.4 Testing of the segmental girder

The segmental girder, with dimensions of 435x240x600
mm, was tested using an Amsler press with a capacity of
2500 kN. The beam underwent a 3-point test. Steel plates,
adhered with epoxy paste adhesive, were used to provide
support and apply force to the beam. The beam was placed
on fixed and roller supports with a span of 500 mm. The
experimental setup is illustrated in Figure 12.

Steel plate P

435

— ==
| Fixed support Roller support|
Jso] 500 Lso]

Tt

S, and S, - front side
8, and S; - back side

Testing girder

Steel bar

Figure 11. The failure mechanism of the
segment in 3-point test - outside

Before the start of the test, strain values were measured
using sensors and axial prestressing force was confirmed.
The transversal force (P, Figure 12) was applied
incrementally, with initial steps of 5 kN up to 100 kN, followed
by 10 kN steps up to 200 kN, and then 20 kN steps. During
testing, there were brief pauses, leading to minor force
reductions attributed to sample adjustments. The total test
duration was 120 minutes with obtained capacity force of 333
kN. Strain measurements were taken at each step until the

Figure 12. Experimental setup for 3-point test for segmental beam

——VWGS | —o—VWGS 2 —o— VWGS 3

40
30

20

0 50 100

—
S

Strain [pe]
(e}
4

VWGS 4 —e— Average total strain

150 20 250

Force P [kN]

Figure 13. Measured strains in segmental girder
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first crack appeared, at which point the sensors were
removed to prevent potential damage due to the girder
failure. The S1-S4 curves on Figure 13 show the strain value
without previous strain from the post-tensioning phase, i.e.
only strains resulted from the action of trasversal load P. The
blue curves with name “Average total strain” represent the

total value of strain of the middle of cross section height with
added compressive strain from post-tensioning phase.
Figure 14 shows the crack pattern of the segmental beam,
including the force values and crack widths. The failure
mechanism of the segmental beam in the 3-point bending
test is illustrated in Figures 15 and 16.

P P P P
P= 240 kN P= 270 kN
Y
L N T
I LA
N W e
]
13 N
&
Ze; T = = == ==
Front side Back side Front side Back side
P P P P
P=270 kN J P= 300 kN
‘n~ N
N1 N =7
AT LI
'—; h L
h 4:;;
=] [ — = =05 o &5 =04
Front side Back side Front side Back side
P P P P
P=310 kN J P=327 kN
i
N :;;:! al
A
N
4 N f
= =0 =05 Sl == ==
Front side Back side Front side Back side
P P
P=333 kN
al
5
H Hl
@
Front side Back side

Figures 14. Crack pattern in tested segmental beam

Figure 15. The failure mechanism of the
segmental beam in 3-point test — front side
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Figure 16. The failure mechanism of the
segmental beam in 3-point test — back side
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3.5 Discusion of results

The testing of the individual segment revealed bending
failure, characterized by the formation of a crack at the mid-
span and its subsequent propagation along the height of the
segment. This type of failure is anticipated given that the
sample was manufactured without reinforcement or steel
fibers. Due to the short span and the force application near
the segment supports, shear capacity of tested elements
was higher.

Previous research [33] determined the splitting strength.
For splitting failure, the predicted capacity was 143 kN. For
bending failure, the predicted capacity force was 150 kN. The
prediction was based on a single calculation of stresses in
the cross-section and the tensile stress limitations, which are
set to the value of feem according to Eurocode 2 [32]. The
experimental testing yielded a capacity force of 130 kN. The
observed fracture involved a crack opening in the tensile
zone, progressing through four layers and continuing
between layers to the segment's top. The fracture pattern
suggests adequate printing quality and high interlayer bond
strength. The behavior of the printed segments is
comparable to that of traditionally cast samples. The
experimental capacity force is approximately 15% lower than
the theoretical prediction, which is based on bending failure.

Measured strains in prestressing phase of two-segment
girder testing (Table 2) indicated an eccentric application of
the post-tensioning force. The presence of a bending
moment around the longitudinal axis of the beam was
detected, resulting from the asymmetrical stress distribution
across the cross-section, particularly with high values at the
edge where sensor S3 was installed. Localized damage at
the corners of the segments is evident in Figure 17. The
strains did not return to their initial values during the
unloading process on the first day, which is likely related to
this localized damage.

With a torque of 160 Nm applied to each bar, the
theoretical post-tensioning force per bar was 67 kN, totaling
entered force of 134 kN for the beam. However, testing
revealed that the actual mean post-tensioning force was 46
kN. The difference between the entered and measured post-
tensioning force may be due to eccentricity or bending of the
supports, including the anchor zone. These factors will be
more considered in future research. Given the beam's short
span, shear failure with diagonal cracks was anticipated
rather than bending failure. According to Eurocode 2 [32], the
predicted shear capacity of the beam was 290 kN.

The first diagonal crack appeared at a force of 240 kN
(Figure 14) on the beam's front side, detected by an
unexpected change in sensor readings. This crack, initially

Figure 17. The local destruction of
segments
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0.05 mm wide, propagated to 0.55 mm at a force of 333 kN.
A significant force drops from 240 kN to 192 kN was
observed, with the crack widening further during force
application.

A second diagonal crack, symmetrical to the first,
developed on the same side at a force of 310 kN, with a width
of 0.45 mm at 333 kN, Figure 16. Diagonal cracks also
emerged on the back side of the beam, with the first
appearing at 300 kN and a second at 327 kN. The
experimental testing reached a maximum capacity force of
333 kN, indicating shear failure with diagonal cracks on both
sides of the beam from the force application points to the
supports (Figures 15 and 16). Theoretical predictions
estimated a capacity force of 290 kN, whereas the
experimental results yielded 333 kN, showing a 13%
difference. The diagonal cracks passed through the layers
without delamination between them. Furthermore, there was
no failures at the segment joints. Therefore, the connection
method proved to be effective.

All sensors without previous strain in girder from post-
tensioning, detected tensile strain with increasing force,
except for sensor S1, which detected compressive strain
after 200 kN. Sensors S1, S2, and S4 recorded similar strain
values, while sensor S3 showed the highest strain values,
indicating the impact of post-tensioning eccentricity on beam
behavior. Sensor S3 recorded the highest strain during the
post-tensioning phase. The average value of total strain on
the middle of the sample height is negative during the testing,
which indicate the compressive strain in that direction. It
should also be noted that the experimental testing of
individual segments with dry contact resulted in a noticeable
gap opening during force application, as shown in Figure 18.

4 Conclussions

Based on the presented findings, the following
conclusions can be drawn:

1. 3D concrete printing technology holds significant
promise for advancing contemporary concrete structures,
particularly as part of the 4.0 industrial revolution. The
integration of modern software and 3D printing machines is
expected to revolutionize construction practices.

2. While 3D printing facilitates the creation of intricate
elements, challenges remain in designing effective
connections between segments. There is a need for further
research into verifying the bearing capacity of these
connections and assessing the long-term performance of 3D
printed elements, particularly under lateral loads.

Figure 18. The gap between segments
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3. Previous research confirm that post-tensioning has
proven to be an effective method for connecting individual
segments, enhancing both bending and shear capacities.
The hollow structure of printed segments accommodates the
installation of cables and reinforcement bars, addressing
tensile stresses and improving structural integrity.

4. Own experimental testing of individual printed
segments confirmed high print quality and good correlation
between the printer and the fresh concrete mixture. The
capacity force measured was in line with theoretical
predictions for bended elements.

5. Post-tensioning with steel bars introduced
compressive forces and provided good connection of the
segments; accidental eccentricity of prestressing force
caused stress concentrations and relatively small-localized
damage.

