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ABSTRACT
The paper is aimed at the study of the resistance of cement pastes containing vari-
ous secondary materials (fly ash, zeolite, zeoslag, slag and microsilica) in the model 
environment of acid rain. Changes in characteristics of the studied materials due to 
acid rain, such as compressive strength of cement composites, water absorption, 
penetration of aggressive ions, pH of material and its chemical composition were 
analysed. Model acidic environments represented solutions simulating acid rain with 
different pH values (2, 4 and 6). Natural acid rain, deionized water and saturated solu-
tion of Ca(OH)2 were used as reference media. Based on the experimental findings, 
it can be stated that a positive effect of the secondary materials on increasing the 
resistance of cement pastes has been proven. The cement pastes with added addi-
tives resulted in a significant reduction in permeability in each model environment. 
This fact has an impact on the overall durability due to the fact that the amount of 
aggressive ions in the internal structure is reduced, causing corrosion and subse-
quent deterioration of cement composites. Based on the innovative methodology for 
the ion-penetration test of cement pastes, a coefficient was designed, which charac-
terizes the effect of the used admixture in terms of pozzolanic resp. latent hydraulic 
activities. Based on this coefficient, the most significant positive effect was mani-
fested by the use of an admixture of ash and zeolite. The rapid chloride penetration 
(RCP) test method has thus proved to be much more relevant in comparison with, for 
example, water absorption.

1. INTRODUCTION
Construction is one of the sectors that contributes sig-

nificantly to the pollution of the environment in which we 
live (IPPC 2007). In addition to the production of high emis-
sions of greenhouse and acidifying gases, the depletion 
of raw material resources and the generation of waste are 
also associated with this sector (Megdal 2018, Asif et al. 
2007). One of the ways to reduce the mentioned negative 
environmental impacts and apply the principles of sustain-
ability in construction is to try to extend the life of struc-
tures and buildings by increasing the durability of building 
materials (Pietrucha-Urbanik et al. 2019). Acid rain, which 
is caused by heavy air pollution, is currently a pretty big 
problem not only for people, but also for the materials that 
this rain affects. Therefore, it is especially important to pay 
attention to what material is used to withstand this effect.

The problem of acid corrosion has been addressed by 
several authors, paying particular attention to laborato-
ry experiments where the effects of acid rain on cement 
composites were studied by immersion tank or spray tests 
using laboratory-prepared acid solutions simulating natural 

acid rain. Zeng et al. (2020) investigated the effect of acid 
rain on emulsified cement-asphalt mortar, which is used 
in China as a basic building block in railway construction. 
Zhihong (2017) et al. studied the deterioration of strength 
characteristics of concrete composites, based on ordinary 
Portland cement, due to the action of a simulated acid rain 
solution with different pH values (1.5, 2.5 and 3.5). The re-
sults showed that the action of acid rain caused surface 
disturbance and gradual crushing of concrete materials. 
Other authors (Shaodong Xie et al. 2004, Fan et al. 2010) 
dealt mainly with the confirmation of the positive effects 
of various pozzolanic admixtures on increasing the resist-
ance of cement composites to acid rain using accelerated 
laboratory tests. The authors found that cement compos-
ites with slag cement and fly ash were more resistant than 
composites with ordinary Portland cement due to changes 
in compressive strength values. In addition, the experimen-
tal results showed that the corrosion rate was higher when 
soaking the samples compared to spraying the acidic solu-
tion. The rate of weight loss increased gradually with in-
creasing immersion time of the sample. The changes were 
more significant for samples exposed to pH 1.5 solutions 
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than for samples in pH 2.5 and 3.5 solutions. The influ-
ence of nanosilicates, as another mineral admixture, on the 
properties of cementitious materials under acid rain condi-
tions was studied in (Mahdikhani, 2018). The nanosilicates 
proved their positive effects on the mechanical properties 
and durability of concrete samples. The attention was 
paid also on monitoring the effects of acid rain on the fill-
er component of concrete. Caifeng Lu et al. (2020) dealt 
with changes in the mechanical properties of recycled ag-
gregate concretes due to acid rain. The authors confirmed 
that the appropriate addition of fly ash and silica fume in-
creased strength and resistance to acid rain, while higher 
replacement of recycled aggregates appeared to be unfa-
vourable as these samples were less resistant to acid rain.

