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Abstract
The paper observes an improvement of the sulphate resistance of concrete. This was achieved through creation of dense concrete structure with sulphate resistant binder matrix. Series of tests confirms the positive effect after optimizing the sieve
line, also in very fine area; reducing the water-cement ratio with superplasticizer on polycarboxylate basis and restriction
of the sulphate sensitive clinker. These steps were possible through adding active aluminosilicate mineral additives. They
improve fresh concrete properties, density and corrosion resistance of concrete. The chemical reasons of such effect were
explained by the means of x-ray diffraction, differential thermogravimetry and scanning electron microscopy. This development should be widely used in several projects in Ukraine, where sulphate-resistant concrete is needed.
Streszczenie
W artykule poruszono kwestię wzrostu odporności betonu na korozję siarczanową. Efekt ten osiągnięto w betonie o szczelnej strukturze z zaczynem odpornym na wpływ siarczanów. Serie badań potwierdziły korzystny efekt optymalizacji krzywej
uziarnienia, w tym dla najdrobniejszych frakcji; obniżenie stosunku wodno-cementowego z udziałem superplastyfikatora na
bazie polikarboksylanów i ograniczenie ilości klinkieru podatnego korozji siarczanowej. Te zabiegi były możliwe dzięki
dodatkom mineralnym w postaci czynnych glinokrzemianów. Poprawiają one właściwości mieszanki betonowej, gęstość
i odporność betonu na korozję. Poprawę właściwości udowodniono w wyniku badań chemicznych: dyfrakcji promieni
rentgenowskich, analizy termograwimetycznej różnicowej i obserwacji w skaningowym mikroskopie elektronowym. Wyniki
tych badań powinny zostać użyte w wielu projektach prowadzonych na Ukrainie, gdzie wymagany jest beton odporny na
korozję siarczanową.
K e y w o r d s : Aluminosilicate additives; Cement; Corrosion; DTA; Fly ash; Microscopy; Sulphate resistant concrete; XRD.

1. INTRODUCTION
A lot of new construction projects in Ukraine require
concrete resistant to the impact of sulphates: sewage
plants, biogas facilities, agroindustry etc. Due to the
lack of the sulphate-resistant cement in Ukraine there
is a practical need to improve sulphate resistance of
concrete with the usage of widely available cement II
A/S 400 (Similar to European CEM II 32.5N A-S).
This was a main task of this investigation.
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To create a concrete durable to sulfuric corrosion
these two general technological principles were taken
from the West-European experience: first is to reach
the highest possible density of concrete in order to
reduce penetration of aggressive media into its body
and second to create a sulphate resistant composition
of binders system in the concrete [4, 8, 9, 10, 16].
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2. MATERIALS AND METHODS OF
TESTS
For the experimental part materials were taken that
are easily available in Ukraine:
1) Cement: II A/S 400 (CEM II/A-S 32.5 N)
(Dyckerhoff); Blaine-value = 3480 cm²/g; clinker
composition:
C3S = 57.1%;
C2S = 21.2%;
C3A = 6.9%; C4AF = 12.9%; Loss on ignition = 0.9%; granulated slag content = 19%.
2) Fly-ash: Blaine-value = 3030 cm²/g; Loss on
ignition = 1.2%, Fineness: residue on 45 (µm)
sieve = 26%;
Table 1.
Chemical composition of Fly-ash
Fly Ash SiO2 CaO MgO Fe2O3 FeO Al2O3 R2O SO3
Content,
51.2
%

3.1

1.8

10.5

3.6

24.8

4.5

0.1

Aluminosilicate: Centrilit NC II/B (MC-Bauchemie);
Blaine-value = 11500 (cm²/g)
Table 2.
Chemical composition of the aluminosilicate additive
Centrilit NC II/B
Centrilit
NC II/B

SiO2 CaO MgO Fe2O3 Al2O3 R2O

Content, % 54.8

0.02

0.3

0.5

43.2

0.5

SO3
0.03

Aggregates: crushed stone 5/10; 10/20 mm (granite)
Chemical admixture: polycarboxylate superplasticizer
Muraplast FK 63.30.
To define an impact of different mineral admixtures
and its quantity on corrosion resistance of concrete a
series of tests was done. These were assumptions and
ideas of these trials:
a) Principle 1 of the sulphate-resistant concrete:
Concrete with high density
The target of the highest possible density of concrete
was achieved by the mix-design and aggregates composition in accordance with the Fuller-Thompson
principle [7]. Two different types of sand, fine and
coarse, were used to create the most appropriate
sieve-line. Finally this sieve line was achieved (Fig. 1).