6. The tested two-segments girder exhibited shear
failure, as anticipated based on its span-to-height ratio and
relatively high prestressing level. Failure mode and crack
pattern suggests that the proposed connection approach is
structurally sound. Also, this qualitative test showed the
success of this assembling method and confirmed that axial
forces in the beam can be achieved with steel rebars
tightened with torque wrench only.
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1 Introduction

The carbon dioxide (CO.) emissions have increased
drastically above the period 1850-1900 and continue to
increase [1], Figure 1. This is mainly a result of the
unsustainable energy and land use, lifestyles and patterns of

ABSTRACT

Mineral carbonation is a way to permanently store carbon dioxide (CO;) in cement-
based materials. Demolished concrete waste and other types of alkaline industrial
wastes, like iron and steel slags, fly ash, concrete slurry waste and cement kiln dust
are prospective candidates for accelerated carbonation application. This paper
presents CO2 sequestration potentials, impacts of the accelerated carbonation on
the selected properties of wastes and their possible applications in cement-based
materials. Based on the analysis of published research in the area it was concluded
that porosity, volume stability and heavy metals leaching of different waste types
are improved after accelerated carbonation pre-treatment. This increases the
effectiveness and broadness their application as substitutes for aggregates and
binders in mortar and concrete. The research is however still very limited in the area
of the application of the carbonated wastes with highest CO2 sequestration
potential, namely recycled concrete powders and iron/steel slags. Besides, for
proper conclusions on the environmental benefits, an LCA (Life Cycle Assessment)
which includes all the phases of the life cycle must be performed, which is also
lacking in the published research.

Due to high concentrations of CO- in the atmosphere, global
average surface temperature rapidly rises causing climate
changes [1], Figure 1. Human-caused climate change has
already resulted in rise of the sea level, decrease of Arctic
sea ice, ocean acidification, greater frequency and intensity
of weather and climate extremes, loss of many spices, etc.

consumption and production of humans all over the planet. [1].
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To prevent irreversible consequences, the
Intergovernmental Panel on Climate Change (IPCC) in their
2018 Special Report, titled Global Warming of 1.5°C,
recommended that global average temperature increase
should be limited to 1.5°C above period 1850-1900, by 2100.
For that goal to be reached, it is necessary that global CO>
emissions reach net zero by 2050, while net non-CO;
radiative forcing (other greenhouse gas) is significantly
reduced after 2030 [2].

Reaching carbon net zero in such a short time is global
task that requires deep and rapid (in some cases immediate)
transition in energy, land use, infrastructure (including
transport and buildings), and industrial systems. Humankind
faces a huge challenge, probably one of the largest ever.

As for cement and concrete industry, there are multiple
pathways toward reaching net zero CO, emissions. They can
roughly be classified into: (i) savings in clinker production [3],
(ii) savings in cement and binder [4, 5], (iii) efficiency in
concrete production [6-9], (iv) efficiency in design and
construction [10], (v) re-carbonation (CO- sink) [11], and (vi)
decarbonisation of electricity [3]. However, due to the high
degree of process-related CO, emissions, cement industry is
regarded as one of the rare examples where carbon capture
and storage or utilisation (CCUS) technologies must be
implemented since conventional mitigations levers will not
suffice.

2. Carbon capture and utilization/storage CCUS

Carbon capture and storage includes the separation of
CO2 from industrial and energy-related sources,
transformation into a liquid state by compression, transport
to a storage location and long-term isolation from the
atmosphere [12]. Permanent storage is possible only as
geological storage (in geological formations, such as oil and
gas fields, coal beds and deep saline formations), ocean
storage (direct injection into the ocean water column or onto
the deep seafloor) and mineral carbonation [12]. Figure 2
shows the plan of the first industrial-scale carbon capture
and storage facility installed at a cement plant in Brewik,
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Norway. The beginning of the operation is planned by the
end of 2024 [13].

Captured CO; can be utilised in different carbon
containing products, in which case it can be permanently
(mineral carbonation) or temporarily stored (production of
synthetic fuels, urea, methanol, etc.) [14, 15]. Carbon
capture and storage is referred to as CCS and carbon
capture and utilisation is referred to as CCU. In general, both
pathways are together referred to as CCUS.

Mineral carbonation denotes chemical reactions in which
CO; is converted to solid inorganic carbonates. It occurs
naturally, where it is known as weathering carbonation of
natural silicate rocks, such as serpentine, wollastonite and
olivine, rich in magnesium oxide (MgO) and calcium oxide
(Ca0). The process can be accelerated using alkaline solid
waste instead of natural rocks, but in both cases, it
permanently stores CO; in the form of thermodynamically
stable carbonate (CaCO3/MgCQOs) (Eq. 1):

CaO(MgO) + CO, — CaCO, (MgCO,) + heat )

Since natural mineral carbonation is a very slow process,
current research is oriented towards accelerated carbonation
of various industrial waste such as iron/steel slags, coal and
fuel combustion products (fly ash), mining/mineral
processing wastes, incinerator residues, cement and
concrete wastes, pulp and paper mill waste, etc. [16, 17].

2.1 COgy utilization in the cement and concrete industry

There are multiple ways to utilize the captured CO; from
cement plant or any other large point source, and to store it
permanently in cement and concrete products. They include
CO- curing of concrete products at early age [18, 19, 20],
injection of CO; in the fresh concrete mix [21, 22, 23] and
mineral carbonation of different wastes. The most

investigated one however, is mineral carbonation of alkali
industrial waste under accelerated conditions including
demolished concrete waste, concrete slurry waste, cement
kiln dust, fly ash, and steel slags [24, 25, 26].

Figure 2. CCS facility at Norcem Bervik cement plant; capacity 400.000 t per year
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In this work, a state-of-the-knowledge on the mineral
carbonation of alkali industrial wastes is presented. Different
technologies, CO, sequestration potentials, and possible
applications in mortar and concrete production are
discussed.

3. Mineral carbonation of demolished concrete waste

On average, industrial recycling of demolished concrete
waste results in about 50% coarse recycled concrete
aggregates CRCA, up to 40-50% fine recycled concrete
aggregates FRCA (particle size <5 mm), and up to 5-10%
of recycled concrete powder RCP (particle size <0.15 mm)
by weight [27,28,29]. Over the past decade, a lot of research
has been performed on the accelerated carbonation of
recycled concrete aggregates (RCA). If exposed to
accelerated carbonation, these wastes can rapidly absorb
CO2 while their properties are improved. The hydrated
cement paste in residual mortar reacts with CO, to form
CaCO;s that fills the pores and densifies microstructure of
RCA.

Due to the inferior quality of RCA compared with natural
aggregate (NA), additional cement is usually required in the
recycled concrete (RAC) to obtain performance similar to
referent natural aggregate concrete (NAC) [30, 31]. If the
properties of RCA were improved, lesser amount of added
cement would be needed. Even a small reduction in cement
content is important for reduction of CO, emissions from
concrete production. At the same time, a certain amount of
COz is permanently stored in concrete.

Generally, accelerated carbonation can be performed in
two different environments: dry (gas-solid reaction) and wet
(liquid-solid reaction) conditions. In the former case, the
aggregates are exposed to constant CO, concentration or

flow-through of CO, under ambient or increased temperature
and pressure. In the latter case, aggregates are immersed in
aqueous solution with constant flow of CO; injected into the
solution. In dry conditions, the rate of carbonation depends
on the amount of pore water in aggregate, while in wet
conditions CO; is dissolved in the solution to form carbonate
ions and carbonation reaction is not limited by CO, diffusion.
For that reason, wet carbonation reaction is very fast under
ambient pressure and temperature and can be effectively
performed with gas that has low CO2 concentration, like for
instance flue gas from cement plants [32-35].

