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Abstract
This paper summarises the results of laboratory testing of potential applications of waste 
limestone powder as an additive to sand-lime bricks. This mineral component is added to improve 
their mechanical properties. It is anticipated that chemical reactions between calcium and silica 
ions in the presence of carbonate ions and under specific conditions will yield a separate mineral 
scawtite. Due to its chemical composition and internal structure, scawtite has inferior chemical 
resistance when compared to calcium silicate hydrates such as C-S-H gel. At lower temperatures, 
materials containing this mineral phase may succumb to corrosion due to the presence of 
sulphates and carbonates, this process is also referred to as thaumasite corrosion. 
During the tests the samples were made with various amounts of waste limestone powder. 
The influence of amount of waste limestone powder on the quality of resultant materials was 
evaluated based on the functional testing data. The results indicate that the presence of 
waste limestone powder in the proportion 10-25% by weight in the component mix ensures the 
products’ compliance to the normative standards relating to absorbability, at the same time their 
compressive strength is improved. In order to verify the potential occurrence of the sulphate-
carbonate corrosion, selected samples of the so obtained autoclaved products were exposed to 
water solutions of salts containing CO3

2- or SO4
2- ions or their mixtures, at reduced temperatures. 

Potential effects of changes of phase composition and microstructure of sand-lime materials in 
simulated conditions prompting the thaumasite formation were registered by the XRD, DTA, IR 
and SEM+EDAX methods.
Keywords: sand-lime bricks, hydrothermal conditions, waste limestone powder, C-S-H gel, 
tobermorite, scawtite formation, thaumasite corrosion, sulphate attack
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1. Introduction
Sand-lime bricks are conventionally manufactured from 

mineral components, i.e. a specially prepared mixture of burnt 
lime and quartz sand, and the manufactured bricks have the 
strength parameters of bricks categorised as class 20 or 25 [1–5]. 
There is, however, a strong demand for construction materials 
with the strength parameters exhibited by the class 35 or higher. 
Functional parameters (compressive strength) of sand-lime 
bricks depend on a number of factors [6–9]. The improvement 
can be achieved in several ways, the most efficient method 
involves the modification of chemical processes involved in the 
manufacture and processing of these bricks in the autoclave [10, 
11]. The structure and microstructure of sand-lime bricks are 
finally determined during the final stage of bricks processing 
in the autoclave. Those properties determine the functional 
parameters of the ready bricks, associated with their strength 
and durability which are of key importance for customers and 
potential users. Modification of the manufacturing process 
involves the change of conditions of synthesis: time and 
temperature hydrothermal processing [12–14] and introduction 
of mineral additives to the mixture, which has a good effect 
on structure and microstructure of bricks [15, 16]. When 

mineral additives are introduced to the traditional mixture, 
new ions appear in the reaction environment that might lead 
to qualitative and quantitative changes of the final products of 
synthesis proceeding in hydrothermal conditions [17]. These 
ions might either speed up the transition of amorphous C-S-H 
gel into crystalline products (such as tobermorite C5S6H5 or 
xonotlite C6S6H) or stabilize the C-S-H gel and by so doing 
prevent its further transformations into phases that do not 
produce the required strength parameters of autoclaved bricks 
[18, 19]. When those reaction systems are chemically activated 
by sulphate or alkali ions, the rate of the substrate reaction 
might be enhanced and the quantity of the synthesis product 
shall be larger, which directly affects the strength parameters of 
autoclaved materials [20].

Finally, the composition of the process mixture might be 
modified to generate additional phases, which leads to an 
improvement of mechanical parameters of the final products. 
Laboratory tests revealed that waste limestone powder is an 
excellent additive [21, 22]. In the course of limestone reactions 
with calcium and silica in controlled conditions we get a 
separate mineral phase, referred to as scawtite [23-25]. Scawtite 
is a calcium carbonate-silicate: Ca7[Si6O18](CO3)·2H2O. It 
has a layered structure in which a layer of octahedrons CaO6 
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interfaces with layers composed of CO3
2- groups and Si6O18 

