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ABSTRACT. The usage of waste materials is a very important global topic. The large amount of waste
everywhere in the world needs to be processed or disposed. Landfilling is not an option anymore,
because of European legislation and restrictions. A lot of studies are trying to develop new options
or possibilities of using waste materials. This research is trying to find a way to process blast furnace
slag. A high-speed mill was used for the mechanical activation. Chemical activation was used as
the next step of activation. There are many materials that could be used, but in this study we used
slaked lime and water-glass. Slaked lime had a positive effect on mechanical properties. Samples had
higher compressive strength but the effect was limited only for 5 wt. %. Another used material was
water-glass, but in this case, there was a significant negative effect. Compressive strength and flexural

strength were significantly reduced.
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1. INTRODUCTION

The objective of this study is to find a way to re-
place cement from concrete with useless waste ma-
terials. According to the trend of recycling we tried
to find an option to use old and highly carbonated
blast furnace slag as a partial substitute for Portland
cement. Concrete is a trendy material thanks to its
variability and reliability. Cement is the main and the
most important ingredient of concrete, but it is also
the most expensive ingredient from natural resources.
The production itself is highly economically and eco-
logically demanding. An issue with cement is not a
new topic. For example, Bellmann F. and Stark J. [1]
focused on chemical activation of blast furnace slag by
adding calcium hydroxide and soluble calcium salts
such as calcium chloride, calcium bromide, calcium
nitrate, calcium formate and calcium acetate. Early
compressive strength was measured on mortar sam-
ples. Compressive strength was increased by adding
calcium hydroxide, calcium carbonate and calcium
acetate from 3MPa to 25 MPa after 7 days. After
the 28 days period the final compressive strength was
increased from 36 MPa to 53 MPa. Another research
from Yum W. et al. [2] investigated the influence of
calcium formate on the strength and microstructure
of the ground granulated blast furnace slag activated
with calcium oxide. The next study shows the ef-
fect of different slag characteristics on compressive
strength in slag system with calcium oxide activation
written by Jeong Y. et al. in 2016 [3]. Four kinds of
ground granulated blast furnace slags from different
sources were collected to investigate changes in final
mechanical properties. Each of the slags developed
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significantly different compressive strength regardless
of seemingly similar characteristics of the slags. The
values of the final compressive strengths were spread
from 25MPa up to 52MPa in 28 days. The reac-
tion products were different as well. The goal of the
study by Wang Y. et al. [4] was to determine the ef-
fect of wet grinding on the mechanical properties of
blast furnace slag and slag-cement mixtures. Testing
was focused on different grinding times from 10 min
to 50 min in 10 min intervals. The performance of
well ground samples of slag indicated the effective-
ness of wet grinding. The 50 min grinding could de-
crease the average particle size to 2.95um. Other
effects were high reactivity, improvement of mechan-
ical properties and reduction of porosity. Research
of Escalante-Garcia J. et al. [5] observed a mechani-
cally activated granulated blast furnace slag. Samples
were composed in a range of 50 to 95 wt. % to replace
clinker in Portland slag cement. Structural properties
were determined using X-ray diffraction, electron mi-
croscopy, thermogravimetry and differential thermal
analysis. Up to the 70 wt. % replacement was found
an improvement of compressive strength in the first
and 28th day. Microstructural changes of the slag
caused by mechanical activation provided enhanced
reactivity and the improvement of cement strength.
The paper from Sobolev K. [6] examined the effect
of grinding on high-performance cement containing
granulated blast furnace slag. Samples were produced
in high volumes of blast furnace slag. Testing results
of mortars based on modified cement improved com-
pressive strength up to 91.7 MPa. Final mechanical
properties were increased by 62 % over the reference
sample.
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FIGURE 1. Particle size distribution of used materials.
. Cement Sla; Type Slaked Lime w/b Bulk densit,
Mixtures 0 fon [, g/a] of Slng [wt. %) [-/] (ke /m?] Y
C100 100.0 - - - 0.40 2020 £ 10
030/A0 70.0 30.0 O - 0.40 1978 + 29
030/AV5 67.5 27.5 @) 5 0.40 1958 + 17
030/AV10 65.0 25.0 O 10 0.40 1940 + 9
A30/A0 70.0 30.0 A - 0.40 1992 + 28
A30/AV5 67.5 27.5 A ) 0.40 1998 + 22
A30/AV10 65.0 25.0 A 10 0.40 1942 + 25

TABLE 1. Composition of individual samples with slaked lime.