In gas-solid conditions, the efficiency of accelerated
carbonation depends on the carbonation conditions and RCA
properties.  Carbonation  conditions include  CO»
concentration and pressure, relative humidity and
temperature of the environment, duration, and gas flow rate.
As for properties, it depends on the water content, particle
size and calcium content in RCA.

Based on extensive published research [33-43],
recommendations regarding the most favorable range of
mentioned influential factors are summarized in Table 1.
Faster carbonation and higher CO, sequestration efficiency
could be achieved by simultaneous adjustment of several
parameters.

3.1 Coarse recycled concrete aggregates CRCA

Carbonation of CRCA leads to their properties
improvement and therefore to better properties of the
concrete made with CRCA. Carbonated CRCA have lower
water absorption and higher density relative to non-
carbonated. Figure 3 presents the improvement of water
absorption due to carbonation of CRCA with particle size 5-
20 mm.

Table 1. Recommended accelerated carbonation conditions and RCA properties

Parameter

Recommendation

Comment

Environmental Relative humidity (RH)

CO3 concentration

Gas pressure

Gas flow rate

50%-70%

20%-50%;

Lower than 0.5 MPa

Less than 5 L/min Can

Lower or higher RH values both have
adverse impacts on carbonation efficiency
Higher concentration doesn’t increase the
carbonation degree, but accelerates the
process

Higher pressure doesn'’t significantly impact
the carbonation efficiency

achieve satisfactory carbonation
efficiency with low CO, flue gas (20%)

Temperature 20-30°C Positive effect of higher temperature but
depends on many parameters; mostly used
20-30°C due to economy and uncertain
impact

Duration Depends on Carbonation degree increases with the

conditions and carbonation duration but the fastest rate is
particle size in the first several hours

RCA properties ~ Water content ~30% of water Easily affected by RH; water content and
absorption RH should be controlled together

Particle size

Calcium content

Smaller particle size
exhibits significantly
higher carbonation
degree
Adding
compounds

calcium

Due to much higher specific surface area
and much higher residual mortar (cement
paste) content

Presoaking in CaOH solutions, waste water
from ready-mixed concrete plant, etc.
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Figure 3. Water absorption of CRCA (5-20 mm) before and
after carbonation [43-54]

Concrete made with carbonated CRCA shows lower loss
of compressive strength compared to concrete made with
non-carbonated CRCA. It can be controlled within 10% of the
referent NAC compressive strength even with the complete
substitution of coarse natural aggregate by carbonated
CRCA. Referent NAC is concrete produced with same
cement content and effective w/c ratio as RAC but with
natural aggregates CNCA. Figure 4 shows the ratio between
compressive strength at 28 days of RAC with carbonated
CRCA (femrac) and referent NAC (femnac), based on test
results from published research. Relatively large range of
published results is due to different conditions applied in
accelerated carbonation: 20-100% CO2 concentration,
pressure 0.1-4 bar and duration 30 min to 72 hours.
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Figure 4. Ratio between compressive strength at 28 days of
RAC with carbonated CRCA (fcm,rac) and referent NAC
(femnac) [43, 44, 46, 47, 55-62]
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As for durability related properties, the results reported
on the resistance to carbonation of RAC with carbonated
CRCA are contradictory. Some researchers obtained lower
[56], while some obtained similar or higher carbonation
resistance [37, 50] compared to that of RAC with non-
carbonated CRCA. The amount of cement paste in RAC,
whether with carbonated or non-carbonated CRCA, is higher
than in referent NAC concrete. This has two opposite effects:
a higher permeability due to higher porosity and higher
amount of CaOH,. The former promotes carbonation; the
latter hinders it. Finally, the carbonation resistance depends
on which factor of these two prevails. Cement paste in RAC
with carbonated CRCA has lower porosity but lesser amount
of CaOH; due to carbonation, compared to RAC with non-
carbonated CRCA. Therefore, resulting performance
depends on many parameters and it cannot be easily
predicted. On the other hand, resistance to chloride
penetration of RAC with carbonated CRCA is always
improved relative to RAC with non-carbonated CRCA, due to
refinement of the pore structure and total porosity reduction
[34, 44, 47]. Despite the fact that mechanical and durability
related properties of RAC with carbonated CRCA are
improved compared to RAC with non-carbonated CRCA,
they are still on average inferior to referent NAC except for
the low replacement ratios, up to 25%.

3.2 Fine recycled concrete aggregates FRCA

Since the beginning of the RCA application in concrete,
the use of FRCA in structural concrete was not
recommended [63]. Today, despite the high availability of
experimental data, there is still no consensus on its effect on
the concrete properties [64-67]. FRCA contains a large
amount of weak and porous mortar, consisting of mostly
hydrated cement paste and sand. Reported contents of
cement paste in FRCA vary widely, from 18 to 70% [63, 68-
70]. High water absorption of FRCA (4-16%) causes
problems both with workability and strength of concrete. The
FRCA’s water uptake in concrete mix is uncertain, with
reported values 49-89% of its water absorption [71-74],
which makes the effective w/c ratio and therefore concrete
performance hardly predictable.

When carbonated, FRCA absorbs much more CO- than
CRCA due to higher specific surface area and higher amount
of attached cement paste. The reduction of water absorption
of FRCA after carbonation is even more pronounced then in
the CRCA case; reported range in published research is 3-
60%, Figure 5. Some researchers investigated the possibility
of wet instead of dry carbonation [33, 35, 83]. As already
mentioned, in wet carbonation FRCA is immersed in water
with controlled CO; concentration or flow rate. Due to the
more rapid dissolution of hydrates and the fact that CO»
diffusion is not a limiting factor in this case, the carbonation
rate can be significantly increased and carbonation efficiency
enhanced. Liu et al. [33] reported similar water absorption
reduction after 10 minutes of wet carbonation compared to
24 hours of pressurized dry carbonation. When wet and
pressurized dry carbonation of the same duration of 10
minutes were compared, Fang et al. [35] reported a 5 times
higher CO, sequestration in wet carbonation conditions. The
reason is that the wet carbonation transformed a gas-solid
reaction into a liquid-solid reaction and therefore enhanced
the chemical reaction rate [84, 85].
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Figure 5. Water absorption of FRCA (< 5 mm) before and
after carbonation [35, 41, 563, 75-83]

The negative effect of sand replacement with FRCA on
concrete properties can be reduced if FRCA is pre-treated
with accelerated carbonation. Moreover, recent research is
focused on the full replacement of NA (both coarse and fine)
with carbonated RCA.

As shown by Xiao et al. [48], with careful choice of water
added to concrete mix to compensate for high water
absorption values of FRCA, it was possible to produce
concrete with full replacement of NA with carbonated CRCA
and FRCA with similar compressive strength compared to
referent NAC. In the case of RAC, the two-stage mixing
method was followed [86] and the amount of additional water
was set as 70% of the aggregate water absorption value
minus the aggregate moisture content. Both CRCA and
FRCA were obtained from real demolished concrete waste
having high water absorption values, i.e. 7.67% and 13.34%,
respectively. After carbonation, these values were reduced
to 5.09% and 10.94%, which is still high compared to water
absorption of natural aggregates (around 1%). Recycled
aggregates were carbonated in chamber with a 20% CO:
concentration and 75% relative humidity for at least 14 days
(until full carbonation, which was proved by phenolphthalein
test). Results of compressive strength testing showed that
concrete mix with full replacement of NA with carbonated
coarse and fine recycled aggregates had slightly higher
compressive strength at 28 days, and slightly lower
compressive strength at 180 days compared to referent
NAC.