rings [26]. Research has revealed [23, 27] that scawtite is 
formed during the autoclaving of the mixture of quartz, 
calcium carbonate and calcium hydroxide. It is reasonable to 
expect that it shall be formed when waste limestone powder 
is introduced to the mixture used typically in the manufacture 
of sand-lime bricks. Apart from the classical components: 
quartz sand and burnt lime, the mixture shall also contain 
waste limestone powder. As regards the cost-efficiency of 
the proposed solution it is advisable to use waste limestone 
powder, a by-product in plants manufacturing burnt lime or 
carbonate sorbents to be used in desulphurization installations. 
Accordingly, it seems justified to add waste limestone powder 
as the component of a mixture to make sand-lime bricks with 
the required mechanical properties [28].

On account of the presence of carbonate ions in the structure 
of scawtite, the durability of sand-lime bricks containing waste 
limestone powder may deteriorate because of the potential 
occurrence of thaumasite form of sulphate attack [29]. This 
form of corrosion is caused by interactions between materials 
containing mineral binders such as cement or lime and 
SO4

2- and CO3
2- ions in the conditions of high humidity and, 

in extreme cases, under the action of water and at reduced 
temperatures. The corrosion process results in thaumasite 
formation Ca3[Si(OH)6]·CO3·SO4·12H2O [10, 30, 31]. Even 
though thaumasite may be formed by several ways (direct 
or indirect), in the case of sand-lime materials thaumasite 
emerges as a product of a direct reaction between the C-S-H 
gel and calcium sulphate or carbonate [32]. Consequently, 
the C-S-H gel will gradually lose its basic function, i.e. that 
of the substance binding the silica sand grains, as a result the 
sand-lime bricks, which at first exhibit the desired structural 
parameters and functional features, will slowly yet inevitably 
deteriorate in quality, changing into a shapeless and amorphous 
mass, which in the long-run will prove unable to carry all 
the typical loads due to the operation and maintenance of 
the engineering structures. Thus, susceptibility of sand-lime 
bricks to this form of corrosion may be due to their being 
manufactured from modified component mixes. In the case 
of autoclaved sand-lime products containing waste limestone 
powder [33], this additive becomes the source of CO3

2- ions 
and in the presence of adverse environmental conditions: high 
humidity and reduced temperatures, the process of thaumasite 
formation may be triggered.

Considering the above considerations, it should be stated 
that the purpose of the research related to the use of waste 
limestone powder in the production process of sand-lime 
products was primarily to confirm its positive impact on 
most of the functional characteristics of the type of building 
materials indicated and to demonstrate no negative impact 
in relation to the durability of these products in terms of the 
potential for thaumasite corrosion.

In conclusion, it can be concluded that the proposed 
technological solution primarily leads to the improvement of 
the quality of sand-lime products, but it also has an economic 
and ecological aspect. Considering the scale of silicate industry 
production, the reduction in the consumption of quicklime for 
the production of sand-lime products will certainly affect its 

clearly lower demand. This, in turn, will reduce the process 
CO2 emissions generated during its production, and thus 
indirectly improve environmental protection.

2. Experimental investigation
2.1 Design of the research program

In considerations of the cognitive aspects of the research 
program, the experiments were designed involving the 
fabrication of sand-lime products containing varied amounts 
of powdered limestone. The mineral additive in the form of 
waste limestone powder was added to the standard component 
mix: burnt lime and quartz sand in the molar ratio CaO/SiO2 
(C/S) equal to 0.09. Testing was done on ground limestone 
rocks from various limestone deposits in Poland and having 
a similar grain size distribution, the maximal grain size being 
60-80 μm. The actual amounts of mineral additives were equal 
to 5-30% (% mass fraction) the total amount of the two basic 
components in the dry mixture.

The influence of the presence of a mineral additive on the 
final product quality: sand-lime bricks were assessed by 
analysing the changes in their functional parameters and on 
the basis of structural and microstructure testing data. In 
the first place tests were performed to check the durability of 
sand-lime bricks and the potential of thaumasite corrosion. 
Taking into account the conditions required for thaumasite 
formation, the sand-lime brick samples were kept in various 
corrosion-prone environments. The comparative analysis used 
the reference material made of the two component mix only 
(quartz sand plus burnt lime), with no mineral additives.