The main objective of this work was to compare the re-
sistance of cement pastes containing waste and mineral 
admixtures of fly ash, zeolite, zeoslag, slag and microsilica 
in order to increase their resistance in the model environ-
ment of acid rain. The novelty of the work was in applying 
the ion-penetration test to assess the durability of particu-
lar pastes based on the new proposed permeability reduc-
tion coefficient.

2. MATERIALS AND METHODS
2.1 Pastes with secondary materials

For the study of acid rain attack, 5 different types of ce-
ment pastes were produced. The ordinary Portland cement 
CEM I 42.5 R (CRH, Turňa nad Bodvou, Slovakia) was used 
in the pastes and part of the cement was replaced by sec-
ondary raw materials and wastes, which are recommended 

as a measure to increase the resistance of composites in 
acidic environments. The chemical composition of cement 
and individual secondary materials, studied by XRF analy-
sis, are given in Table 1. The specific densities of materials 
were as followed: 3050, 2440, 2900, 2200, and 2800 kg/
m3 for cement, zeolite, zeoslag, microsilica, and fly ash, re-
spectively. The sizes of materials, represented by the av-
erage grain, were in the interval 15.1 to 36.3 micrometers.

Microsilica and zeolite as pozzolanic materials have a 
significantly higher proportion of SiO2 than CaO, while zeo-
slag with a predominant amount of blast furnace slag has 
a high CaO content.

 In particular cement pastes samples, a 15% of cement 
was substituted by zeolite (Zeocem, Bystré, Slovakia), mi-
crosilica (Mapeplast, Mapei, Slovakia), combination of zeo-
lite and slag (Zeobau 50 - 80% slag and 20% zeolite) and fly 
ash (TEKO, Košice, Slovakia) – Table 2. The recipes of the 
cement samples were set to the water-to-binder ratio (w/b) 
of 0.45 as required per the extremely aggressive acidic en-
vironment (XA3 class) according to the standard EN 206-1 
(2013, 2021).

Cement pastes were prepared in the form of cubes (40 
× 40 × 40) mm and beams with dimensions of 40 × 40 × 160 
mm. Reference samples were made in two ways, where C0 
was the very first setting target. C0 was made with a hand 
mixer and the sample, marked C1, was made in a stand-
ard mixer. Materials were slowly mixed for 150 s, and after 
60-second pause, the mixing was continued for another 
150-second period. The cement material was put into the 
molds, vibrated for 5 s and covered by impermeable foil to 
prevent specimen from drying out. After demoulding, the 

Concentration of the elements expressed in oxide form (wt. %)

Oxides  Cement Microsilica Zeolite Fly ash Zeoslag

MgO 1.19 1.07 1.18 2.64 8.32

Al2O3 4.14 0.36 14.14 21.38 9.49

SiO2 20.37 92.46 71.96 44.00 45.55

P2O5 0.50 0.05 0.05 0.28 0.04

SO3 6.96 0.07 0.01 0.23 0.46

Cl 0.11 0.14 0 0 0.02

K2O 1.10 0.99 2.27 2.13 0.84

CaO 61.88 0.27 3.16 5.89 32.27

TiO2 0.22 - 0.51 1.90 0.40

MnO 0.04 0.58 0.03 0.14 0.59

Fe2O3 2.67 1.24 3.61 12.35 1.15

TABLE 1: XRF analysis of materials.