Liang et al. [76] also tested concrete mixes with full
replacement of NA with carbonated and non-carbonated
CRCA and FRCA. The objective was to monitor the
improvement of RAC properties due to pre-treatment of
recycled aggregates by accelerated carbonation. In this
experiment, CRCA and FRCA were obtained by crushing
and sieving the laboratory prepared mortar specimens with
three different water/cement ratios equal to 0.3, 0.4 and 0.5.
Recycled aggregates were carbonated in chamber with a
20% CO2 concentration and 70% relative humidity for 10
days. Upon carbonation, water absorption of both CRCA and
FRCA was reduced; for instance, from 12.3% to 8.2% and
from 13.9% to 7.6% for FRCA and CRCA, respectively. It can
be seen that both FRCA and CRCA had similar water
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absorption because they were produced from mortar
samples and had similar amount of residual mortar. Both
non-carbonated and carbonated recycled aggregates were
pre-saturated with extra water equal to water absorption
value until a saturated surface dry state was obtained and
two-stage mixing method was applied. The concrete with
carbonated CRCA and FRCA showed the highest
compressive strength regardless of the quality of parent
mortar. Negative impact of FRCA was therefore annulated
by carbonation. Results cannot be compared to referent NAC
mix since it was not tested. The resistance of RAC to
carbonation was significantly improved by inclusion of the
carbonated recycled aggregates. Carbonation depths were
measured after accelerated carbonation of concrete samples
at 20 + 3% CO; concentration, T= 20 + 2°C, RH=70 * 5% for
56 days. Based on these results, authors calculated
decrease of carbonation coefficient from 1.054 (RAC with
non-carbonated RCA) to 0.63 (RAC with carbonated RCA)
indicating higher resistance to carbonation. The pore
structure refinement and improvement of ITZ properties
prevailed over lower alkalinity of old cement paste in this
experiment resulting in lower CO, diffusivity. Again, results
cannot be compared to referent NAC mix.

Izoret et al. [57] reported results on the properties of
concrete incorporating CRCA and FRCA carbonated in pilot
installations implemented on a full scale in two industrial
cement plants (rotating drum and fluidized bed). Authors
tested several mixes with different replacement ratios of NA
with carbonated and non-carbonated CRCA and FRCA with
highest replacement ratio of 100% and 40% for coarse and
fine aggregates, respectively. All mixes with carbonated
aggregates, regardless of the replacement ratio, showed
compressive strength at 28 days very similar to that of
referent concrete, within 5% [57, 87]. Measurements of
chloride diffusion coefficient showed no significant negative
or positive impacts associated with the use of carbonated
RCA compared to non-carbonated RCA; in both cases, this
coefficient is higher than that of the referent concrete by 30-
70%.

Chinzorigt et al. [88] tested mixes with 100% replacement
of coarse NA with CRCA, and 15, 30 and 50% replacement
of fine NA with carbonated and non-carbonated FRCA. Both
CRCA and FRCA were obtained from commercial producer,
while only FRCA was carbonated at 5% CO concentration,
RH 60+5%, T=20+2°C and ambient pressure for 72 hours.
The loss of compressive strength at 28 days relative to
referent concrete was about 10% for all replacement ratios
of fine NA with carbonated FRCA. Measured carbonation
depths under 56 days accelerated carbonation of all RAC
were higher compared to referent concrete. Contrary to [76],
in this experiment, concrete mixes with carbonated FRCA
showed lower carbonation resistance relative to mixes with
non-carbonated FRCA. Carbonation depth of concrete with
50% of carbonated FRCA was about 1.5 times that of
referent concrete. The chloride penetration resistance was
slightly lower for concrete with carbonated FRCA compared
to concrete with non-carbonated FRCA despite lower
porosity of the former (and both are lower than that of
referent concrete). Possible explanation according to
authors lies in the fact that chloride ions, which have been
attached to the cement hydrate as Friedel's salt, are released
into the pore solution during carbonation causing an increase
of chloride ions concentration.

Ha et al. [89] compared mechanical and durability related
properties of concrete with 100% replacement of both coarse
and fine aggregates with carbonated CRCA and FRCA.
Aggregates were carbonated for 4 and 14 days at 20% CO.,

151



Mineral carbonation of industrial wastes for application in cement-based materials

T= 20°C, RH=60% and ambient pressure. Measured
compressive strengths at 28 days were practically same for
RAC and referent NAC, i.e. full replacement of natural with
carbonated recycled aggregates did not decrease the
concrete compressive strength. Measured carbonation
depths under 28 days accelerated carbonation were only
slightly higher in concrete with carbonated RCA (9.2 mm
compared to 8.6 mm in referent concrete). The same is valid
for chloride diffusion coefficient: 1.47x10"" m?/s in concrete
with carbonated RCA and 1.32x10""" m?%s in referent
concrete.

Liang et al. [53] reported large improvement of resistance
to chloride penetration of RAC with carbonated CRCA and
FRCA compared to RAC with non-carbonated aggregates.
Recycled aggregates were carbonated in chamber with a
20% CO, concentration and 70% relative humidity upon full
carbonation. Authors tested mixes with full replacement of
NA with carbonated and non-carbonated CRCA and FRCA
and found decreased chloride permeability and steel
corrosion risk in the former case (chloride diffusion

coefficient reduced by 68%). Referent NAC was not tested.

Figure 6. Industrial mineral carbonation plant (two reactor
containers, CO: storage tank and centre for the process
control) [90]
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Accelerated carbonation of CRCA and FRCA can be
implemented at industrial scale. There are already several
concrete plants in Switzerland using this approach and
selling concrete containing industrially pre-carbonated
recycled concrete aggregates [90], Figure 6.

3.3 Recycled concrete powder RCP

The use of recycled concrete powder in its raw form
mainly causes the dilution of binder and therefore acts
predominantly as filler [91, 92]. Recent research showed
however, that recycled concrete powder, if carbonated, might
be used as supplementary cementitious material [93, 94, 95].
Its activity as supplementary cementitious material (SCM)
depends on the efficiency of separation process during
recycling. If it is possible to separate the cement paste from
sand and coarse aggregates, clean aggregates are obtained.
On the other hand, (mostly) hydrated cement paste readily
carbonates and full carbonation can be achieved in few
hours under wet carbonation conditions [83-85, 96]. The
material obtained in that way has high pozzolanic activity [97]
and can be used as clinker replacement by 20% [98, 99] up
to 40% [93]. Therefore, there are several benefits from
technology — besides producing value-added products such
as high quality aggregates and SCM, potentially high CO,
reductions can be obtained through CO; sequestration as
well as clinker amount reduction.