2.2 Materials
Three types of mineral products were used in the tests. 

Natural quartz sand from the deposit “Łysa Góra” (QS-LG) was 
used as an aggregate, the binder material is the highly-reactive 
burnt lime obtained from an industrial process (LB-HR). 
Ground limestone from several Polish limestone plants using 
limestone from various deposits of different geological ages, 
acted as mineral additive and the following types of waste 
limestone powders were used:
	■ limestone powder ”Czatkowice” - LS-CZ
	■ limestone powder ”Bukowa”  - LS-B
	■ limestone powder ”Tarnów Opolski” - LS-TO
	■ limestone powder ”Kujawy”  - LS-K
	■ limestone powder ”Mielnik”  - LS-M
	■ limestone powder ”Trzuskawica” - LS-T

The grain size compositions of quartz sand were found by 
the screening method utilizing a Hosokawa Alpine screen. 
Results are compiled in Fig. 1.

The specifications of the burnt lime LB-HR: chemical 
composition, grain size distribution, chemical reactivity, 
and moisture, are given in Table 1. It also provides the 
characteristics of waste limestone powders LS-B, LS-TO used 
as a benchmark for showing the properties of the remaining 
carbonate materials.
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 Fig. 1 Grain size distribution curve of quartz sand QS-LG
 1. ábra QS-LG kvarchomok szemcseméret-eloszlási görbéje

Control  
parameter

Types of raw materials

LB-HR LS-B LS-TO

CaO, % 97.9 96.2 (CaCO3) 95.7 (CaCO3)

MgO, % 0.5 0.4 (MgCO3) 1.8 (MgCO3)

(CaO+MgO)ac, % 96.6 - -

Al2O3, % 0.1 0.4 0.1

Fe2O3, % 0.04 0.2 0.4

SiO2, % 0.5 2.1 1.7

CO2, % 0.8 - -

SO3, % 0.1 - -

t60, min. 0.6 - -

Tmax, °C 79.8 - -

Moisture, % - 0.4 0.3

R0.09, mm 5.2 7.2 8.1

R0.2,  mm 0.2 0.2 0.5

 Table 1 Specification of the burnt lime and selected ground limestone
 1. táblázat Az égetett mész és a kiválasztott őrölt mészkő jellemzői

The grain size distribution of the natural carbonates 
used in the tests is shown in Fig. 2 and Table 2. Grain size 
measurements were taken with a SediGraph 5100 analyzer 
(Micromeritrics), the specific density was measured with a 
helium pycnometer AccuPyc (Micromeritics) and specific 
surface area measurements SBET were taken by the BET method 
(Micromeritics).

 Fig. 2 Grain size distribution curves of carbonate raw materials
 2. ábra Karbonát alapanyagok szemcseméret-eloszlási görbéi

Control parameter
Waste limestone powder types

LS-CZ LS-B LS-T0 LS-K LS-M LS-T

Median,  
mm

7.9 4.4 8.2 6.1 2.4 4.5

Mode,  
mm

4.5 3.3 9.4 4.0 1.7 4.5

Specific density, 
g/cm3

2.79 2.76 2.77 2.77 2.77 2.79

BET specific  
surface area, m2/g

2.18 1.77 1.63 2.38 3.12 2.14

 Table 2 Characteristics features related to grain size of carbonate raw materials
 2. táblázat A karbonát alapanyagok szemcseméretével kapcsolatos jellemzők

2.3 Sample preparation
Samples of autoclaved sand-lime bricks were obtained from 

mixtures of quartz sand QS-LG, burnt lime LB-HR and waste 
limestone powder. The main components, i.e. quartz sand and 
burnt lime were in the proportion 92% and 8% (% by weight). This 
composition of raw mixture used in manufacturing of the reference 
materials (LS-0) was then modified by adding specified amounts 
of waste limestone powder. The added waste limestone powder 
would account for 5-30% (% by weight) of the total sand and 
burnt lime in the dry mixture. To ensure the adequate rheological 
properties, homogenized mixtures of the two components were 
mixed with water to achieve the forming humidity of 6%, so that 
the bricks could be press-formed. Components of all process 
mixtures used at this stage of research to prepare the samples of 
autoclaved bricks are summarized in Table 3.

