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Abstract
Exposure experiments in sulfate containing solution,
including exposure at low temperature
This report describes results of an investigation on the sulfate resistance of dual
blended binder of mortar and concrete specimens over a period of 1 year. The focus is
on showing the importance of the chemistry of the components when discussing sulfate
resistance and the relation of that to the hydrate phase assemblage. Moreover the
importance of the test method for evaluations is pointed out.
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Preface
This report deals with investigating sulfate attack in dual blended binders, which can be
important in subterranean environments and even under fresh and seawater
conditions. This work was performed as part of the Geoinfra collaborative project with
the title “Tekniska råd för berganläggningar med fokus på den vattenkemiska miljön:

Technical specifications for underground constructions with focus on the water
chemistry”, which was partially funded by The Swedish Research Council for
Sustainable Development (Formas) and the Construction Industry's Organisation for
Research and Development (SBUF) from 2012 to 2016. The authors thank Formas and
SBUF for funding parts of their work. The authors want also to thank the other
financial contributors of the project, Cementa AB, Svensk Kärnbränslehantering AB
(SKB), Stiftelsen Bergteknisk Forskning (BeFo), Energiforsk AB and Trafikverket and
all others, which are not further named here.
It should also be noted that all help with the SEM analysis from Mariusz Kalinowski is
greatly appreciated.
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Summary
The goal of this study is to investigate durability of blended binders exposed to sulfate
bearing environments in terms of chemical, mechanical and micro-structural changes.
This degradation scenario can be important in subterranean environments and even
under fresh and seawater conditions. Sulfate attack manifests in the field through
decreased performance of the exposed structure, which is characterized by a loss in
strength due to cracking, de-cohesion and softening of the cementitious matrix.
The investigations are mainly attributed to sprayed concrete mixes, which can be used
in tunnels. In this context it was important to identify the influence of the set
accelerator usually used in sprayed concrete on the sulfate resistance of a concrete, with
a specific mix and binder. Modern alkali free set accelerators are often based on
aluminum sulfates and are added in quite large quantities to the sprayed concrete mix
(usually 5-7 % on the amount of cement). It was therefore of interest to see the
influence of at least one alkali free accelerator based on aluminum sulfate on the sulfate
resistance of sprayed concrete.
The report is divided in 6 chapters, where the main test methods and the results
assigned to those methods are presented in 2 separate chapters: Sulfate ingress test
results (chapter 5) and Performance testing on sprayed concrete specimens (chapter 6).
Chapter 5 is mainly focused on laboratory testing of sulfate ingress on mortar
specimens while chapter 6 is dedicated to sprayed concrete specimens.
The concluding remarks of chapter 5 and 6 are presented separately at the end of each
chapter.
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1

Introduction

This report includes the results regarding investigations on durability towards sulfate
ingress of dual blended binders within the project “Tekniska råd för berganläggningar
med fokus på den vattenkemiska miljön: Technical specifications for underground
constructions with focus on the water chemistry”.
The importance of sustainability in modern society has deeply affected the construction
sector. This is while the increasing global demands for manufactured resources due to
population growth has intensified utilization of concrete to an extent that it has become
the most widely used building material in the world in terms of both volume and mass.
However, high demands for concrete causes high CO2 emissions (contributing to about
5% of total global anthropogenic emissions), not only because of fossil fuels used in the
production of cement but also due to the large amount of CO2, which is released to the
air during the calcination process. Therefore, the importance of lowering the
environmental footprints (CO2 emissions) of cement production, and the prerequisites
for durability of sustainable constructions has attributed a lot of attention on application
of supplementary cementitious materials (SCM) over decades, which can partially
substitute a large amount of cement used in concrete mixes.
SCMs are today among the main topics on the agendas of the cement and concrete
industry, as well as of a leading part of the on-going research with the target being to
reduce the amount of Portland cement clinker per concrete unit, and increase the use of
SCM. At certain clinker replacement levels, in binary or multiple binder combinations,
additions of blast furnace slag, fly ash or metakaolin to the binder improve different
concrete properties. A significant gain is the improvement of the concrete durability in
environments where Portland cement alone is less efficient. The use of SCM is
increasing in all countries, although differently in different regions due to local
conditions, material availability, climate, available technology or long-term experience.
Although, a lot of research can be found in the area of durability of blended binders,
there is still a lot of discrepancy in databases, which may be due to non-unified test
methods, differences in chemistry of SCM produced in different countries or unknown
optimized mix proportions.
This study will focus on sulfate attack in dual blended binders, which can be important
in subterranean environments and even under fresh and seawater conditions. Sulfate
attack manifests in the field through decreased performances of the exposed structure,
which is characterized by a loss in strength due to cracking, de-cohesion and softening
of the cementitious matrix. This report describes results of an investigation on the
sulfate ingress of blended binder pastes and mortar specimens over a period of 1 year.
The SCM studied are granulated blast furnace slag from Sweden (Merit 5000), siliceous
fly ash (type V) and metakaolin.
The goal of the study is to investigate durability of blended binders exposed to sulfate
bearing environments in terms of chemical, mechanical and micro-structural changes.
The investigations are mainly attributed to sprayed concrete mixes, which can be used
in tunnels. In this context it was important to identify the influence of the set
accelerator on the sulfate resistance of the binder, which is usually applied for sprayed
© RISE Research Institutes of Sweden