Technology is still at the “laboratory proof of concept”
level, and no tests on concrete made with such binders were
yet performed. However, some research on the level of
paste and mortar properties is available [83, 94, 95]. The
impact of partial replacement of ordinary Portland cement
(OPC) with carbonated RCP on compressive strength of
pastes and mortars, based on the published research, is
shown in Figure 7. On average, replacement ratios of up to
20% are beneficial, while higher replacement ratios reduces
the compressive strength of the blended paste, with the
exception of the results reported in [94]. However, if the part
of OPC is replaced with carbonated RCP in mortars, strength
is always reduced, reduction being higher with higher
replacement ratio.
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Replacement of OPC with carbonated RCP (%)

Figure 7. Ratio between compressive strength at 28 days of paste and mortars with carbonated RCP (fcm,opc-rrc) and OPC
paste and mortars (fem,opc) [83, 94, 95, 98-102]
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As already mentioned, for efficient separation of recycled
cement pastes from aggregates, advanced recycling
technologies are necessary. Several are already developed.
For instance, mechanical comminution with magnetic
separation [103], microwave heating [104], advanced dry
recovery ADR [105, 106], Heating-Air classification System
HAS [107, 108], or pure mechanical comminution by
adjusting the crushing force to an intermediate one between
the average compressive strengths of the aggregates and
the one of the hardened cement paste - Smart Crusher [109].
Both ADR and HAS are already industrially scaled-up mobile
technologies and therefore can be used for on-site recycling
of demolished concrete waste. ADR can successfully
produce coarse (4-16 mm) and fine (0-4 mm) fractions from
wet concrete waste by crushing and using air flow for
separation, Figure 8. Fine fraction is further processed with
HAS in which the input is heated to a temperature of up to
1410 °C while simultaneously separating very fine particles

ADR Input
16 mm Big heavier parts

(0-0.25 mm) from the rest using air classification, Figure 9.
Finely, the obtained 0.25-4 mm fraction is ground in a ball
mill with steel balls to separate send from activated cement
paste [106, 107].

Some of presented advanced recycling processes are
already applied at industrial scale, like the Smart crusher and
ADR technology in the Netherlands.

3.4 CO; sequestration potential of demolished concrete
waste

The most significant parameter that influences the
potential of CO2 sequestration is particle size of the recycled
aggregate. Under same carbonation conditions, FRCA
absorbs much more CO, than CRCA, while RCP has the
highest potential, Table 2.

ADR Coarse
Recycled Aggregate Concrete
4-16 mm

ADR rotor product Small lighter parts
Fine fraction

0-1mm

ADR airknife
Fine fraction
Wood and foam contaminants
mm

Figure 8. ADR recycling system [110]

(1) Main pipe

(2) Steel cover

(3) Bin to collect coarse products
(4) Bin to collect fine products
(5) Vibrating device

(6), (7), (8) Thermocouples
(9) Blowing air

(10) Angle regulator

(11) Burners

(12) Materials feeder

Figure 9. HAC recycling system [107]
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Table 2. CO: sequestration potential of demolished concrete waste of different particle size [42, 57, 61, 80, 111-114]

Particle size Method Conditions Duration CO2 uptake Ref
[mm] h (hour) [% of aggregate mass]
5-10 Gas-solid CO; conc.=100% 24 2.6/2.8 [111]
RH=50%
T=25°C
Pressure  =0.1/5
bar
10-20 Gas-solid CO; conc.=15% 24 0.65-0.96 [80]
RH=NA
T=20°C
Pressure =1 bar
5-10 Gas-solid CO; conc.=100% 24 0.74/0.81 [61]
RH=40-70%
T=NA
Pressure =01
bar/5bar
10-20 CO; conc.=100% 24 0.65/0.66
RH=40-70%
T=NA
Pressure =0.1/5bar
4-16 Gas-solid CO2 conc.=20% 1 1.2 [57]
RH=NA
T=20-30°C
Pressure =1 bar
Fluidized bed,
industry
4-8 CO, conc.=100% 1.1 0.15 [42]
RH=NA, 100% WA
T=NA
Pressure =1 bar
1-4 Gas-solid CO; conc.=15% 24 1.4/2.18/5.0 [80]
RH=NA depending on the origin of
T=20°C the aggregate
Pressure =1 bar
0-4 Gas-solid CO; conc.=20% 1 3.9 [57]
RH=NA
T=20-30°C
Pressure =1 bar
Fluidized bed,
industry
0-4 Gas-solid CO; conc.=100% 1.1 2.16 [42]
RH=NA, 100% WA
T=NA
Pressure =1 bar
Median Liquid-solid  CO2 conc.=14% 1.5 12.0/4.0 [112]
diameter Solid/liquid=10g/L
0.0168/0.0962 T=20°C
Pressure =1 bar
<0.25 Liquid-solid  COzconc.=18.2%  0.17 5.0 [113]
Solid/liquid=10g/L
T=20°C
Pressure =10 bar
<0.5 Liquid-solid  COzconc.=18.2%  0.25 11 [114]

Solid/liquid=10g/L
T=18-25°C
Pressure =10 bar

The results in Table 2 show high variability depending on
the carbonation conditions and aggregate origin, whether
from laboratory concrete and paste or real demolished
concrete waste. Generally, aggregates from industry have
lower CO- uptake capacity compared to those produced in
laboratory conditions, for several reasons: specific
operations at recycling plants, already partially carbonated in
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natural conditions, various impurities, etc. Under gas-solid
conditions, results also significantly depend on the water
content of recycled concrete aggregates, which mostly was
not reported. The average value of CO; sequestration, based
on this data, is 1.2%, 2.9%, and 8%, for particle size 5-20
mm, 0-4 mm and recycled concrete powder, respectively. If
recycled cement paste is separated, much higher CO-
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sequestration can be obtained in liquid-solid carbonation, for
instance 13.2% [115], 23% [97], 19.7-28.4% [102] (all at
ambient temperature and pressure) and 28% (at elevated
temperature of 80°C and pressure of 8 bar) [96]. However,
these results were obtained on laboratory prepared samples
(from pure cement pastes produced in laboratory), not on the
hydrated cement pastes recycled in real industrial conditions.

4. Mineral carbonation of other industrial waste

Various types of industrial waste are rich in calcium and
magnesium and therefore suitable for mineral CO-
sequestration, like fly ash, steel slag, cement kiln dust,
concrete slurry waste etc. Their CO2 sequestration capacity,
apart from carbonation conditions, depends mostly on the
chemical composition, particle size and microstructure. A lot
of research has been devoted to this subject. Carbonation
under liquid-solid conditions, and at higher temperatures and
pressures, was commonly used to accelerate the process
[37].

Fly ash is product of combustion in coal-fired power
plants. Globally, the annual production of fly ash is estimated
between 0.75-1 billion tons [116]. Its chemical composition

varies a lot, depending on the type of coal from which it was
obtained. Fly ash produced by combustion of bituminous
coal, sub- bituminous coal, and lignite typically contains 1-
12%, 5-30%, and 15-40% of CaO, respectively. It is fine
material with particles ranging between < 1 — 500 ym in size
and having a tri-modal particle size distribution, the bulk of
which is below 75 ym [116].

Iron and steel slag is by-product from iron and steel
manufacturing. High amounts of this waste is produced each
year globally: 330—390 million tons of iron slag and 190-290
million tons of steel slag in 2022 [117]. It is mainly classified
into four different types: blast furnace (BF) slag, oxygen
furnace (BOF) slag, electric arc furnace (EAF) slag and ladle
furnace (LF) slag [118]. Chemical composition of various
slags differs a lot depending on the iron/steel manufacturing
process [119]. In the case of iron BF slag chemical compo-
sition and particle size depend also on whether it is produced
with slow cooling (air-cooled slag) or with rapid cooling
(granulated slag) [120]. In any case, slag must be further
grinded for application in cement or concrete, which helps
also in raising the efficiency of accelerated carbonation.

Some of the published results regarding FA and slags
COg uptake potential are summarized in Table 3.