Type of   
component

Content of waste limestone powder, wt. %

0 5 10 15 20 30

Content of component in the mixture, wt. %

QS-LG 86.0 82.0 78.2 74.9 71.8 66.2

LB-HR  
(CaO) (1)

7.8 (7.5) 7.4 (7.1) 7.1 (6.8) 6.8 (6.2) 6.5 (6.2) 6.0 (5.8)

LS-X (2) 0.0 4.5 8.5 12.2 15.6 21.7

Water (3)
6.2

(2.4+3.8)
6.1

(2.3+3.8)
6.2

(2.2+4.0)
6.1

(2.1+4.0)
6.1

(2.0+4.1)
6.1

(1.8+4.3)

  (1) - lime content in the mixture with specification of the amount of active 
(CaO + MgO)

  (2) - X - designation of waste limestone powder
  (3) - total amount of water, with specification of the amount of water required 

for slacking of CaO contained in the given amount of binder and the amount 
of water required to achieve the predetermined mixture humidity forming

 Table 3 Compositions of mixtures used to obtain the autoclaved materials
 3. táblázat Az autoklávozott anyagok előállításához használt keverékek összetétele

The sample preparation procedure was always the same. The 
precisely controlled amounts of mixture components were 
carefully weighted and homogenized in a dry process (mixed 
in a mortar), followed by a wet process (mixing in a mortar 
after adding the required amount of water). The mixture was 
then placed inside an air-tight glass container for the purpose 
of mixture slacking at the temperature 70 °C using a dryer. The 
slacking process lasted for 1 h and afterwards the obtained 
mass was homogenized again.

Samples were formed and shaped like cylinders with the height 
and diameter 25 mm. They were formed in a process of axial, 
two-sided and double-stage pressing, with inter-stage deaeration. 



építôanyagépítôanyag § Journal of Silicate Based and Composite Materials

178   | építôanyagépítôanyag  JSBCMJSBCM  2022/5  Vol. 74, No. 5

The initial and final pressures of pressing were 10 and 20 MPa, 
respectively. As soon as samples are formed, they were subjected to 
hydrothermal treatment, with the use of steel pressure cylinders. 
The conditions of the synthesis reproduced the conditions of 
sand-lime materials treatment in industrial autoclaves:
	■ pressure of saturated water vapour – 1.002 MPa
	■ temperature of vapour – 180 °C
	■ autoclaving time – 9.5 h

The hydrothermal treatment was carried out in accordance 
with the approved regime: 1.5 h reaching the predetermined 
steam temperature and pressure level; 8 h isobaric–isothermal 
treatment of products; free cooling to the ambient temperature.

3. Experimental results
3.1 Physical properties of obtained autoclaved materials

Selected physical parameters of thus obtained autoclaved 
samples were tested in accordance with the procedure set 
forth in the standard [34] and research procedures specified in 
sections of the standard PN-EN 772. Accordingly, the following 
parameters were determined:
	■ compressive strength fB [35],
	■ bulk density ρn,u [36].

Thus obtained functional parameters expressed as averaged 
values are summarized in Table 4.

3.2 Porosity
Porosity of thus obtained silicate materials was determined by 

mercury porosimetry method, using a Carlo Erba Instruments 
porosimeter (model PO-225). The measurements were taken 
in a pressure range 0.1-200 MPa, enabling us to determine the 
volumetric fraction of macro- and micropores.  Selected results 
in the form of pore size curves are graphed in Fig. 3 and 4. For 
comparison, curves obtained for samples with variable waste 
limestone powder LS-CZ contents are contrasted with the reference 
sample curve LS-0 (Fig. 3), obtained for a two-component mixture, 
without waste limestone powder. Fig. 4 shows the contrasted curves 
of volumetric fractions of pores obtained for the mixtures with the 
same amount (15 wt.%) of various types of limestone powders.