2. MATERIALS AND SAMPLES

During the research, Portland cement was still a ba-
sic component. Specifically, it was Portland cement
CEM I 42.5 R from Radotin. Another component
was blast furnace slag. The source of slag was a
foundry industry complex in Kladno. It was a waste
from slag aggregate production by recycling. Used
slag was approximately 100 years old air-cooled and
carbonated blast furnace slag stored on a heap. At
first, waste materials were not immediately ready for
another use. It needed to be activated. As men-
tioned, mechanical activation was used on the base of
previous study of Prosek Z. [7]. Collaboration with
Lavaris Ltd. was used again. The main goal was
to find a material useable as a chemical activator of
waste materials. Dimensions of all produced samples
were 40 x 40 x 160 mm. They were stored in wa-
ter for 28 days. During this time, we tested every
sample with non-destructive methods to determine
dynamic Young’s modulus of elasticity and dynamic
shear modulus. At the end of this period, samples
were destroyed with a destructive bending test and
compression test to confirm final mechanical proper-
ties. Slaked lime was used for the first experiment. In
this test we also used two samples of slag with the dif-
ferent grinding capacity to find an ideal option and
investigate the synergy of mechanical and chemical

activation.

Figure 1 shows the difference between individual
samples of the slags. The slag with no grinding was
called Slag O. As we can see, slag A was ground
and the particle size distribution changed signifi-
cantly and is similar to the curve of the reference
cement CEM 1 42.5 R. Samples were composed of
changing shares of Portland cement 65 to 100 wt. %,
25 to 30 wt. % of blast furnace slag and 0 to 10 wt. %
of slaked lime (Table 1). Water binder ratio (w/b)
was always set on 0.4.

In the second phase water-glass was used based on
sodium and potassium. The composition of samples
was similar to the previous tests. There was 65 to 100
wt. % of Portland cement, 25 to 30 wt. % of blast fur-
nace slag and 0 to 10 wt. % of the activator (Table 2).
Based on the results of the first phase, testing samples
were produced using only slag A.

3. MEASUREMENT METHODS

Several methods were used through testing to investi-
gate mechanical properties. First of them was a non-
destructive resonance method. In period of 28 days
dynamic Young’s modulus of elasticity and dynamic
shear modulus were determined every week. A set of
instruments and devices was used to measure natural
frequency of all samples in longitudinal, transverse
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FIGURE 2. Development of dynamic Young’s modulus of the samples with slaked lime.

Misctures Cement Slag Sodium Potassium Bulk density
[wt. %]  [wt. %] Silicate [wt. %]  Silicate [wt. %) [kg/m3]

C100 100.0 - - - 2020 £ 10
A30/A0 70.0 30.0 - - 1969 + 36
A30/AN5 67.5 27.5 5 - 1963 + 27
A30/AN10 65.0 25.0 10 - 1899 + 10
A30/AK5 67.5 27.5 - 5 1945 + 8
A30/AK10 65.0 25.0 - 10 1899 + 13

TABLE 2. Composition of individual samples with water-glass.

and torsional oscillation. The supports of samples
were soft and elastic pads and had to be at node
lines of basic natural mode shapes. Impact ham-
mer type 8206 was used to excite vibration of the
samples. Acceleration transducer type Briiel & Kjaer
type 4519-003 measured the response of the samples.
Both of devices are connected to the measurement
station 3560-B-X12. It’s purpose is to record the ex-
citation and response signals. The station transforms
received signals to the frequency domain using the
Fast Fourier Transform. Computer with specific soft-
ware called PULSE LabShop then creates a frequency
response function. The dynamic modulus of elastic-
ity and the dynamic shear modulus were calculated
according to ASTM 1876-01 and CSN 73 1372 [8, 9].
The measurement of the dynamic modulus of elastic-
ity and the dynamic shear modulus was taken from
the work of J. Topi¢ [10].

The flexural strength was measured at the end
of the 28 days period by using three-point bending
test on samples measuring 40 x 40 x 160 mm.
Samples were broken approximately in half
(40 x 40 x ~80mm). The loading through
the testing was displacement controlled at a con-
stant rate of Imm/min. The distance between
the supports was 100mm.  Then these halves
were used to determine compressive strength by
uniaxial compression test. Uniaxial compression
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testing was displacement controlled at a rate of

5mm/min [11, 12].