Table 3. CO:2 sequestration potential of demolished concrete waste of fly ash and different types of iron and steel slag

[121-137]
Type of waste/ Particle size Method  Conditions CO2 uptake Reference
CaO content (%) mm [% of aggregate mass]
FA Median Liquid- CO2 conc.=100% 2.6 [121]
4.1 diameter solid T=30°C
d=0.04 Pressure =10 bar
Liquid/solid=10
ml/g
Duration=NA
FA Specific Liquid- CO; conc.=100% 0.8 [122]
7.0 surface area solid T=ambient
4.73m?3/g Pressure =ambient
Liquid/solid=5 ml/g
Duration=24 h
FA NA Liquid- CO; conc.=100% 3.2 [123]
3.4 solid T=30°C
Pressure = NA
Liquid/solid=15
ml/g
Duration=  15-55
min
FA NA Liquid- CO; conc.=100% 21.0 [124]
34.1 Petroleum solid T=60°C
coke ash Pressure =
ambient
Liquid/solid=80
ml/g
Duration=16.7 h
FA 0.002-0.01 Liquid- CO2 conc.=100% 26.4 [125]
30 solid T=60°C
Pressure = 10 bar
Liquid/solid=80
ml/g
Duration=1 h
FA <0.0212 Gas- CO2 conc.=100% 18.2 [126]
31.9 solid T=45°C
Pressure =18 bar
Duration=135 min
FA 0.002-0.006 Gas- CO2 conc.=100% 2.3-5.3 [127]
10-15 solid T=160°C

Pressure =8 bar
Duration=4 h
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BF <0.075 Liquid- CO; conc.=100% 28 [128]
36.6 solid T=150°C

Pressure =30 bar

Liquid/solid=10

Duration=24h
BF <0.075 Indirect  CO2 conc.=98% 12.2 [129]
22.5 T=30°C

Liquid/solid=10

Duration=60 min

(NHsNO3;, NH4CI,

CH3;COONHL,)
BF <0.075 Indirect  T=25°C 9.0 [130]
47.2 Pressure =1 bar

Liquid/solid=10
Duration=60 min
(CH3;COOH +

EDTA)
BOF <0.044 Liquid-  CO,conc.=100%  27.0 [131]
51.1 solid T=60°C

Pressure =1 bar
Liquid/solid=10

ml/g

Duration=1 h
BOF <0.044 Liquid- CO; conc.=100% 28.3 [132]
41.2 solid T=25°C

Pressure =1 bar
Liquid/solid=20

ml/g

Duration=2 h
BOF <0.125 Liquid- CO2 conc.=30% 27.7 [133]
46.4 solid T=30°C

Pressure =1 bar
Liquid/solid=20

ml/g

Duration=20 min
BOF 0.063-0.1 Liquid- CO; conc.=40% 46.5 [134]
31.1 solid T=50°C

Pressure =5 bar
Liquid/solid=5 L/kg

Duration=4 h
BOF <0.15 Liquid- CO2 conc.=100% 32.5 [135]
29.9 solid T=100°C

Pressure =10.0

MPa

Liquid/solid=5 L/kg
Duration=24 h

EAF <0.024 Liquid- COzconc.=18.2% 5.2 [136]
33.2 solid T=25°C

Pressure =10.68

bar

Liquid/solid=10

ml/g

Duration=10 min
EAF <2.0 Liquid- CO3 conc.=100% 8.2 [137]
28.3 solid T=25°C

Pressure =6 bar
Liquid/solid=10
ml/g
Duration=3 h
EAF <0.15 Liquid- CO; conc.=100% 28 [135]
49.3 solid T=100°C
Pressure =10.0
MPa
Liquid/solid=5 L/kg
Duration=24 h
Note: BF — blast furnace slag; BOF — basic oxygen furnace slag; EAF — electric arc furnace slag
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CO; sequestration potential of fly ash depends on the
CaO content: low calcium FA has much lower CO;
sequestration potential (0.8-3.2%) compared to high-calcium
FA (18.2-26.4%). The same is valid for slags, but beside
chemical composition, particle size and carbonation
conditions, particularly temperature, are important factors.
The smaller the particle size, the higher the CO;
sequestration potential due to larger specific surface area.
Temperature range between 50°C and 80°C seems to be
optimal providing maximal CO, sequestration capacity [37].

Concrete slurry waste (CSW) is result of returned fresh
concrete (whether over-ordered or leftovers) which is
washed away from truck mixer with water. After washing,
aggregates are separated from the slurry waste, which
consists of very fine aggregate and cement particles and
water. Usually, it is stored in sedimentation tank for a certain
period to allow solids to settle and then disposed of in landfills
[138]. The waste slurry can be used in wet or hardened state
in various applications. If it is in hardened state, it has to be
grinded and sieved before any application. The amount of
produced slurry wastes is significant, up to 4.0% of freshly
mixed concrete annually [25]. It is rich in CaO and can
contain between 32% and 53% of CaO by mass [138-140].
Xuan et al. [138] performed a gas-solid carbonation of CSW
crushed to a particles <5 mm and pre-treated to reduce the
water content from 50% to 10%. Measured CO
sequestration after 144 hours in chamber with 100% CO.
concentration and 0.1 bar pressure was 11%, or 110 g/kg of
dry SCW. Kaliyavaradhan et al. [140] tested several
carbonation conditions regarding the water-to-solid ratio
(0.1, 0.25, 0.4, 0.55, 0.7) and duration time (1, 24, 72, 120,
168 hours) under same conditions: 20% CO2 concentration,
temperature 20°C and 65% RH. Dried CSW was ground and
sieved to pass through 0.3 mm. The authors found that
maximum CO; sequestration was obtained at water-to-solid
ratio of 0.25 and duration of 72 h, and it was equal to 20.4 %
(204.35g/kg CSW).

Cement kiln dust (CKD) is generated during the clinker
production process in rotary kilns. Being a potentially
hazardous waste, it is collected by air-pollution control
devices. It is a fine-grained solid material, which consists of
uncalcined and partially calcined raw feed, and kiln dust.
Cement industry produces 30 million tons of CKD annually
[141]. Typical content of CaO is between 38% and 50%
[141-143] by mass. In liquid-solid carbonation tests (100%
CO3 concentration, 3 bar pressure, T=25°C and liquid-to-
solid ratio=5) Medas et al. [141] measured CO;

50
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30

CO, up[take capacity (%)

20

30

sequestration of 11.68% (116.8 g/kg of CKD) after 5h.
Huntzinger et al. [144] measured CO; sequestration of 7.7%
(77.0 g/kg of CKD) under ambient temperature and pressure
accelerated carbonation of CKD from landfill without any pre-
treatment.

Figure 10 presents the carbonation efficiency of waste
materials obtained from referred published research
described in previous section. It can be seen that iron and
steel slags, CKD and CSW have comparable potential for
mineral CO; sequestration (10%-30%) and that it depends
not only on the CaO content, but also on the accelerated
carbonation conditions and particle size. High-calcium FA
(over 20% CaO by mass) belongs to that group, while low-
calcium FA (below 10% CaO by mass) has small carbonation
capacity.

4.1 Application

Generally these wastes, similarly to demolished concrete
waste, can be applied as aggregate substitutes, Portland
cement substitutes (SCM) or as fillers. If pre-treated with
accelerated carbonation, their properties are improved and
certain amount of CO; is sequestered, which both can result
in the reduction of CO, emissions in the concrete life cycle.