Cement paste sample Labelling Cement content (g) Water content (g) Secondary material (g) w/b

Reference sample C0, C1 3850 1732.5 - 0.45

Paste with zeolite Z 3272.5 1732.5 577.5 0.45

Paste with microsilica MS 3272.5 1732.5 577.5 0.45

Paste with zeoslag ZS 3272.5 1732.5 577.5 0.45

Paste with fly ash P 3272.5 1732.5 577.5 0.45

TABLE 2: Cement pastes composition and labeling.
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samples were cured in Ca(OH)2 solution for 28 days and 
then each sample was labelled, dried to constant weight 
and its final weight was recorded. The saturated solution 
of Ca(OH)2 was used to avoid the process of leaching of 
portlandite during the curing period of the samples.

2.2 Model experiment of acidic corrosion
The corrosion resistance experiment on cement pastes 

was performed as a tank test through immersing the sam-
ples in model acidic media (Table 3), over a period of 5 
months whereas the pH of the liquid phases was regularly 
adjusted to baseline. The volume of the test medium was 
calculated as ten times the volume of the cement sample. 
The samples were immersed in plastic containers covered 
with lids.

6 types of model environments with different pH values 
were designed, which represented different acidity of the 
environment as well as a reference alkaline environment. 
A saturated solution of calcium hydroxide (Ca(OH)2) was 
chosen as reference medium, where the process of leach-
ing or acid corrosion was not expected. The local natural 
rain was collected during the period of two weeks in plas-
tic container. Laboratory solutions of model acid rain were 
prepared by mixing of corresponding solutions of 93% sul-
phuric acid and 65% nitric acid in a ratio of 6:4 to resemble 
the basic composition of acid rain as much as possible 
(Zabawi 2008). The action of ions other than sulphates and 
nitrates present in natural rain has not been studied.

2.3 Analytical procedures
Several parameters were studied on cement compos-

ites before and after the experiments: bulk density of sam-
ples, changes in weight and water absorption, penetration 
of aggressive ions, compressive strength tests, and the pH 
of the cement pastes and corrosive media. The results of 
the parameters tested are presented as an average of two 
measurements.

Consistency of fresh pastes was investigated accord-
ing to EN 1015-3 (2007), where the average value of the 
cake formed was measured in time of 5 minutes after first 
contact of binder and water (zero time) on Haegerman ta-
ble and then after 25 strikes.

Two methods were used to determine the bulk densi-
ty. Water immersion measurement using cylinder with an 
aspect ratio of 1: 2 was used for fresh cement paste. For 
hardened paste before the compressive strength test, di-

mensional determination based on dimensions was used.
Water absorption was determined on the basis of the 

masses of the dry and wet cement pastes samples (see 
expression 1), which were weighed on analytical balances 
(Radwag), with an accuracy of 3 decimal places. The ce-
ment pastes were dried in laboratory oven at temperature 
of 105±5°C to constant mass.

(1)

where,
md –mass of dry sample (g);
mw – mass of wet sample (g);
WA – water absorption (%).

To compare the permeability of cement pastes, the 
rapid chloride penetration test (RCP test) was performed, 
according to ASTM C1202-19. The test is based on meas-
uring the penetration of chloride ions through the material. 
For each type of cement paste, two samples were tested 
in order to obtain a representative value. Electrolytes of 3% 
NaCl solution (cathode) and 0.3M NaOH solution (anode) 
were used for RCP testing. The voltage in the system was 
around 60 V and the sample was cooled during the test by 
a 12 V DC fan measuring 80 × 80 mm. Our measurement 
procedure was slightly modified so that test was performed 
over a period of 25-30 minutes for one test sample. The min-
imum and maximum current were recorded within 1 min-
ute. After stabilization of the current value at about 15 resp. 
20 minutes, two more 5-minute intervals were recorded. 
During the test, the temperature of the sample was meas-
ured with a non-contact IR thermometer and the electro-
lyte temperature was measured using temperature probes 
(J-type). According to passing charge result, permeability 
and thus the quality of cement paste can be evaluated.

Compressive strength of cement pastes was tested 
after 28 days of curing under saturated calcium hydrox-
ide solution. For the final value of compressive strength, 
3 samples were tested according to EN 12390 (2019) with 
loading speed of 0,5 MPa (equals to 0.8 kN/s).