6

concrete. Modern alkali free set accelerators are often based on aluminum sulfates and
are added in quite large quantities to the sprayed concrete mix (usually 5-7 % on the
amount of cement). It was therefore of interest to see the influence of at least one alkali
free accelerator based on aluminum sulfate on the sulfate resistance of a shotcrete
binder.
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2
Background knowledge on sulfate
ingress
Cement as the main binder constituent of concrete hydrates when in contact with water
and forms the matrix holding together the aggregate grains. Cementitious materials are
porous and are permeable towards hydrous solutions or gases. Solutions may contain
ions that can react with different hydrate phases in the cementitious matrix. Sulfate
attack is driven by reactions between sulfate ions in sulfate containing environments
and cement hydrates. Since ions are concerned, presence of moisture is necessary to
govern the transport processes. The source of these solutions is often the groundwater
surrounding the cementitious barriers or sulfate bearing soils in contact with the
concrete structures., Since the pH level is commonly near neutral in these
environments, the sulfate ingress is sometimes accompanied by leaching [1].
The reaction products of sulfate attack are crystalline and are mainly of three types:
- Ettringite (Ca6(Al,Fe)2(SO4)3(OH)12∙26H2O)
- Gypsum (CaSO4∙2H2O)
- Thaumasite (Ca3Si(CO3)(SO4)(OH)6∙12H2O)
These products can cause expansion, spalling and severe degradation [2-4]. Ettringite
forms from aluminate-bearing sources in the cement paste, for instance C3A and its
hydration products (AFm, monosulfoaluminate) or aluminate-bearing glass in mineral
additions. Uncontrolled formation of ettringite and gypsum causes volume increase
within the concrete causing cracking. However, thaumasite needs specific conditions
such as low temperature and presence of carbonates to be able to form from ettringite
and C-S-H. Carbonates can be introduced into cement from two main sources: carbon
dioxide from the environment or limestone fillers.
Many parameters can affect the harshness of the sulfate attack. These parameters are
either affecting the possibility of transport of sulfate ions or the chemical reactions
happening between hydrated phases of the cementitious binder and sulfates. Concrete
mix design, including factors such as cement type, water/binder ratio, use of additions
or admixtures, is one of the most important factors. Moreover, exposure conditions like
sulfate concentration, temperature or presence of other ions or chemicals such as
magnesium or carbonates which are mainly related to the application of concrete
structures, playing also a considerable role.
When cement is combined with supplementary cementitious materials (SCM),
considerable changes in hydration of the cementitious binder happens and, eventually,
on the hardened properties of the concrete. One of the most important effects that
affects the sulfate resistance is the reduction in pore sizes which reduces the
permeability of the binder for aqueous solutions and diffusion for ions [5]. Addition of
slag, fly ash, metakaolin or silica fume has shown to affect the porosity of hardened
cementitious system and eventually makes it harder for the sulfate ions to be
transported. Moreover, the hydrated phase assemblage changes as well which can affect
the upcoming chemical reactions with sulfate ions.
© RISE Research Institutes of Sweden
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3
Materials and experimental
methods
3.1

Starting materials

The materials procured and used for the study are listed in Table 1.
Table 1. Starting materials.
Material
CEM I 42.5 RR
CEM I 42.5 N (SR-LA)
CEM II/A-V 52.5
CEM II/A-V 42.5
CEM II/A-LL 42.5 R

3.2

Constituents
Reference cement
Low alkali cement
16 % fly ash, interground
16 % fly ash, interground
with low alkali clinker
Lime stone containing cement

From
Norcem
Cementa
Cementa

Code
C
CA
V

Cementa VA
Cementa L

Chemical composition

The chemical composition of the different starting materials was determined by
wavelength dispersive X-ray fluorescence analysis (WDXRF) and by optical emission
spectroscopy (ICP-OES). The results are summarized in Table 2.
Table 2. Chemical composition of starting materials. The fly ash FA was analyzed by ICP-OES, all
others by WDXRF (all values in mass-%, na = not analyzed, LOI = loss of ignition).
SiO2
TiO2
Al2O3
Fe2O3
Cr2O3
CaO
MgO
MnO
BaO
SrO
Na2O
K2O
P2O5
SO3
LOI