As aggregates

Carbonated iron and steel slag can be used as a
substitute for natural fine and coarse aggregates in mortars
and concrete. Beside the significant CO. sequestration
potential, accelerated carbonation pre-treatment increases
the volume stability, reduces the leaching of heavy metals
and improves slag mechanical properties [145-147]. Pang et
al. [148, 149] tested the impact of partial replacement of fine
and coarse natural aggregate with carbonated BOF slag on
concrete properties, keeping same w/c and cement content
in the concrete mix. The authors reported similar workability
despite higher WA, 20% higher compressive strength at 28
days, improved ITZ zone properties, significantly higher
freeze-thaw resistance (2-3 times) compared to reference
samples with only natural aggregates. However, production
of carbonated fine and coarse slag aggregates included
grinding, pelletization, carbonation at 70°C and pressure of
3 bar, and crushing again, which all required a significant
energy. Bodor et al. [150] tested the properties of cement
mortar with 50% of natural sand aggregate replaced by
carbonated BOF slag. Carbonation was conducted in liquid-

+BFS
X BOFS

A — EAFS
B CKD

+m

A CSW

O FA

40 50 60
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Figure 10. CO: sequestration potential of FA, iron and steel slags, CSW and CKD [121-135, 138, 140, 141, 144]
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solid conditions at 90 °C and 20 bar CO; pressure, for 2 h
duration. Mortar mixtures prepared with carbonated BOF
slag of <0.5 mm particle size showed similar consistency via
flow table test, compressive strength and leaching of toxic
elements to referent mortar mixture with only natural sand.
In this case, only treatment of slag prior to carbonation was
crushing and sieving, while CO, sequestration equal to 11-
19% was obtained.

Several other works showed the applicability of
carbonated steel slags as aggregates for concrete: artificial
aggregates obtained by wet granulation process of BOF
powder [151] or a combination of slag, fly ash and cement
[152]. Shen at al. [153] used original slag as coarse
aggregate and ball-milled original slag as powder in
production of carbonated steel slag pervious concrete.
Although commonly tested concrete property — compressive
strength - was obtained similar to referent concrete prepared
with natural aggregate, it should be kept in mind that
significant pre-treatment operations can annul (cancel) the
benefits from sequestered CO, and waste reduction [154].

As SCM

Ground granulated BF slag (GGBS) and FA are already
used as clinker replacement in commercial cements.
Research on utilization of carbonated slag and fly ash as
SCM is limited so far. Ebrahimi et al. [123] and Pei et al. [155]
reported that up to 10% replacement of clinker with
carbonated FA did not impair the compressive strength of
blended cement pastes. Sahoo et al. [156] investigated
concrete with 25% cement replacement with carbonated fly
ash and reported high resistance against salt, sulfate and
acid attack. Regarding carbonated slag as SCM, Chen et al.
[157] and Pan et al. [158] reported similar results — up to 10%
replacement with carbonated slags provided similar
compressive strengths to pure OPC pastes and mortars,
while maintaining high volume stability. The volume stability
of cementitious materials containing slag is usually a
problem, but carbonation consumes the expansion phase in
slag (CaO) and improves it effectively. For both fly ash and
slag, the main result of carbonation reaction is fine calcite
(CaCOs3) which fills the pores and reduces pastes and
mortars porosity, or becomes nucleus for hydration
contributing to strength gain (setting time decrease) of
cement pastes and mortars [155, 157, 159].

Utilization of ground but non-carbonated concrete slurry
waste and cement kiln dust as SCMs was investigated in the
previous research. Replacing clinker with CSW and CKD
reduces mechanical and durability related properties of
mortars and concretes, and general conclusion is that
replacement should be limited to 10% to achieve similar
strengths and durability of OPC mortars and concretes [28,
160]. Carbonated CSW and CKD should however improve
the mortar and concrete performance due to same reasons
as in the case of carbonated FA and slag. Kaliyavaradhan et
al. [140] for instance, reported higher strength of mortar
prepared with carbonated CSW compared to mortar
prepared with fresh CSW, at 20% cement replacement ratio.
As concluded by the authors, strength improvement was
probably result of the reaction of aluminate C3A and calcite
to form calcium carboaluminate hydrate. However, it was still
slightly lower compared to pure OPC mortar. Sharma et al.
[143] investigated carbonation curing of mortars containing
CKD, while Xuan et al. [138] studied the carbonation curing
of partition wall blocks made of CSW and fine recycled
concrete aggregates. In these cases, accelerated
carbonation was applied on the final product resulting in the
improvement of their performance.
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5. Conclusion

Mineral carbonation of alkaline industrial waste is a way
to permanently store CO; in cement-based materials. On the
other hand, pre-treatment with accelerated carbonation
improves properties of various wastes enabling in that way
their application as substitutes for natural aggregates and
OPC.

Accelerated carbonation of coarse and fine aggregates
obtained by demolished concrete waste leads to decrease of
their porosity due to formation of calcite, which fill in the pores
and densify the microstructure. Most of the experimental
research showed that full replacement of natural aggregates
with carbonated ones didn’t jeopardize the compressive
strength of RAC, meaning that there is no need to increase
the cement content to obtain strength similar to that of the
referent NAC. As for carbonation and chloride penetration
resistance of RAC with carbonated aggregates, different
results were reported indicating that those concretes, despite
lower permeability, may have lower resistances compared to
referent NAC. This may be because of lower alkalinity of their
pastes in the carbonation resistance case, or due to
increased chloride concentration as a consequence of
previous carbonation of aggregates in the chloride
penetration resistance case. CO, sequestration potential
depends mostly on the particle size and water content of
aggregates under same carbonation conditions: FRCA can
absorb up to 5% of their weight depending on the water
content, while CO, uptake potential of CRCA is modest, 1-
2% of their weight. Recycled concrete powder has much
higher CO; sequestration potential ranging from 5-11% and
in the case of pure recycled cement paste reaches 30% of
the weight. Carbonated RCP has good pozzolanic activity
and can be used as SCM. In the amounts of up to 20% it
even increases the strength of paste, while for higher
replacement ratios, the strength is decreased.

Similar to demolished concrete waste, the properties of
fly ash, slags, cement kiln dust and concrete slurry waste are
improved when pre-treated with accelerated carbonation,
including higher volume stability and lower leaching of heavy
metals. Except for low-calcium FA, these wastes have high
CO; sequestration potential, between 10% and 30% of their
weight, especially iron and steel slags. Carbonated slags can
be used as substitute for aggregates, and when ground into
powder they can be used as SCM, as well as carbonated FA,
CKD and CSW. However, research on the impact of such
aggregates and binders on the concrete performance
doesn’'t exist at the moment. The same is valid for the
carbonated RCP utilization as partial replacement of OPC in
concrete.

Despite the obvious benefits of the mineral carbonation
technology, one should kept in mind that these benefits could
easily be cancelled by required energy and CO, emissions
during process. Beside the accelerated carbonation itself
(energy requirement depends on the applied pressure and
temperature), some pre-treatment processes are energy
intensive, like drying of recycled aggregates for instance.
Wet aggregates are common industrial condition and such
high water content practically disables carbonation — so, they
must be dried. Preparation of slags for application as
aggregates or SCM include various pre-treatments beside
accelerated carbonation. Therefore, for proper conclusions
on environmental benefits of mineral carbonation application
in cement-based materials, an LCA (Life Cycle Assessment)
which includes all the phases of the life cycle must be
performed.
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Regarding CO; sequestration potential, most promising
candidates for mineral carbonation are recycled concrete
powders, iron and steel slags, and high-calcium fly ash. The
future research should be oriented towards better
understanding of the impact of their application as
aggregates or SCM in cement based materials, concrete
most of all.
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CENTAR ZA PUTEVE | GEOTEHNIKU

U okviru centra posluju odeljenja za geotehniku, nadzor i
terenska ispitivanja, projektovanje saobracajnica,
laboratorija za puteve i geotehniku. Znacajna aktivnost
centra usmerena je ka terenskim i laboratorijskim
geolosko - geotehnickim istrazivanjima i ispitivanjima
terena za potrebe izrade projekno - tehnicke
dokumentacije, za razlicite faze i nivoe projektovanja
objekata visokogradnje, niskogradnje, saobracaja i
hidrogradnje, kao i za potrebe prostornog planiranja i
zastite Zivotne sredine. Struc¢ni nadzor, kontrola kvaliteta
tokom gradenja, rekonstrukcije i sanacije objekata

razlicite  namene, izrada  studija, ekspertiza,
konsultantske usluge, kompletan konsalting u oblasti
geotehnickog inZenjeringa, neke su od delatnosti centra.