Property Reference material
LS-0

Limestone content
(wt. %)

Limestone powder type

LS-CZ LS-B LS-TO LS-K LS-M LS-T

Compressive
strength ƒB, MPa 

19.2

5 - 24.5 20.2 24.3 20.2 -
10 22.1 28.6 19.8 28.1 19.9 27.1
15 23.1 28.7 22.3 27.7 22.1 -
20 24.7 27.5 28.6 27.0 - 34.5
30 27.3 - - - - -

Bulk density
ρn,u, g/cm3

1.66

5 - 1.74 1.74 1.73 1.71 -
10 1.70 1.79 1.75 1.76 1.75 1.8
15 1.73 1.81 1.80 1.79 1.77 -
20 1.77 1.84 1.85 1.83 - 1.88
30 1.81 - - - - -

 Table 4 Properties of autoclaved materials containing waste limestone powder coming from various sources

 4. táblázat Különböző forrásokból származó hulladék mészkőport tartalmazó autoklávozott anyagok tulajdonságai

 Fig. 3 Pore size distribution in samples containing different amounts of  waste 
limestone powder LS-CZ

 3. ábra Pórusméret-eloszlás különböző mennyiségű LS-CZ hulladék mészkőport 
tartalmazó mintákban

 Fig. 4 Pore size distribution in samples containing 15% of added waste  limestone  
powder

 4. ábra Pórusméret-eloszlás 15% hozzáadott hulladék mészkőport tartalmazó 
mintákban

3.3 Mineral composition
Mineral composition of autoclaved samples was established 

by the XRD method. X-ray images were registered using a 
Phillips X’Pert PW 3020 X-ray diffractometer, the parameters 
in the measurement procedure: radiation level CuKa, reflective 
graphite monochromator, lamp voltage 35 kV, current 
in the lamp 30 mA, step recording - ∆2θ = 0.05°, t=1 s.  
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Interplanar distances obtained from X-ray pattern images 
were utilized in identification of mineral phases making up 
the tested samples, supported by the data from the ICPDS-
ICDD catalogue (version of 2005) and the computer program 
XRAYAN.  Selected results are shown in Fig. 5.

 Fig. 5 Compiled X-ray images for selected samples
 5. ábra Összeállított röntgenfelvételek a kiválasztott mintákról

3.4 Studies of thaumasite corrosion of sand-lime products
Autoclaved products are kept in conditions most favourable 

for the thaumasite corrosion attack. Depending on the 
modifications of the mix composition, the analyzed materials 
are kept in precisely controlled conditions. In the case of 
products containing waste limestone powder as a mineral 
additive being an internal source of CO3

2- ions, the samples are 
kept at lower temperatures (+5 °C) immersed in the solution 
of Na2SO4 (sample symbol NS) or MgSO4 (sample symbol 
MS), with the concentration of  SO4

2- ions equal to 16.0 g/dm3. 
Samples are kept in a chamber originally designed for running 
the tests required to investigate the process of carbonization 
of concrete and mortars, too. They are kept under lower 
temperatures as well (+5 °C), air relative humidity being 30% 
and  concentration of CO2 - 1 vol.%. Furthermore, in order 
to vary the humidity conditions within the chamber, the 
proofed samples are kept in air with humidity 50% (positioned 
over the solid  AgNO3), or 90% (over the distilled water) or 
immersed in distilled water, thus ensuring the 100% humidity. 
The samples are kept under those conditions for a sufficiently 
long period of time to observe the occurring changes. The 
longest period (950 days) of exposure to simulated corrosion-
prone conditions (aqueous solutions of sulphate salts) ensues 
in the case of samples containing different amounts of waste 
limestone powder. In the case of those samples, the symptoms 
of disintegration are evident, so they are subjected to rigorous 
quality analyses by several methods and the results are given 
in the form of  XRD, DTA, TG and IR graphs, supported 
by microstructure test data obtained by the SEM method 
in conjunction with the EDAX studies. For the sake of 
comparison, the samples made of the reference material (LS-0) 
and those containing waste limestone powder (LS-B-20) are 
subjected to the tests, too.