3.3

C
19.72
0.3
4.85
3.46
0.02
60.6
2.42
0.05
0.06
0.08
0.5
1.14
0.14
3.57
3.16

CA
22.11
0.26
3.64
4.63
0.02
63.9
0.86
0.25
0.09
0.04
0.08
0.74
0.12
2.54
1.39

V
26.09
0.37
7.02
3.52
0.02
53.6
2.42
0.06
0.09
0.06
0.33
1.28
0.12
3.38
3.07

VA
25.57
0.44
6.87
4.19
0.01
55.1
1.56
0.08
0.08
0.08
0.2
0.73
0.28
2.42
2.42

Sulfate ingress tests on mortar bars

Sulfate ingress tests were performed in two different sulfate solutions with
concentrations of 3 and 30 g/l as well as 2 different temperatures, at 20 °C and 8 °C.
According to EN 206-1 the exposure classes for sulfate ingress are defined as presented
in Table 3, which means that the selected exposure classes are XA2 and above XA3. The
reason for this selection of two concentrations is to have one which is closer to reality,
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while the other one is a standard concentration for acceleration test methods for the
sulfate resistance of cements.
Table 3. Classification of Severity of Sulfate Environment according to EN 206-1.
2-

SO4 in soil (mg/kg)
2000 to 3000
>3000 to 12000
>12000 to 24000

2-

SO4 in ground water (mg/l)
200 to 600
>600 to 3000
>3000 to 6000

Exposure class
XA1
XA2
XA3

In a standard Hobart mixer, dry powder together with water and standard sand 0/2
were mixed to mortars according to EN 196-1., Afterwards the mortar was cast in forms
for six flat prisms of the size 10 x 40 x 160 mm3 (Figure 1).The forms were equipped
with pre-embedded positions for studs to be casted into both sides of each prism for
further expansion measurements (Figure 2). Due to this reason, the forms were not
vibrated after casting and the compaction was done carefully and manually with the
help of a flat tamper. The forms were demoulded after 24 hours and the prisms were
immersed in over saturated calcium hydroxide solution for 28 days. After 28 days, the
specimens were distributed in sulfate solutions as presented in Figure 3 and Table 4.
The sulfate exposure tests were divided into two categories: Containing a set
accelerator and without accelerator. and into two climate conditions of 20°C and 8°C.
The application of a set accelerator (7 % of binder) was done to simulate a sprayed
concrete mix and the 8°C climate conditions was done to trigger a thaumasite type of
sulfate attack in the different binder systems.
Set accelerators react with the binder components within few minutes and under
normal laboratory temperatures it cannot be casted. In order to be able to mix mortars
with an accelerator, all castings were therefore performed in a cooled room with a
constant temperature of 8 °C. All the mix components were stored long enough in the
room to reach 8 °C. The lower temperature slowed down the setting reaction with the
accelerator enough to be able to cast the flat prisms into the moulds. However, the
overall quality of many of the prisms containing the accelerator was not as good as
prisms casted without accelerator. This had most probably caused some uncertainties
in the results and will be discussed later.
From the 6 prisms, representing each binder, 3 prisms were kept in calcium hydroxide
solution as reference and 3 prisms were transferred to the sulfate solution. The test was
performed according to a German test method (SVA) [6] . According the description of
the test an acceptable sulfate resistance in a specimen is below a limit of 0.5 ‰ of
expansion is after 90 days of exposure in sulfate solution. The expansion value is
calculated by subtracting the length change of prisms in Ca-hydroxide solution from
the length change of prisms stored in sulfate solution. By this pure length changes in
sulfate solution is determined since any contributions due to shrinkage are eliminated.
However, in this study the test was carried out long after the required minimum
exposure of 90 days. Some of the specimens were even completely destroyed by the
sulfate attack. The measurements of length changes were performed every 2 weeks for
the first 3 month of experiments and once a month afterwards.
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Figure 1. Special-made forms for casting of six flat prisms of size 10 x 40 x 160 mm3

Figure 2. Length gauge for expansion measurements with a flat prism.

Figure 3. Immersion test set-up for mortar flat prisms.
Table 4. Binder systems in immersion test for mortars
Exposure environment
30 g/l, 20°C
3 g/l, 20°C
30 g/l, 8°C

Binder type
CA, L
V, C, CA, L
CA, L
L,C,CA,VA

© RISE Research Institutes of Sweden
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4

Characterization methods

4.1

X-Ray analysis

The changes in the composition of crystalline phases were analyzed by XRD
measurements. A Rigaku Miniflex 600 (Figure 4) with a fast 1d silicon strip detector
was used. Measurements were done on powders of the dried binder pastes.

Figure 4. X-Ray diffraction instrument.