The pH of the cement paste was determined based on 
the leachate of the material in a liquid medium. After the 
destructive compressive strength test, the samples were 
ground and sieved on a sieve with a size of 0.063 mm. 1 g 
of cement paste material was mixed with 100 ml of deion-
ized water and stirred for 1 minute. Subsequently, a pH me-
ter (Extech EC500) was used for pH value determination in 
cement samples leachate and in corrosive media as well.

The composition of the raw materials of the prepared 
cement pastes was analysed by the X-ray fluorescence 
method (XRF) using Ametec Spectro IQ analyser (Ametec, 
Mahwah, NJ, USA).

3. RESULTS AND DISCUSSION
3.1 Characteristics of fresh composites and hard-
ened pastes after 28 days
3.1.1 Consistency of cement pastes

The results of the Haegerman’s test measuring the 
flowability of the fresh cement pastes are presented in 
Figure 1. Replacement of cement by secondary materials 

Medium Labelling pH

Ca(OH)2 CH 12.5

Deionized water DV 7.0

Natural acid rain NR 6.5

Model acid rain – extremely 
aggressive environments MAR2 2

Model acid rain – aggressive 
environments MAR4 4

Model acid rain – slightly 
aggressive environments MAR6 6

TABLE 3: Model solutions.
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(microsilica, zeoslag and fly ash) had no significant effect 
on the consistency. The initial consistency of MS, ZS and 
P samples ranged from 170 to 188 mm while the initial 
consistency of reference sample was 176 mm. However, 
partial replacement of cement by zeolite led to decreasing 
in consistency of cement paste (137 mm). This may be due 
to the clathrate structure of the zeolite crystal lattice, which 
causes water to bind to the space in the middle of the host 
cluster (Martínez and Corma 2013).

3.1.2 Bulk density
The bulk density of the cement composite decreased 

with the addition of an admixture, which is due to the dif-
ferent bulk densities of the input materials (Figure 2). The 
highest values are reached by reference samples C0 and 
C1, where the maximum values of bulk densities of sam-
ples in the saturated state (D-ssd) were about 1984 kg.m-3. 
This was the same for dry samples (D-28-dry), the highest 
values were also reached by reference samples C0 and C1. 
The D-mix in the figure represents the bulk density of the 
fresh paste after mixing. The measured values of bulk den-
sities of cement pastes are comparable with those deter-
mined by Allahverdi et al. (2010) but lower than reported by 
Heikal et al. (2020) who investigated the pastes with clay 
nanoparticles.

3.1.3 Water absorption and weight changes
After 28 day-curing in the reference medium Ca(OH)2, 

the weights of the samples were measured in wet and dry 
state to obtain the water absorption. The highest water ab-
sorption of 28.8% was reached by the sample with the ad-
mixture of fly ash (P), however, this was very close to the 
absorption of sample with a combination of zeolite and slag 
(ZS). Samples with an admixture of zeolite (Z) and micros-
ilica (MS) achieved the lowest absorption as seen in Table 
4. Allahverdi, on the contrary found that microsilica addition 
contribute to the increase in water absorption of the pastes.

3.1.4 Compressive strength
The highest value of compressive strength after 28 

days was reached by reference samples C0 and C1, up 
to 63.8 MPa (Table 5). The lowest compressive strength 
was achieved by a sample with an admixture of fly ash 
(P), namely 52.5 MPa which was consistent with the study 
conducted by Wang et al. (2016). However, the pozzolanic 
properties of the fly ash and the latent hydraulic properties 
of the zeoslag may not have been exhibited after such a 
short time, as they need a longer reaction time.