Ispitivanje Sipova

= SLT metoda (Static load test)

= DLT metoda (Dynamic load test)

= PDA metoda (Pile driving analysis)

= PIT (SIT) metoda (Pile (Sonic) integrity
testing)

= CSL - Crosshole Sonic Logging

UHemumym UWIMC a.d — byneeap sojeode Muwuha 43, beozpad
LleHmap 3a nymese u eeomexHuUKy — 00esbeH-€ 3a 2e0MEXHUKY
www.institutims.rs
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e |Ispitivanje Sipova

o Geotehnicka istrazivanjai ispitivanja—in situ
= | aboratorija za puteve i geotehniku
e Projektovanje puteva i sanacija kliziSta
o Nadzor
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PUT INZENJERING

[ FUT INZENJERING

Put inZenjering d.o.o punih 25 godina
radi kao specijalizovano preduzece za
izgradnju infrastrukture u niskogradniji i
visokogradniji, kao i proizvodnjom
kamenog agregata i betona. Preduzece
se bavi i transportom, uslugama
gradevinske mehanizacije i
specijalne opreme.

Koristedi inovativne tehnike i kvalitetan

gradevinski materijal iz sopstvenih resursa,

spremni smo da odgovorimo na mnoge zahteve
. nasih klijenata iz oblasti
| niskogradnje.

e

Osnovna prednost prefabrikovane konstrukcije |
jeste brzina kojom konstrukcija moze biti
== projektovana, proizvedena, transportovana i
namontirana.

Izvodimo hidrogradevinske radove u izgradnji
kanalizacionih mreza za odvodenje atmosferskih,
otpadnih i upotrebljenih voda, izvodenjem
hidrogradevinskih radova u okviru regulacije
re¢nih tokova, kao i izvodenjem hidrotehnickih
objekata.

"
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Povrsinski kop udaljen je 35 km od Nisa. Savremene
drobilice, postrojenje za separaciju i sejalica
efikasno usitnjavaju i razdvajaju kamene agregate
po veli¢inama. Tehnicki kapacitet
trenutne primarne drobilice

je 300 t/h.
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Za spravljanje betona koristimo drobljeni
kre¢njacki agregat sa naseg kamenoloma,
deklarisanih frakcija, kontrolisane vlaznosti.
Kompletan proces proizvodnje i kontrole kvaliteta
vrdimo prema vazecim

standardima.

Obradu armature vrsimo brzo, stru¢no i
kvalitetno, sa kompjuterskom precizno3¢u i
dimenzijama po projektu.

Nasa kompanija u oblasti visokogradnje
primenjuje sistem prefabrikovnih betonskih
elemenata koji u odnosu na klasi¢nu gradnju
ima brojne prednosti.
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Prednapregnute Suplje ploce su konstruktivni
elementi visokog kvaliteta, proizvedeni u fabri¢ki
kontrolisanim uslovima.

Izradujemo betonske "New Jersey profile" koji se u
svetu koriste za preusmeravanje saobracaja i
zastitu pedaka u toku izgradnje puta, kao i
Betonblock sistem betonskih
blokova.

o . At e e
Uslugu transporta vr§imo automikserima,
kapaciteta bubnja od 7 m* do 10 m® betonske
mase. Za ugradnju betona posedujemo
auto-pumpu za beton, radnog utinka 150 m*/h,
sa duzinom strele
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Kao generalni izvodac radova, vrsimo koordinaciju
svih ucesnika na projektu, planiranje, pracenje i
nabavku materijala, kontrolu kvaliteta izvedenih
radova, postujuci zadate vremenske rokove i
finansijski okvir investitora.
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Osnovi princip naseg poslovanja zasniva se na
individualnom pristupu svakom klijentu i
pronalazenje najoptimalnijeg resenja za njegove
transportne i logisticke
potrebe.

Usluge gradevinskom mehanizacijom vrsimo
tehnicki ispravnim masinama, sa potrebnim
sertifikatima kako za rukovaoce gradevinskim
masinama tako i za same masine.

Raspolazemo opremom i masinama za sve
zemljane radove, kipere i dampere za rad u
teskim terenskim uslovima, automiksere i
pumpe za beton, autodizalice, podizne
platforme.

Sakupljanje i privremeno skladistenje otpada
vriimo nasim specijalizovanim vozilima i
deponujemo na nasu lokaciju sa odgovaraju¢om
dozvolom. Kapacitet masine je 250 t/h

g8 gradevinskog neopasnog

NIS

Knjazevacka bb, 18000 Nis - Srbija
+38118 215 355
office@putinzenjering.com

BEOGRAD

Jugoslovenska 2a, 11250 Beograd — Zeleznik
+3811125 81111
beograd@putinzenjering.com
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ZI\VOT JE LEPSI
_ KADA BIRATE
. KVAL NO

Mapei proizvodi i reSenja su izbor onih koji znaju da prepoznaju kvalitet, posve¢enost svakom
detalju i viSedecenijsko iskustvo u gradevinskoj industriji.

Zato birajte pazljivo. Birajte kvalitet.

Mapei, svetski lider u proizvodnji gradevinskih lepkova, hidroizolacija
i masa za fugovanje.

MAPEI

S ISR AN

Saznaj vise na www.mapei.rs ZIVI KVALITETNO
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MATEST "iT TECH" KONTROLNA JEDINICA

JEDNA TEHNOLOGILJA
MNOGO RESENJA

IT Touch Techlogy je Matestov najnovijl koncept kali ima za cilj
da ponud] inovativma i user-friendly tehnologiju za kontrolu i
upravijanje najmodernijom opremom u domenu testirenja
gradevinskih materijala

Ova tehnologija je srz Matestove kontrolne jedinice, software
baziran na Windows platformi | touch screen sistem kol jo
medularan, fleksibilan | obavija mnoge opcije

iT TECH pokriva | INOVATIVNOST
| INTERNET KONEKCUA
| INTERFE!S SA IKONICAMA
| INDUSTRUALNA TEHNOLOGUA

SISTEM JEDNOG RAZMISLIANJA JEDNOM SHVATIS - SVE TESTIRAS

NAPREDNA TEHNOLOGLA ISPITIVANIA ASFALTA

| GYROTRONIC - Gyratary Compactor

| ARC - Electromechanical Asphalt Holler Compactor
ASC - Asphalt Shear Box Compacton

SMARTRACKER™ - Multiwhesls Hamburg Wheel Tracker,
DRY + WET test environment

| SOFTMATIC - Automatic Digital Ring & Ball Apparatus

| Ductilometers with data acquisition system

MULTIFUNKCIONALNI RAMOVI ZA TESTIRANIE
| CBR/Marshall digital machines

| Universal multispeed load frames

| UINITRONIC bOKN or 200kN Universal multipurpose

pompressionlesural and tensile frames

OPREMA ZA GEOMEHANICKO ISPITIVANJE

| EROTROMIEG - Autamatic Consolidation Apparatus

| SHEARLAB - AUTOSHEARLAB - SHEARTRONIC
Direct / Residual shear testing systems

| Triaxial Load Frame S0KN

MIXMATIG - Automatic Programmabie Mortar Mixer

INELAS ERECO D.O0.0O
Todin bunar 274a, 11070 , Novi Beograd tel. +381 11 2284 574 email. info@inelasereco.rs
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