4.2

Microstructure analysis by SEM

The microstructural changes were investigated on polished cross sections of the mortar
samples taken from damaged prisms after extreme sulfate ingress profiles were
detected. Analyses of the microstructure of the concrete and the chemical composition
of the reaction products formed due to chemical attack on the cement paste were made
using a scanning electron microscope (SEM, model: FEI Inspect) equipped with a
backscattered electron detector (BSE detector) and energy dispersive x-ray
spectroscopy (EDS). The images were made with the BSE detector. The samples were
polished and carbon coated prior to the analysis.
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5

Sulfate ingress results

The immersion test results for mortar specimens with accelerator are presented in
Figure 5. The top figure presents the test performed in 20 °C and the bottom figure
represents the results of the test performed at 8 °C. As the accelerator contains
aluminum sulfate, it could be considered as an additional source of aluminum and
sulfate for the formation of ettringite.
As shown, at 20 °C the VA and CA series showed higher resistances towards sulfate
ingress while the expansion measurement for the reference and V series was
terminated after approximately 200 days of exposure due to destructions in the prisms.
Samples of the series V had a relative low expansion compared to other binder systems,
and their destruction was caused by the poor quality of the specimen due to troubles
with fast hardening of material during casting due to the accelerator.

Figure 5. 30 g/l sulfate solution immersion test results for mortar specimens with accelerator. The
curve on the top is presenting the results of the test performed in 20 °C and the bottom figure
concerns the test in 8 °C.
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In the case of the samples stored in 8°C, an extreme early destruction was observed for
the reference and L- series (Figure 6 and Figure 7).
According to the SEM analysis results presented in Figure 8 and Figure 9, this is largely
due to production of ettringite, gypsum and specifically thaumasite. However, CA and
VA were more resistant to expansion under low temperature conditions.

Figure 6. Mortar specimens with accelerator, stored in 20 °C, exposed to sulfate solutions

Sulfate solution (90 days of Exposure)

Reference

Sulfate solution (45 days of Exposure)

Figure 7. Mortar specimens with accelerator, stored in 8 °C and 30 g/l sulfate solution. The left
figure illustrates all the binder systems during the immersion test in sulfate solution and the right
figure shows C and L series Reference and exposed specimens. The left figure is taken after 90
days of exposure and the right figure after 45 days

© RISE Research Institutes of Sweden
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Figure 8. Mortar specimens (binder C) with accelerator, stored in 8 °C and 30 g/l sulfate solution.
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Figure 9. Mortar specimens (binder L) with accelerator, stored in 8 °C and 30 g/l sulfate solution.
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Moreover, the XRD analysis results on all binder series after exposure to sulfates in 8
°C, are presented in Figure 10, indicating the considerable production of thaumasite,
gypsum and ettringite due to sulfate ingress in cold exposure at 8 °C and in presence of
carbonates.
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200000
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Quartz/Gypsum
Gypsum
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150000
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Figure 10. XRD analysis results on sulfate exposed samples, after immersion test in 8 °C.

Further, as shown in Figure 11, in the case of mortar specimens without accelerator, Lseries are showing to be more vulnerable towards sulfate ingress compared to CAseries. However as shown, this is more magnified when a higher concentration of
sulfate solution is in contact with the specimens.

5.1

Conclusions from sulfate ingress tests

According to the presented results in this section of the report, it is concluded that:







Low alkali content cements, CA and VA, (also relatively having lower sulfate
content), are more resistant towards sulfate ingress compared to reference
Portland cements, when using accelerator.
Sulfate exposure in cold climates combined with application of accelerator,
causes early degradation in all binder systems. However, the degradation is
much higher in limestone containing series (L).
Degradations are attributed either to volume increase or to extreme surface
degradations.
Degradations are highly magnified in the presence of concentrated sulfate
solutions.
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Figure 11. Immersion test results for mortar specimens without accelerator in 20 °C. The curve on
the top is presenting the results of the test performed in 30 g/l sulfate solution, and the bottom
figure is for the test carried out in 3 g/l solution.
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6
Performance testing on sprayed
concrete specimens
The performance testing was carried out on concrete specimens taken out by cutting or
drilling from sprayed concrete produced for the purpose of this project. The concrete
was produced with the following binders (for chemical analysis see section 3):



CA CEM I 42.5 N (SR-LA), Swedish Anläggningscement
V
CEM II/A-V 52.5 (with 16% inter-ground fly ash), Swedish Bascement

There are no actual European guidelines for how to carry out performance tests to
evaluate the resistance of sprayed concrete to sulfates. Technical literature shows that
even though there are several test methods developed for the investigation of the
behavior of concrete or mortars in sulfate-containing solutions (some of the methods
having been included in standards), there is no performance test method for concrete
with regard to its resistance to sulfates. The damage mechanism in sulfate environment
is very complex and it is not possible to develop a single method to evaluate an overall
sulfate resistance. For external sulfate attack alone, there are several aspects to be
considered when developing a test method:




The material to test on (mortar vs. concrete)
Size and shape of the specimens (boundary conditions leading to different local
sulfate ingress, different gradients or more severe damages at ends and corners)
The exposure itself conditions (continuous immersion or cyclic, sulfate
concentration levels, duration of the test to obtain a relevant result).