3.1.5 Penetration of aggressive ions
Figure 3 shows the measured values of the current 
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passing through the individual cement pastes at the be-
ginning of the measurement (I-0), as well as the maxi-
mum current passed (I-max), which were recorded for 
the cement pastes. The higher current represents a larger 
amount of ions penetrating into the structure of the ce-
ment paste and thus its lower ability to withstand aggres-
sive environments. The highest values of ion penetration 
(0.6 A) were recorded in the sample with the addition of fly 
ash. The composite with microsilica reached the lowest 
value - 0.36 A, due to its admixture, because it acted as 
a filler and thus blocked the passage of ions through the 

sample. In comparison with the compressive strengths 
values of the samples presented in Figure 3, it can be seen 
that the values of the ion penetration corresponded to the 
values of the compressive strengths, where the fly ash 
reached the lowest value.

3.1.6 pH of cement pastes
The measured pH values of cement paste samples, de-

termined after 28 days of samples curing, are compared 
in Figure 4. The highest pH values, 13 and 12.8, were ob-
served for the reference samples C0 and C1, respective-

Cement paste sample
Water absorption value (%)

Average Standard 
deviation Variation

C0 - reference 26.2 0.3 1.0

C1 - reference 26.9 0.5 1.9

P – with fly ash 28.8 0.6 2.1

ZS – with zeoslag 28.6 0.1 0.3

Z – with zeolite 25.4 0.2 0.8

MS – with microsilica 24.9 0.4 1.8

Cement paste sample
Compressive strength (MPa)

Average Standard 
deviation Variation

C0 - reference 61.6 1.8 2.9

C1 - reference 63.8 3.5 5.5

P – with fly ash 52.5 1.9 3.6

ZS – with zeoslag 54.6 2.6 4.7

Z – with zeolite 61.5 1.7 2.7

MS – with microsilica 56.0 1.6 2.9

TABLE 4: Water absorption of cement pastes. TABLE 5: Compressive strength of cement pastes.

 
Figure 3. Results of the RCP test of cement pastes before the corrosion experiment. 

 

0,000

0,100

0,200

0,300

0,400

0,500

0,600

0,700

C0 C1 P ZS Z MS

Pe
ne

tr
at

io
n 

of
 io

ns
 [A

]

SampleI-0 I-max

 

 

Figure 4. pH of the cement paste samples. 

 

13.0 12.8 12.6 12.6 12.3 12.6
12,0

12,2

12,4

12,6

12,8

13,0

13,2

C0 C1 P ZS Z MS

pH

Sample

FIGURE 4: pH of the cement paste samples.

FIGURE 3: Results of the RCP test of cement pastes before the corrosion experiment..



29A. Estokova et al. / DETRITUS / Volume 18 - 2022 / pages 24-34

ly. The lowest value was measured in a sample of cement 
paste with zeolite (Z), where the pH reached 12.3.

3.2 Properties of cement pastes after exposure in 
model solutions
3.2.1 Increase in bulk density

After the experiment, there was noticed an increase in 
bulk densities (D-ssd) for most cement pastes after their 
exposure to a corrosive model environment. In deionized 
water (DV) and in natural rain (NR), the increase in the bulk 

density of the samples was very similar and in comparison 
with other environments neglible (0.05 - 0.6%) – Figure 5 
b) and c). This result is related to the fact that the environ-
ment of natural rain was very similar to the environment of 
deionized water not only in terms of acidity, but also due 
to its low conductivity and minimal presence of sulphates. 
The changes in the bulk densities of the samples in the en-
vironments with model acid rain were several times high-
er, as can be seen in Figure 5 d) - f). The increase in the 
bulk density of the samples in an aggressive environment 

  
a) b) 

  
c) d) 

  
e) f) 

 
g) 

Figure 5. Changes in bulk densities of cement pastes after exposure to a) Ca(OH)2 reference 
medium, b) deionized water, c) natural acid rain, d) model acid rain with pH = 6, e) model acid 
rain with pH = 4, f) model acid rain with pH = 2, g) model acid rain pH = 2 – samples with 
precipitates. 
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is probably associated with the formation of new sulphate 
compounds not only on the surface of the sample, but also 
with their crystallization in the internal structure (Rozière et 
al. 2009; Zhang et al. 2013). These sulphate compounds 
were formed as a result of the presence of sulphate ions in 
the aggressive solution. Sulphates likely reacted with calci-
um ions, either directly leached in a liquid medium or even 
after penetrating inside of a paste with not yet leached 
portlandite. On the contrary, the increase in the bulk densi-
ty of cement pastes in the reference environment Ca(OH)2, 
where corrosion did not occur by leaching portlandite, is 
probably related to the ongoing hydration processes. The 
highest increase in bulk density was recorded for a sample 
of cement paste with fly ash (P).