The analysis of the phase composition of thus obtained 
materials is based on X-ray test data. X-ray tests are performed 
using an X-ray diffractometer (Philips PW 1040). X-ray 
patterns are registered in the angle range CuKα 5-60o 2θ and 

the presence of mineral phases is established on the basis of 
ICPDS-ICDD database (version of 2005). The results in the 
form of graphs of X-ray patterns for the selected samples are 
shown in Fig. 6.

 Fig. 6 Phase composition of analysed samples established by the XRD method
  Designations meaning: Q - quartz, CC – calcite, V – vaterite, NS – sodium 

sulphate, CH – calcium hydroxide
 6. ábra A vizsgált minták XRD-módszerrel megállapított fázisösszetétele
  Jelölések jelentése: Q - kvarc, CC - kalcit, V - vaterit, NS - nátrium-szulfát, 

CH - kalcium-hidroxid

The thermal methods use a thermo-balance STA 449 F3 
Jupiter (NETZSCH). Measurements are taken on the carried 
DTA-TG in the temperature range 20-1000 °C, the heating rate 
10 °C/min in the atmosphere of air in the Al2O3 crucible. Test 
results in the form of DTA and TG curves are shown in Fig. 7.

a) 

b)

 Fig. 7 Thermal test data: a) DTA curves, b) TG curves
 7. ábra Termikus vizsgálati adatok: a) DTA-görbék, b) TG-görbék

Middle-range IR spectra (400-400 cm-1) are registered by 
the standard method using KBr pills. Measurements are taken 
with a Fourier spectrometer Bruker VERTEX 70v with 4 cm-1 
resolution, with 128 repetitions. The results in the form of IR 
spectra of the investigated samples are shown in Fig. 8.

The microstructure of materials obtained under hydrothermal 
conditions is investigated by the scanning microscopy 
technique, using a scanning microscope NOVANAMO SEM 2000 
(FEI Company) equipped with a micro-analyzer EDAX. Prior 
to the tests, the samples were sputtered with gold. The most 
characteristic images of microstructure of the samples’ profiles 
are shown in Fig. 9.
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 Fig. 8 IR spectra of investigated samples
 8. ábra A vizsgált minták IR-spektrumai

9a) Sample LS-0 9b) Sample LS-B-20

9c) Sample LS-B-20/NS 9d) EDAX analysis in point 1

9e) Sample LS-B-20/MS 9f) EDAX analysis in point 1

 Fig. 9 Microstructure of the analysed samples
 9. ábra A vizsgált minták mikroszerkezete

4. Discussion
The actual position of the grain size distribution curve for 

sand QS-LG (see Fig. 1) with respect to boundary curves 
suggests this sand does not meet the requirements posed by 
manufacturers of sand-lime bricks production. Investigated 
sand contains too much fine fractions (0.0-0.5 mm) and lacks 
in coarser fractions (0.5 - 2.0 mm).

It is readily apparent (see Table 4) that regardless of the type 
of added waste limestone powder, the compressive strength of 
manufactured samples is improved. Besides, there is an evident 
correlation between the amount of added waste limestone 
powder and the samples’ compressive strength. 

Porosity data suggest that regardless of the type and amount 
of added limestone powder, the obtained products have similar 
porosity in the range of capillary and gel pores. Qualitative and 
quantitative changes are evident in the domain of macropores 
about 10 mm in diameter. As the waste limestone powder contents 
increases, the proportion of these pores tends to decrease, which 
affects the overall porosity of the samples. The presence of these 
pores is associated with the applied sample forming method and 
the grain size distribution in the process mixture, which in turn 
depends on the size of crushed sand grains. It is reasonable to 
suppose, therefore, that added minerals: waste limestone powder 
with the maximal grain size 60-80 mm, act as micro-aggregate, 
leading to the most desirable modifications the resultant grain 
size distribution curve and the manufactured press-formed 
materials will become more compact (Fig. 9).