In this project, we adopted two different test methods where length changes are
monitored with increasing exposure time:
 Continuous immersion in Na2SO4 solution – length changes measured on
flat concrete prisms 70 x 20 x 280 mm3. Solution concentrations: 3 g/l and 30
g/l.
 Cyclic drying-immersion in Na2SO4 solution – length and mass changes
measured on cores Ø 28, length 150 mm. Solution concentration 5 %. Test
protocol according to SIA 262/1 Appendix D (Swiss method) [7, 8].
The continuous immersion method follows a similar exposure as was used for the tests
on mortars (see section 3).

6.1

The sprayed concrete

The concrete was produced by Thomas Betong AB, on November 25th 2015, at the
factory in Märsta and was sprayed later the same day by BESAB AB at the premises in
Upplands Väsby (Figure 12). Spraying was performed in panels with the dimensions
800 x 1000 mm2, to a layer of approximately 170 mm (in panel A, see Table 5) and 250
mm (in panel B). The mix design, shown in Table 5, is typical for sprayed concrete used
in Sweden for tunnel support. As seen in the table, the same mix was used with both of
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the binders, except for small differences in the admixture dosages. The concrete was
produced without addition of fibers.
Table 5. The sprayed concrete mix
Materials
Cement
Aggregates

Panel A, binder Anläggningscem. (CA)
3
495 kg/m
0–4/0–8 mm
25/75 %
0.42
5.3

w/c
Accelerator
Air entraining agent
2.4
(target 4 vol-% air)
Steel fibres
–

Panel B, binder Bascement (V)
3
495 kg/m
0–4/0–8 mm
25/75 %
0.42
6.4
3.6
–

The sprayed concrete panels were used for a variety of tests carried out at CBI. For the
sulfate exposure tests, a half from each panel was sent to CBI´s laboratory in Borås,
where they were stored wrapped in polyethylene construction film until the age of 3.5
months, when test specimens were cut out and drilled out for the experiments.

Figure 12. The sprayed concrete panels produced at BESAB AB, Upplands Väsby.

6.2

The test specimens

After curing the following specimens were produced from each panel (Figure 13):





Flat prisms 70 x 20 x 280 mm3, cut with the height (70 mm) parallel to the
direction of spraying. Nine prisms as required by the method plus extras, from
each panel.
Cores Ø 28 mm and length 150 mm, drilled parallel to the direction of spraying.
Six cores as required by the method plus extras, from each panel.
Cylinders Ø 100 mm, length 100 mm, drilled perpendicular to the direction of
spraying. The cylinders were used for determining the compressive strength at
the time of start of the sulfate exposure. Six cylinders per panel were drilled.

Flat prisms and thin cores are often preferential specimen shapes in exposure tests by
immersion and when length changes are of interest: the larger the surface area to
volume ratio, the faster the penetration of the sulfates into the specimen can be
expected and the faster the damage response.
© RISE Research Institutes of Sweden
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The Ø100 mm cylinders for strength test were placed in a container with lime-saturated
water where they were stored at 20 C until the date of test. Strength was then
determined on the day when the sulfate tests were initiated.
The flat prisms and the cores were allowed to surface-dry in a climate chamber at 20
C/ 65 % RH and then stainless steel studs were glued on the surface of each
specimens, in order to be able to perform length measurements between fixed
measuring points. Rapid hardening two-component glue was used; however, after the
studs were in place the specimens were kept in the climate room for 24 hours before
they were immersed in lime-saturated water, where they were stored at 20 C until
testing. The type of studs used and their position on the specimen´s surface was
different for the prisms and the cores, being adapted to the measuring device to be used
in the two different test methods.
For the flat prisms two pairs of studs were glued on each specimen, both centered with
respect to the length: one pair on the flat side (centered with respect to the height) and
one on the top (centered with respect to the width). The nominal distance between the
studs was 200 mm, obtained by using a rigid U-shaped positioning caliper to fix each
pair of studs in place. The positioning caliper has two sharp tips, one at each end,
pointing out perpendicular to the caliper´s axis. The position for each pair of studs was
first marked on the specimen with a marker pen and then droplets of glue were applied
on the marks. The studs were then glued pair-wise. A pair of studs was placed loosely
on the glue spots and while the glue was still fresh, the positioning caliper´s tips were
placed on top of each stud; then the caliper was pressed easy and evenly with the two
tips into the two studs to fix them in place. In this way, the same nominal distance was
obtained between all paired studs. This nominal distance is also the same as the
distance between the measuring points on the calibration bar, i.e. the reference bar,
used to set the measuring device to zero before each measurement.
The studs on the Ø28 mm cores (cylinders) were glued at the two ends, for length
changes to be measured along the axis. The studs were placed centered on each end
surface and level to the concrete surface, using a thin and even layer of glue.