3.2.2 Water absorption changes
A comparison of the water absorption (WA) of cement 

paste samples before (orange) and after the corrosion ex-
periment (blue) is shown in Figure 6.

In the reference medium, the absorption values   of all 
samples except the zeolite and microsilica pastes de-
creased compared to the 28-day absorption, likely due to 
ongoing hydration processes as the pores were filled with 
hydration products (Moghadam et al 2020). For samples 
immersed in deionized water, the absorption was approx-
imately the same as at the beginning of the experiment, 
but for the zeolite (Z) and microsilica (MS) samples, an in-
crease in absorption was again observed. Similar trends in 
absorption as in deionized water were observed for cement 
samples immersed in natural acid rain (Figure 6 c). The val-
ues reached for the reference samples and zeoslag-based 
samples were lower than the original ones. The value of the 
cement paste with fly ash increased slightly. Absorption 
values of Z and MS samples   increased significantly. The 
increase in absorption in water and natural rain could be 
linked with the portlandite leaching from the cement ma-
trix (Jebli et al. 2018, Carde et al. 1996). Samples in MAR6 
and MAR4 media behaved the same, the values   remained 

  
a) b) 

  
c) d) 

  
e) f) 

 
Figure 6. Comparison of absorption of cement pastes before and after exposure to a) reference 
medium Ca(OH)2, b) deionized water, c) natural acid rain, d) model acid rain with pH = 6, e) model 
acid rain with pH = 4, f ) model acid rain with pH = 2. 
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at the original level, but the values   for Z and MS increased. 
The solution of model acid rain with pH 2 was confirmed as 
clearly the most aggressive, in which the values   after the 
absorption experiment increased in all samples compared 
to the original absorption. 

The absorption of the most of samples changed only 
minimally due to experiment, but this was not the case for 
samples Z and MS. After the experiment, all pastes with ze-
olite and microsilica achieved higher values   of absorption 
than the original ones. This indicates their lower resistance 
compared to fly ash and zeoslag pastes.

3.2.3 pH of aggressive media
The pH values of liquid experimental media of cement 

pastes with fly ash addition (P sample - on the left) and ref-
erence sample (C0 – on the right) are illustrated in Figure 
7. As seen in Figure 7, the pH values raised dramatically 
in the corrosion experiment after samples immersing and 
reached the values above 11. The increase in pH of the me-
dia was linked to the cement components leaching, mainly 
of portlandite (Ca(OH)2), which contributed to the higher 
concentrations of hydroxide ions (Beddoe et al. 2022). This 
finding is in correlation with the other authors and our pre-
vious research as well (Zhou et al. 2018, Estokova et al. 
2018, Rozière et al. 2009). During whole experimental peri-
od, the pH fluctuated in the interval of 11-12, in spite of the 
fact that the pH was regularly set to the initial value. This 
confirmed the observation, that the leaching of the cement 
matrix was in progress during the whole experiment. The 
very similar values in pH during the exposition of samples 
to the various media led to the conclusion, that process of 
dissolution of the hydration components in cement pastes 
dominated in the experiment. The trends in pH for the other 
samples were similar to those of presented.

3.2.4 Change in permeability of pastes determined by RCP 
test

In every model solution, each sample achieved a lower 
ion penetration after the experiment compared to the pene-

tration before, which was manifested by a decrease in per-
meability for each sample (Figure 8).