Of major interest are X-ray images of the reference sample 
(LS-0) and samples made with the addition of waste limestone 
powder ”Bukowa” (sample designation LS-B-15) and 
waste limestone powder ”Czatkowice” (sample designation 
LS-CZ-15), with clearly indicated diffraction peaks of identified 
phases. It is readily apparent that mineral compositions of 
analyzed materials are vastly similar. Crystalline phases include 
not reacted reagents in the shape of quartz sand, Ca(OH)2 and 
calcite as well as products of synthesis, such as scawtite as the 
lines evidencing its presence are of low intensity. The presence 
of the C-S-H gel cannot be confirmed by the XRD methods, 
though it becomes evident in the scanning microscope images. 
It is reasonable to suppose that this phase occurs mostly in the 
amorphous form or, though less probable, that its quantity is 
too small to be detected by the applied method.

To investigate the carbonate-sulphate corrosion processes, 
testing was done on autoclaved sand-lime products obtained 
from mix compositions modified by adding the precisely 
controlled amounts of mineral additives in the form of raw 
carbonate materials. The effects of this mineral additive on 
properties and parameters of thus obtained sand-lime products 
are very positive (Table 4). The analyzed sand-lime products 
were then subjected to the sulphate-carbonate corrosion 
processes and the results are evaluated basing on phase 
composition data obtained by several methods. It is worthwhile 
to mention that experiments conducted so far indicate that 
the corrosion process at the fastest rate in samples containing 
waste limestone powder in different proportions and kept at the 
temperature +5 °C immersed in aqueous solutions of Na2SO4 or 
MgSO4 in which the concentration of SO4

2- ions was 16.0 g/dm3.
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The phase composition data obtained by the XRD method 
(Fig. 6) for samples kept under such conditions for 950 days 
reveal that the main product of corrosion is calcium carbonate 
in the form of vaterite, which co-occurs with calcite being the 
key component of waste limestone powder. Even though the 
effects are similar for the two types of corrosion solutions, 
yet in the case of MgSO4 the samples (LS-B-20/MS) after the 
exposure period will totally disintegrate whilst the samples LS-
B-20/NS kept in the solution of Na2SO4 still retain their shape.

These results are corroborated by those obtained by 
thermal methods. When comparing DTA and TG graphs 
(Fig. 7), we clearly see that they are similar and the only 
distinctive endothermic effect is revealed on the DTA graph, 
with its maximum in the temperature range 820-860 °C and 
accompanied by the reduction of mass revealed on the TG 
graphs, associated with thermal dissociation of calcite or 
vaterite, which is a further evidence of the presence of these 
compounds in the analyzed sand-lime bricks.

More data about the altered phase composition of analyzed 
samples will be available after observations of IR absorption 
spectra (Fig. 8) [37]. The reference spectrum is that registered 
for the reference material (LS-0) made of the traditional mix 
of ingredients. The reference spectrum reveals several lines, 
which can be divided in three groups. High-intensity spectral 
lines at about 1426 cm-1 can be ascribed to vibrations stretching 
the C-O bonds. The occurrence of other spectral lines at 875 
and 713 cm-1, also ascribed to carbonate groups, evidences the 
presence of calcite in the samples. The other group includes 
lower-intensity spectral lines, associated with vibrations of silica-
oxygen groups. In the range of wave numbers 1100-900 cm-1 we 
get asymmetric vibrations stretching the Si-O(Si) bonds and in 
the range 490-460 cm-1 there are vibrations bending the O-Si-O. 
A doublet of spectral lines is revealed at 798 and 778 cm-1, 
evidencing the presence of quartz in the analyzed sample. It 
is worthwhile to mention that all spectral bands in this range 
feature a large FWHM value (full width at half minimum), which 
may be attributable to an amorphous or unordered structure of 
silicate phases. The third category of spectral lines is associated 
with vibrations of the OH- groups. In the range of wave numbers 
3300-3700 cm-1 there are spectral bands associated with tensile 
vibrations of hydroxyl groups. There is a band at 3641 cm-1 in this 
range which can be associated with the presence of portlandite 
(Ca(OH)2). A broad band at about 3440 cm-1 may be associated 
with OH- groups located in an unordered manner in the structure 
of the material (for instance associated with C-S-H gel) or with 
the presence of molecular water. Spectral bands associated with 
vibrations that bend H2O are revealed at about 1620 cm-1.