4. RESULTS AND DISCUSSION

As mentioned through testing, the development of
Young’s dynamic modulus and dynamic shear mod-
ulus was measured for all samples. In the first phase
of the experiment, slaked lime was used to activate
blast furnace slag. Figure 2 shows the development of
dynamic Young’s modulus. First we can see a differ-
ence approximately 4 GPa between a reference sam-
ple with 100 wt. % of Portland cement and the rest
of the samples. It is caused by the replacement of
Portland cement with blast furnace slag. Another
slight difference, we can see between samples with
a lower amount of slaked lime. Samples A 30/AV0,
A 30/AV5 and O 30/AVO0 had a little bit higher val-
ues of dynamic Young’s modulus and dynamic shear
modulus (Figure 3). The highest progress of both
modules was registered in first 7 days. Later testing
from day 7 to day 21 showed lower improvement. In
the last week of testing, values were almost the same.
Results of non-destructive testing suggest there was
an influence of mechanical activation. Slag A had a
slightly higher both dynamic Young’s modulus and
dynamic shear modulus. Also, the effect of slaked
lime as an activator was limited. Only 5 wt. % of
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F1GURE 3. Development of dynamic shear modulus of the samples with slaked lime.
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FIGURE 4. Flexural strength of the samples with
slaked lime.
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FIGURE 5. Compressive strength of the samples with
slaked lime.

slaked lime had a positive effect on final properties.
At the end of the first phase, all samples were tested
with destructive methods. The final flexural strength
is shown in Figure 4. We can see a significant positive
effect of blast furnace slag on flexural strength. In
some cases, values were almost tripled. In general,

slag has a much slower reaction and produces less
heat. It needs time to react appropriately. For these
reasons, the concrete based on slag is used for a long
time. The influence of slaked lime was registered on
the samples A 30/AV5 and O 30/AV5. Lower values
of flexural strength suggest a more complex chemical
reaction.

Figure 5 presents compressive strength and results
overall confirmed previous conclusions. Mechanical
activation had a positive effect on the final properties.
Limited value of 5 wt. % of slaked lime supported a
chemical reaction and helped to increase compressive
strength. Slag A was more finally ground and grains
were more exposed. With slaked lime, we achieved
the value 56 MPa. The positive effect of slaked lime
is perceptible.

In the second phase, water-glass based on sodium
and potassium was used to investigate its influence on
final mechanical properties. Similar to the previous
tests through 28 days period, dynamic Young's modu-
lus and dynamic shear modulus were measured every
week. As we can see in Figure 6 and Figure 7, the
final values are more spread. Unfortunately, we can
see a big difference between each samples. The refer-
ence sample had significantly higher values. The dif-
ference was approximately 5 GPa. The second high-
est value of dynamic Young’s modulus and dynamic
shear modulus had a sample A 30/A0 without any ac-
tivator. By adding a water-glass as an activator, the
final values were even more reduced. With more ac-
tivator, the value drop was more obvious. The lowest
values had samples with the highest amount of water-
glass, regardless of sodium or potassium. The highest
progress was also measured in the first 7 days. Later
development was almost completely stopped and dy-
namic shear modulus was even decreased in the last
week. Water-glass seemed unusable and negative ef-
fect was significant.

The destructive tests confirmed the results of the
resonance tests. Flexural strength of the samples
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FIGURE 6. Development of dynamic Young’s modulus of the samples with water-glass.
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FIGURE 7. Development of dynamic shear modulus of the samples with water-glass.
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FIGURE 8.
water-glass.

Flexural strength of the samples with

with water-glass was reduced. With a higher amount
of water-glass, the flexural strength drop was even
more significant. Figure 8 shows the final results and
values of flexural strength. The sample A 30/AK10
with 10 wt. % of water-glass based on potassium had
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FIGURE 9. Compressive strength of the samples with
water-glass.

almost the same flexural strength as the reference
sample C 100 with 100 wt. % of Portland cement.
The negative effect of water glass almost removed the
influence of the blast furnace slag.
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Compressive strength shown on Figure 9 proved
water-glass does not work as an activator. The sam-
ples with water-glass had significantly reduced com-
pressive strength. It seemed water-glass partially pre-
vents the chemical reaction. The cement and blast
furnace slag grains could not create a proper con-
nection. The sample A 30/AK10 had the compres-
sive strength reduced almost on half compared to the
sample A 30/A0 and less than third compared to the
sample C 100 only with Portland cement. Unfortu-
nately, the result of the whole second phase was a
complete failure. Water-glass can not be used as the
activator.

5. CONCLUSIONS

This study investigated the influence of mechanical
and chemical activation of the blast furnace slag to
support a possibility of cement replacement up to the
level of 35 wt. %. Another goal was to find an ideal
chemical activator and determine synergy between
mechanical and chemical activation. Based on the
results, it can be concluded that:

e Blast furnace slag had a positive effect on flexural
strength.

e Highly carbonated blast furnace slag can be used
as a binder to replace Portland cement.

e Mechanical and chemical activation created a syn-
ergy and supported the hydration process.

e Slaked lime worked as an activator but at a limited
amount of 5 wt. %.

e Water-glass did not work as an activator and even
significantly reduced the influence of blast furnace
slag regardless of sodium or potassium.
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