Figure 13. The sprayed panel pieces from which the specimens were produced (left) and the cutout and drilled-out specimens for the sulfate exposure test, after the gluing of the studs (right).
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6.3 Test by continuous immersion in Na2SO4
solution
6.3.1

Method

The test method consisted of storing the concrete specimens immersed in a Na2SO4
solution of defined concentration and by monitoring the length changes occurring with
increasing exposure/immersion time. In parallel to the exposure to sulfate solution,
reference series of same concrete quality were stored in Ca(OH)2-saturated solution
(Figure 14). Length measurements were performed at the same time on both the series
in sulfate solution and the reference series in Ca(OH) 2 solution. Result evaluation was
finally made by taking the difference between expansion (length change) in sulfate
solution and expansion (length change) in the reference solution, at each exposure time
considered.
Exposure tests were carried out at 3 g/l and at 30 g/l SO42- at 20 C, using the flat
concrete prisms 70 x 20 x 280 mm3 (Table 6). A periodic measurement of length
changes was carried out, at shorter time intervals at the beginning of the test – every 14
days during the first two months of immersion – and at longer time intervals later on –
every 1-2 months, because the magnitude of the changes was rather low.
Table 6. Exposure environment during the continuous immersion test method
Exposure at 20C

Concrete with binder CA Concrete with binder V

Saturated Ca(OH)2 solution
3 prisms
Reference

3 prisms

Na2SO4 solution
23 g/l SO4

3 prisms

3 prisms

Na2SO4 solution
230 g/l SO4

3 prisms

3 prisms

Figure 14. The prisms during the continuous immersion test: specimens in the 3 g/l sulfate solution
(left) and in the reference Ca(OH)2-saturated solution, respectively (right).

Length changes were measured relative to a reference bar. The measuring device was
first set to zero by taking a measurement on the reference bar, then a reading was taken
on the specimen by placing the device on the pair of studs glued on the specimen (see
Figure 15).
Two readings were taken for each specimen – one on the flat side and one on the top
side – and the mean value of the two was taken as result per specimen. The mean value
© RISE Research Institutes of Sweden
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of three specimens was further calculated as the result per series, at exposure time t in
each of the solutions. Finally, for each concrete type the difference between expansion
in sulfate solution and expansion in the reference solution was calculated – this being
the result used for the evaluation of the expansion evolution with time for each of the
two concrete types.

Figure 15. Test specimen with two pairs of glued-on studs (left), the method of taking readings for
each specimen (middle) and the measuring device together with the reference bar and positioning
caliper (right) used for length change measurements within 0.001 mm.

6.3.2

Results and discussion

The length changes for all series were monitored for a period of time of over a year. The
magnitude of the length changes was still low after 420 days and no visible damages
were observed on the surface of the specimens.
The specimens kept in the Ca(OH)2-saturated solution (reference) showed minor length
changes, mainly during the first part of the exposure test, due to water infiltration.
Since all changes in this reference solution were subtracted, as mentioned in the
previous section, in this way the effect of the sulfate ions on the expansion could be
evaluated. The results are shown in Figure 16 and Figure 17.

2-

Figure 16. Test results of exposure to sulfate solution of 3 g/l SO4 . Mean value per series and
after deduction the length changes measured in Ca(OH) 2 solution.
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2-

Figure 17. Test results of exposure to sulfate solution of 30 g/l SO4 . Mean value per series and
after deduction of the length changes measured in Ca(OH)2 solution.

This exposure test led to expansion, but very low length changes were registered for the
two concrete types tested. After 420 days the expansion was below 0.02 mm/m in
sulfate solution of 3 g/l SO42- and below 0.07 mm/m with 30 g/l SO42-. With higher
sulfate concentration a tendency for higher expansion could be observed for the
concrete type with binder V (CEM II/A-V 52.5), compared to binder CA (CEM I 42.5 N
SR-LA). Nevertheless, with the results so far it seems that this method cannot clearly
rank the two concrete qualities with regard to their sulfate resistance.

6.4 Test by cyclic drying and immersion in
Na2SO4 solution
The test was carried out according to the Swiss method in SIA 262/1 Appendix D [7, 8].
This is an accelerated test method, where specimens are exposed to cyclic drying at 50
C and immersion in sulfate solution at 20 C, in the first part of the test. This is
followed by a continuous immersion in sulfate solution in the second part of the test.
The drying-immersion cycles accelerate the ingress of the sulfates and thus the damage
response. The method was first developed in connection to the AlpTransit tunnel
projects in Switzerland.

6.4.1

Method

The method requires sulfate exposure at 50 g/l Na2SO4 (i.e. 34 g/l SO42-) on concrete
cores (Ø28 mm, length 150 mm) – a series of six cores per tested concrete quality.
Axial length changes and mass changes are measured at defined times and stages of
exposure. The total duration of the test is 12 weeks – 4 weeks of cyclic exposure plus 8
weeks of continuous immersion. The test procedure is described below.