When compared to the reference spectrum, the spectrum 
registered for the sample containing 20% of waste limestone 
powder (LS-B-20) displays a higher integral intensity of spectral 
bands associated with vibrations of carbonate groups in relation 
to spectral bands associated with the presence of silico-oxygen 
tetrahedrons in the analyzed sample. This is caused by the 
admixture of waste limestone powder, leading to a higher content 
of CaO. Comparison of the two spectra reveals that the ratio of 
quartz actually expended in the reaction to the total amount 
of quartz in the sample containing waste limestone powder is 
higher, which is evidenced by a reduced intensity of the doublet 
of spectral lines in the range 800-780 cm-1. The higher intensity 
of the spectral band at 960 cm-1 compared to the remaining 

bands associated with vibrations stretching Si-O(SiO) implies 
the presence of significant amounts of the C-S-H gel.

The further two spectra are those of samples subjected to 
sulphate-carbonate attack. These spectra reveal an additional 
spectral band at 1082 cm-1, which is associated with the 
disappearance of the C-S-H gel and formation of thaumasite. 
The occurrence of this phase is evidenced by the presence of 
low-intensity spectral bands associated with the vibrations of 
the octahedron quartz for the wave number 760 and 500 cm-1 
[37]. Comparing the two spectra, we clearly see that in sand-
lime products exposed to magnesium sulphate (LS-B-20/MS) 
silicate phases get disintegrated in a larger degree than when 
exposed to sodium sulphate (LS-B-20/NS). It is worthwhile to 
mention that the spectrum of a sample exposed to magnesium 
sulphate reveals two new bands in the spectral range: at 661 
and 660 cm-1. Their presence is probably associated with the 
phase whose structure features the presence of silica-oxygen 
rings, such as those encountered in the scawtite structure [38].

The analysis of microstructure of the tested samples (Fig. 9) 
reveals in reference silicate material (LS-0) the zones occupied 
by typical products of synthesis under hydrothermal conditions, 
represented by both the C-S-H gel and crystalline tobermorite 
with elongated crystals. These products are always present on 
the surface of quartz sand grains, they tend to interpenetrate and 
hence act the grain binders. An entirely different microstructure 
is revealed for samples kept in solutions containing sulphate 
ions. In both cases we observe areas dominated by calcium 
carbonate, though the zones of fiber-structured crystals are 
revealed too. In the light of the EDAX data, it is reasonable to 
suppose that this can well be thaumasite [39].

5. Conclusions
Results of the experimental investigations lead us to the 

following conclusions:
1. No matter how the actual composition of process mixtures 

containing waste limestone powders should vary both 
in qualitative and quantitative terms, manufactured 
sand-lime bricks display higher compressive strength in 
comparison to the reference sample made from the process 
mixture without the added mineral components.

2. The evident improvement of the mechanical features is 
attributable to the synergy effect involving physical and 
chemical interactions between the waste limestone powder 
and the remaining mixture components.

3. Powdered limestone plays a triple role:
	■ it acts as a micro-aggregate so the semi-finished products 

are more compacted during the formation process,
	■ similar to lime, it plays the role of a plasticizer improving 

the rheological properties of pressed mixtures,
	■ as a chemically active substance it acts as a mineral 

additive, the product of the reaction being a separate 
mineral phase known as scawtite.

4. Extensive testing of structure and microstructure of sand-
lime materials suggests that an addition of limestone powder 
favourably impacts on the parameters of sand-lime bricks.

5. On account of a relatively short time of exposure to 
corrosion-prone environments, it is difficult to finally 
conclude whether sand-lime bricks containing waste 
limestone powder are subjected to sulphate-carbonate 
corrosion, involving the formation of thaumasite.
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6. Test results might be utilized to implement the new 
solution in the industrial practice, whereby sand-lime 
bricks should be manufactured from the prepared mixed 
binder obtained from grinding or mixing of burnt lime 
and fine-grained limestone.

7. Application of a new formula of the mixed binder might 
help reduce the unit consumption of lime whilst the quality 
of obtained silicate materials should not deteriorate, or, 
when the lime consumption remains the same we get 
products with more favourable strength parameters.
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