In the case of cement pastes immersed in DV, CH and 
VD, this phenomenon was probably related to the ongoing 
hydration process, which probably dominated the process-
es of leaching of basic components. Yang et al. (2018) 
reported that leaching by deionized water is a very slow 
process and it is limited by calcium concentration in the 
pore solution higher than 20 mol/m3. In the case of cement 
pastes, which were immersed in model acid rain solutions, 
the reduction in the permeability of the samples was ad-
ditionally affected by the formation of new sulphate com-
pounds. 

The highest initial (I-0) and maximum (I-max) current 
values measured for cement pastes after corrosion exper-
iments were observed in reference samples C0 and C1. 
This means that in these samples, the highest penetration 
of aggressive ions was identified. On the contrary, in the 
samples with fly ash (P) and zeolite (Z) the values of ion 
penetration were the lowest, which in the case of cement 
pastes with fly ash also correlates with the results of water 
absorption.

Based on the measured values of ion penetration 
through cement pastes, the coefficient of reduction of per-
meability (KPR) was proposed to compare the efficiency 
of adding mineral admixtures (Expression 2). This coeffi-
cient was designed on the basis of comparing the values 
of measured maximum currents of individual samples of 
cement pastes with the reference sample C0.

(2)

where KPR is permeability reduction coefficient; I-max(Pp) 
is the measured value of I-max of the particular cement 
paste in the model solution p; and I-max(C0p) is the meas-
ured value of I-max of the reference sample in the model 
solution p.

A comparison of the contributions of individual mineral 
admixtures to reduce the overall permeability of the sam-
ple and thus to increase its resistance in the studied envi- 

  
Figure 7. The pH trends of experimental media of samples P (left) and C0 (right) 
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FIGURE 7: The pH trends of experimental media of samples P (left) and C0 (right).
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Figure 8. Measured I-0 and I-max of cement pastes after the experiment compared to the input 
values for a) C0 sample, b) P sample, c) ZS sample, d) Z sample, e) MS sample.  
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FIGURE 8: Measured I-0 and I-max of cement pastes after the experiment compared to the input values for a) C0 sample, b) P sample, c) 
ZS sample, d) Z sample, e) MS sample.

ronments is shown in Figure 9.
The more aggressive the environment, the less positive 

effect of the admixture was manifested. The most effec-
tive influence of mineral admixtures was found in the mod-
el solutions of natural rain and deionized water. As seen 
in Figure 5, the use of any admixture reduces the perme-
ability of the cement paste, but the best results have been 
obtained by adding fly ash (P) or zeolite (Z).

3.2.5 Visual changes of cement samples
Various precipitates were observed on the surface of 

the cement paste samples after the acid rain exposure. 
The precipitates were mostly white and occurred predom-
inantly on samples immersed in the MAR2 acid rain mod-
el solution. Figure 10 illustrates the surface of the sam-
ples that were in a model rain environment with pH = 2. 
The new-formed surface compounds are likely based on 
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the sulphates (Malolepsy et al. 2015, Zhang et al. 2013, 
García-Vera et al. 2018, Estokova et al. 2016).

In addition to surface precipitates, visible damage 
in the form of surface cracks as well as complete disin-
tegration of the sample was observed for the samples of 
cement pastes, which were exposed in the model environ-
ment with pH = 2.

4. CONCLUSIONS
In this work, the effect of acid rain causing acidic, 

sulphate and leaching corrosion was studied on cement 
pastes with various mineral admixtures. Cement pastes 
with added additives based on waste and supplementary 
cementitious materials resulted in a significant reduction 
in permeability in each model solution. Based on the RCP 
test, an innovative approach was designed to evaluate the 
effect of the particular admixtures on the improving of 
permeability of the cement pastes, in terms of their pozzo-
lanic and latent hydraulic activities. Results revealed that 
the most significant positive effect was manifested by the 

use of admixtures of ash and zeolite. The RCP testing of 
the pastes has thus proved to be much more consistent 
in comparison with, for example, water absorption testing 
when comparing the influence of the individual admixtures.
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