First part of the test: four 1-week cycles of 5 days of drying and 2 days of
soaking
o drying 120 ± 2 hours in heating cabinet at 50 C, followed by immersion
48 ± 1 hours in 5% Na2SO4 solution at 20 C
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o
o



mass is taken at the end of each drying period (𝑚 𝑇 ), after cooling down
to 20 C for 1 hour in a desiccator
mass and length are taken at the end of each soaking period (𝑚𝑆 and 𝑙𝑆 )

Second part of the test: 8 weeks of continuous immersion in sulfate solution at
20 C
o at the end of the fourth cycle from above, the specimens are placed back
into the sulfate solution, where they are stored at 20 C for 56 days
o mass and length (𝑚𝑆 and 𝑙𝑆 ) are taken periodically, after 7 + 7 + 14 + 14
+ 14 days counted from the end of the fourth cycle.

5d

2d

5d

2d

5d

2d

air 50C

5d

5% Na2 SO4

air 50C

5% Na2 SO4

air 50C

5% Na2 SO4

air 50C

START

5% Na2 SO4

The time line is graphically presented in Figure 18. Length was measured within 0.001
mm and the mass within 0.01 g.

2d

7d

7d

mS5, l 5

mS6, l 6

5% Na2SO4
14d

14d

14d

mS10, l 10

mS12, l 12

l0
mT1

mT2
mS1, l 1

mT3
mS2, l 2

mT4
mS3, l 3

mS4, l 4
mS8, l 8

Figure 18. The time line of the Swiss test method, showing the chain of cycles of drying and
storage in sulfate solution and the monitoring of mass (m) and length changes (l). Exposure time
shown in days (d).

For this project the sulfate exposure testing was carried out on mature concrete – it
started 1.5 years from casting date – on specimens having been stored in Ca(OH)2
solution until start.
Before the start of the test, the following zero-values were taken:






𝑙
net length of the concrete specimen without the studs,
𝑉0
net volume of the concrete specimen without the studs, using length
𝑙 and the mean value of two measurements of the diameter,
𝑚0 mass of the (surface dry) specimen including studs,
𝑙0
length of the (surface dry) specimen, taken between the studs and relative
to the reference bar.

Expansion is evaluated from axial length changes with time (exposure time). Length
measurements are taken relative to a reference bar (Figure 19). The measuring gauge is
first set to zero while taking a reading with the calibrated reference invar rod inserted
in the rig, then the actual reading for the specimen is taken with the specimen inserted
in the rig.
As shown in Fig. 18, at defined times both mass and length of each specimen are
determined:



𝑚𝑇𝑛 mass (in g) after the drying period of cycle n=1, 2, 3, 4
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𝑚𝑆𝑛 mass (in g) after the immersion period of cycle n=1, 2, 3, 4, and at defined
time while continuously immersed in sulfate solution, at n=5, 6, 8, 10 ,12
(number of weeks from the test start); mass is taken on surface dry specimen
𝑙𝑛 length (in mm) between the studs, relative to the reference bar and
measured on the surface dry specimen, at n=1, 2, 3, 4, 5, 6, 8, 10, 12 (number of
weeks from the test start).

For the variables above, the units are g, mm and kg/m3 for mass, length and volume
respectively.

Length measurement
between studs,
relative to reference bar
“lo” and “ ln“

Length without
studs “l”

Figure 19. Specimens drying in the heating cabinet (upper image left) and immersed in sulfate
solution (upper image right). Measuring length l0 to ln , with n = 1, 2, 3, 4, 5, 6, 8, 10, 12 weeks
(lower images).

The following measurements are evaluated by this method:



length changes after n weeks of exposure, where n = 1, 2, 3, 4, 5, 6, 8, 10, 12
∆ 𝑙𝑛 =



𝑙𝑛 − 𝑙0
𝑙

x 1000

(1)

total length change during the continuous immersion period (from end of week
4 to end of week 12)
∆ 𝑙𝑆 = 𝛥 𝑙12 − 𝛥 𝑙4



in ‰ or mm/m

in ‰ or mm/m

(2)

mass uptake during the 2-days soaking period that follows after the 5-days
drying period (n = 1, 2, 3, 4)
∆ 𝑚𝑆𝑛 =

𝑚𝑆𝑛 − 𝑚𝑇𝑛
𝑉0

x 10-3

© RISE Research Institutes of Sweden

in kg/m3

(3)

26



mass change during the continuous immersion period (n = 5, 6, 8, 10, 12)
∆ 𝑚𝑆𝑛 =

6.4.2

𝑚𝑆𝑛 − 𝑚𝑆(𝑛−1)
𝑉0

x 10-3

in kg/m3

(4)