Figure 1.
Sieve line of the aggregates for tests on concrete

The usage of mineral additives with its different size
and shape allowed optimizing a sieve line also in very
fine area. It significantly increased the density of concrete as the properties of the fresh concrete were
observed (see Table 3).
b) Principle 2. Sulphate-resistant binder system
Next step was to create a sulphate-resistant composition of binders in concrete. It is known, that reducing
the sulphate-sensitive clinker in the concrete is possible through adding of mineral additives like fly ash,
silica fume, sheet silicates etc. [16]. The main idea of
applying these mineral additives is to bind and to
transform the sensitive Ca(OH)2 into more stable
CSH-phases:
x Ca(OH) 2 + y SiO2 + z H2O→CaO • y SiO2 • (x +z) H2O
In order to reduce the concentration of Ca(OH)2 in
the concrete it is reasonable to decrease cement/
clinker, through adding the above mentioned pozzolanic additives and saving water (reducing the
water-cement ratio) with a highly effective superplasticizer on the PCE-basis. To define the effect of
cement substitution through different additives, the
content was constant = 400 kg. The quantity of
cement varied from 270 kg up to 400 kg (control mix
[16] Table 3); Fly ash – in the range 0–90 kg, Centrilit
NC II/B – in the range 0–60 kg. After testing different combinations and observing the correlations an
optimal mix design was developed (mix 7 Table 3). By
this optimal mix-design also recommendations of the
Ukrainian Standard [1] and EN 206-1 were respected: minimum quantity of cement = 270 kg (exposition class XA3), maximum quantity of fly-ash = 33%
of cement weight, maximum quantity of Centrilit NC
II/B = 11% of cement weight.
c) Other factors of mix-design:
Water/cement-ratio: Although w/c ratio has a significant impact on the properties of concrete, the target
w/c (equiv)-ratio was 0.40. However, due to techno-
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e
c

kg/m3

6

7

8

10

15

16

20

340

380

380

340

360

400

270

Water, kg/m3

152

154

148

145

140

160

132

w/ceq.

0.38

0.39

0.38

0.4

0.36

0.4

0.4

0

0

20

60

20

0

80

60

20

0

0

20

0

28

PCE, %

2.00

0.95

1.35

1.80

1.80

0.90

2.20%

Fine Sand (15%), kg/m3

291

274

277

278

280

269

286

384

361

364

366

369

358

377

288

271

273

275

276

269

282

960

903

911

915

922

896

941

Fly ash, kg/m3
Centrilit NC II/ B,

kg/m3

Coarse sand (20%),
Gravel 5/10 (15%),

kg/m3

kg/m3

Gravel 10/20 (50%), kg/m3
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Sample number No.

Component
Cement,
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Table 3.
Composition and properties of the concrete

Properties of fresh and hardened concrete
ρtheoretic, kg/m3

2475

2364

2374

2378

2386

2351

2396

ρreal, kg/m3

2320

2420

2400

2370

2385

2370

2433

Slump after 10 min., cm

23

22

23

23

23

21

22

Slump after 60 min., cm

22

18

22

22

22

20

21

Slump after 120 min., cm

19

16

21

20

19

8

19

76.2

49.1

57.7

55.4

78.1

51.9

62.7

80

68.3

82.5

82.7

90.2

65.61

88.3

Compressive strength R28d/R1y H2SO4, MPa

64.8

55.54

43.3

69.9

87.3

50.54

79.3

Strength loss, %

-19.0

-18.7

-47.5

-15.4

-3.22

-23.0

-10.1

Compressive strength R28d, MPa
Compressive strength R1y H2O, MPa

logical properties of fresh concrete it slightly varied
= 0.36–0.40. In the calculation of the equivalent w/cratio the following k-values were taken: k-value for
fly-ash = 0.4; Сentrilit NC II/B = 1.
The planned consistency of fresh concrete was S4
(Slump = 16–20 cm).

3. OBSERVATION
RESULTS

OF

THE

TEST

Abstract from the test series is presented in the Table 3.
3.1. Fresh concrete properties
The workability of the fresh concrete with very low
water content was achieved through the usage of highly effective PCE-plasticizer. However, it was noticed
that adding of fly ash and aluminosilicate made a further improvement of the workability: better slump and
slump retention. It can be explained by the particle
shape of each component: fly ash has round particles
and aluminosilicate – sliding plate particles, which
both reduce the tensions in fresh concrete.
4/2017
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3.2. Compressive strength results
Observed concrete properties: Compressive strength
after storage in water and in sulfuric media by the
pH = 3.5 after 28 days, 3 months, 6 months and
1 year. Samples which were stored in the sulfuric
environment were periodically rinsed in water and
slightly brushed to remove the protecting coating
from the surface of the concrete. Selected results are
shown in the Table 3. These empirical tests showed
that the lowest loss of strength was observed when
using a combination of fly ash and mineral additive
on the aluminosilicate basis.
3.3. Observation of the surface
To observe the influence of the sulphate attack the
samples 10x10x5 cm were done (by splitting cubes
10x10x10 and polishing the surface of the 28d-harderned concrete). They were stored in the sulphate
environment and periodically rinsed in water and
slightly brushed.
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4. OBSERVATION OF THE BINDER
MICROSTRUCTURE