Results and discussion

The length changes according to eq. (1) are shown in Figure 20. The graphs show that
the sulfate ingress into the concrete led to axial expansion during this test period, even
for the concrete specimens with binder CA, which is a sulfate resistant binder.
However, the expansion at the end of the test and the scatter between individual
specimens were both lower for series CA compared to V.
For an easier comparison between the two series, the mean values were set together in
the same graph shifted along the y-axis so that the values at n = 1 started at zero
expansion for both series (Figure 20 c). The graphs reveal clearly that the expansion
accelerated significantly after the four drying-and-soaking cycles. For concrete with
binder V the expansion increased steadily throughout the test. With binder C it
increased at a higher rate during the first week of continuous immersion but then
slowed down during the following weeks of immersion.
For series CA the total expansion between n = 1 and n = 12 was 0.29 ‰ (mm/m), with
the entire expansion developing during the continuous-immersion part of the test (i.e.
between n =4 and n = 12). See also eq. (2). For series V, the total expansion was 0.88 ‰
considered from n = 1, with the fraction of 0.69 ‰ taking place during the continuousimmersion part.
Binder CA is due to its low C3A content (tri-calcium aluminate) of < 3% considered to
be sulfate resistant according to the cement standard EN 197-1. Depending on the test
method and mix design no or few damages, e.g. expansion, are expected in concrete
produced with this binder. Binder V has a higher C3A content than 3%, i.e. above the
limit for sulfate resistance, but it contains siliceous fly ash – about 16 %. Addition of
siliceous fly ash can in many cases be beneficial and provide concrete an increased
sulfate resistance, e.g. lowering the expansion damages due to sulfate ingress. In our
tests however, the expansion measured for specimens in series V exceeded considerably
the one for specimens in series CA. According to this performance test the low amount
of fly ash in cement V could not compensate for the fact that the share of cement clinker
had a higher C3A content (> 3%).
In the left part of the graphs the mass increase during the cyclic exposure is shown,
more precisely during the 2-days soaking period that follows the previous 5-days drying
period (eq. 3). There is a clear difference between the two concrete types for the mass
increase during the first cycle: concrete with binder CA absorbed 13.44 kg/m 3 solution
while concrete with binder V absorbed 79.6 kg/m3. However, the mass increase during
the following three cycles (from 2nd to 4th) is more or less the same and it is comparable
for both concrete qualities, although a slightly higher scatter between the specimens
can be observed for series V compared to CA.
As mentioned in the previous section, the concrete specimens had been stored in
Ca(OH)2 solution before the start of the test. Consequently, during the first 5-days
drying period the concrete lost part of the absorbed solution: 24.50 kg/m 3 mass loss in
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concrete CA and 86.62 kg/m3 in concrete V (mean values per series), calculated
according to eq. (5).
∆ 𝑚𝑆𝑛 =

𝑚𝑇1 − 𝑚0
𝑉0

x 1000

in kg/m3

(5)

a)

b)

c)
Figure 20. Length changes according to eq. (1). a) Series CA. b) Series V. c) The average results
shifted along the y-axis so as to start at y=0 at n=1.
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These values were very close to the mass of sulfate solution absorbed into the concrete
during the first 2-days soaking period following the first 5 days of drying. This led to
the conclusion that concrete V had a pore structure that was more open to liquid
transport (out from, then back into the concrete) already from the start. For concrete
CA, this could be observed only from the second drying-soaking cycle.
During the test, the concrete specimens lost and gained mass during the drying and
soaking periods. The mass changes, calculated according to eq. (3) and (4) are showed
in Figures 21, 22.

Figure 21. Mass increase during the test. Series CA. Observe the different scale for the left-hand
and right-hand part of the graph.

Figure 22. Mass increase during the test. Series V. Observe the different scale for the left-hand
and right-hand part of the graph.

In the right part of the graphs, the evolution of the mass increase during the continuous
immersion period is shown. Some sulfate solution continued to be absorbed into the
concrete throughout the 8 weeks of immersion, but the amounts were small: around
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2.65 and 3.36 kg/m3 between 4th and 5th week (i.e. the first week of continuous
immersion) for CA and V respectively, then decreasingly lower between 5 th and 12th
week.

6.5

Conclusions of the performance tests

Test by continuous immersion in sulfate solution:
1. A test solution with higher concentration in sulfates enhanced the expansion.
2. The concrete types used in this test showed all relatively low expansion values
even after an exposure time of 424 days.
3. By the end of the test the expansion values could not provide a clear answer
regarding the ranking of the two tested concrete types with respect to sulfate
resistance: while the expansion in the 3 g/l solution was higher for CA, in the 30
g/l solution it was higher for V.
4. No visual exterior concrete damage could be observed on any specimen, which
was in line with the low expansion values measured.
5. The performance of the test was simple but the test needed to be carried over a
long period of time.
Test by cyclic drying-immersion:
1. High solution concentration, combined with cyclic drying and wetting,
including higher temperature at drying, significantly triggered the expansion.
2. The test provided a clear difference between the two concrete types, which was
noticeable from the first test weeks.
3. The duration of the test is significantly shorter, compared to the test method
above.
4. However, the procedure is rather demanding, requiring keeping time within
narrow margins. The time line is very strict and does not allow for deviations or
adjustments once the test has started, which means that all equipment used
needs to be booked and available for specific time windows as specified at the
start of the test.
5. Also, training on the routines to become familiar to the complex test procedure
is advisable. Given the sometimes small changes in length or mass it seemed
advisable that one and same operator performed the entire test.
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