Figure 2.
Appearance of the samples of the control mix (No. 16) after
1 year year stored in aggressive media pH = 3.5

It can be observed that samples of control mix lost
binder matrix on the surface and this destruction
achieved up to 3 mm from the surface (top of the
aggregate). On the contrary samples with optimal
mix-design with mineral additives (No. 20) have loss
of the surface maximal depth (locally) equal to
0.5 mm.

Figure 3.
Appearance of the samples of the optimal mix (No. 20) after
1 year in H2SO4 solution

To explain the positive influence of mutual adding of
fly ash and aluminosilicate into the concrete further
analysis of binder system was done. The following
methods were used: x-ray diffraction, differential
thermogravimetry, scanning electron microscopy.
1) X-ray diffraction was done for products of hydration of pure cement-paste (2) – and of cement with
fly ash and aluminosilicate (1): after storage in
water and in sulphuric environment pH = 3.5
(180d).
Although the X-ray diffraction is very similar in both
cases the following additional effects through the
adding of fly ash and aluminosilicate should be
noticed:
– formation of low basic calcium hydrosilicates
CSH(B) (d = 0.307; 0.280; 0.182 nm), which are
more resistant to aggressive media than high-basic
calcium hydrosilicates.
– grow of hydroaluminosilicates in form of hydrogehlenite and hydroanothite C2ASH- CAS2H, and
particularly: 2CaOAl2O3SiO2 H2O (d = 0.279;
0.236; 0.208; 0.181 nm); CaOAl2O32 SiO24 H2O
(d = 0.592; 0.378; 0.301; 0.295; 0.275; 0.271;
0.262 nm); CaOAl2O32 SiO22 H2O (d = 0.365;
0.272; 0.263; 0.261; 0.231; 0.227; 0.218; 0.196 nm)
[18].
2) Differential thermogravimetry was done for the
products of hydration of pure cement (1) and of
cement with fly ash and aluminosilicate (2): after

Figure 4.
X-ray picture of the binder matrix with mineral additives (1) and without (2)
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Figure 5.
DTA and DTG-Curves of the pure cement-paste (1) and fly
ash with the alumosilicate (2)

Figure 6.
Micrographs of the mortars microstructure

4/2017

ARCHITECTURE

CIVIL ENGINEERING

ENVIRONMENT

105

C I V I L

storage in sulphuric environment pH = 3.5 (180d):
– DTA-lines are very similar and correlate with
XRD-analisys;
– the chemically bounded water with added fly-ash
and aluminosilicate is 28% (and 20% without
adding). This confirms the presence of additional
hydrosilicate and hydroaluminosilicate phases.
– There is an exothermal peak in in the range of
940–980C. This confirms the assumption about
additional high resistant low-basic calcium
hydroslilicates introduced by fly ash and aluminosilicate [18].
3) Scanning electron microscopy for the products of
hydration of pure cement (left) and of cement with
fly ash and aluminosilicate (right): after storage in
sulfuric environment pH = 3.5 (180d) [18].
Photo of pure cement stone (left) represented by fine
crystal CSH-phases shows deep crack which can be a
result of diluted soluble substances like portlandite.
This leads to the decrease of corrosion resistance.
Photo of the split with additional mineral additives
shows the dense and homogenous structure formed
by minerals that could be classified as hydrosilicates
and hydroaluminosilicates. The surface of the split
had very low amount of pores which can be a result of
almost fully bounded portlandite into unsoluble substances.
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5. CONCLUSIONS

[9]

The results of experiments about improvement of
concrete sulphate resistance by adding fly ash and
aluminosilicate Centrilit NC II/B into the concrete
allow to draw the following conclusions:
– adding of mineral additives into the fresh concrete
improves its workability;
– partial exchange of cement through mineral additives support the formation of more dense concrete with sulphate-resistant binder-matrix: the
loss of compressive strength and the damage of
concrete surface after 1 year storage in sulphate
media (pH = 3.5) are minimized.
– increase in the sulphate resistance of binder matrix
can be explained through the grow of hydroaluminosilicates in the form of hydrogehlenite and
hydroanothite C2ASH- CAS2H and low basic calcium hydrosilicates (CSH phase with low C/S – relation).
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