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Abstract.
Concrete structures without sufficient durability can be damaged by sulfates in groundwater

and from surrounding rock layers. To evaluate the performance of a concrete mixture, precise and
performance-oriented test methods are a must. Therefore, a new a performance oriented concrete test
procedure based on tensile strength measurements was developed considering experiences reported
in international literature and recommendations of state-of-the-art reports. A vast parameter study
with approx. 3850 tensile tests on ASTM briquets, 1900 flexural tensile tests on standard prisms and
2100 expansion tests on mortar flat prisms of different ages and with different storage conditions was
statistically assessed. Based on the results a performance-oriented test method could be defined which
considers not only the chemical, but also the physical resistance of a concrete against sulfate attack.
The method was verified by 23 concretes with different cements or cement fly ash combinations and
additional field tests. It could clearly be demonstrated that the results represent the performance of a
practical concrete in case of sulfate attack. Furthermore, it leads much faster to an evaluation of the
sulfate resistance compared to the most other practical oriented methods.
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1. Introduction
If concrete structures do not have a sufficient resis-
tance, they can be damaged by sulfates dissolved in
groundwater or incorporated in surrounding rock lay-
ers. Such a sulfate attack is described as exposure
class XA in the European concrete standard EN 206.
To ensure a sufficient concrete resistance, minimum
requirements for concrete composition, such as a min-
imum binder content, a maximum accepted water-
cement ratio (w/c), accepted types of cement and
additives as well as other protective measures, if nec-
essary, are defined in EN 206 together with their spe-
cific national concrete standards (e.g. DIN 1045-2 for
Germany).

Beside the descriptive measures the mechanisms
that trigger damage because of sulfate attack have
been extensively investigated in the past, e.g. in [1–
10]. A lot of test methods were developed worldwide.
Most of them can be used to assess the chemical resis-
tance of cements and binders, respectively. Only few,
however, allow to test concrete. Depending on the
method, the test specimens are completely, partially
or cyclically immersed in sulfate solutions. The con-
centration of the sulfate solution varies over a wide
range, as does its temperature. In Germany, only
test methods are applied, which evaluate the chemi-
cal sulfate resistance of a binder. These are the so-

called SVA (Sachverständigenausschuss) method of
the DIBt (Deutsches Institut für Bautechnik), mainly
used at present and the older methods by Koch-
Steinegger [11] and Wittekindt [12]. Despite intensive
research and optimization, all of them show consider-
able scattering of the results and test artifacts. These
can be attributed, to extremely high sulfate concen-
trations of the test solution that are not related to
practical applications. Furthermore, the physical re-
sistance - the structural density of the concrete - was
deliberately neglected in these procedures. For these
reasons, none of the methods has been included in
German or European standardization so far [13, 14].

However, for sustainability reasons, it is a must
to be able to evaluate the performance of a concrete
in a precise and performance-oriented way, because
new types of cements, additives and concretes with
lower ecological footprints must continue to be de-
veloped in future. Also, for technical or economic
reasons, it is often advisable to deviate from the nor-
mative concrete specifications. Moreover, there are
current activities to shift the classical descriptive con-
cept of concrete standardization to a performance-
based concept. All these activities require a reliable
test method that allows an unerring evaluation of the
sulfate resistance of a concrete mix.
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Variable Unit Variation

Binder type − CEM I; CEM I-SR3; CEM I +fly ash;
CEM II/B-S; CEM III/A

Testing temperature ◦C 5, 12, 20
Concentration of sulfate solution mg/l 3000, 6000
Type of sulfate solution − Na+, Mg2+ as cation
Cement content kg/m3 320, 360, 400
Content of cement + fly ash kg/m3 270 + 90, 285 + 94, 300 + 100
Equivalent water-cement-ratio w/ceq

1 − 0.45, 0.50
1 w/ceq = w/(c + k · f) with c = cement content, k = 0.4 and f = fly ash content

Table 1. Influencing variables on the sulfate resistance and variation parameters.

2. Objectives and Realization
The main objective of the research project was to
develop a practical test method for the precise and
selective determination of the sulfate resistance of
concrete within an appropriate test period [15, 16].
The following three essential questions were defined
to achieve the objective:

1. What are the test constraints that can be used to
accelerate the damage mechanism without causing
test artifacts? Are the test parameters verifiable,
and which damage can be recorded reproducibly
and accurately?

2. Is it possible to validate the results obtained with
the new testing procedure with practical construc-
tion experience and field tests?

3. Is there a limit value to differentiate between con-
cretes with high and insufficient sulfate resistance?

The study was based on experience gained from
the currently applied methods as well as the findings
of the state-of-the-art reports of DAfStb (Deutscher
Auschuss für Stahlbeton) [13, 17, 18] and CEN/TC
51 [14]. Furthermore, both chemical resistance of the
binder and physical resistance of the concrete struc-
ture were considered, since both partial resistances
are important for the durability of concrete under
practical conditions. Therefore, parameters influenc-
ing the sulfate resistance of concrete were varied sys-
tematically at the beginning of the project. In addi-
tion, their effect on various parameters characterizing
the microstructure was determined.

The systematic statistical evaluation of the test re-
sults made it possible to define a test procedure based
on the influencing parameters considered. This was
followed by verification with another setup of approx.
25 concretes made with both binders known to have
high and low sulfate resistance. At the same time,
several of these concretes were stored under practical
conditions at two different sites for at least one year
[19]. The evaluation of all results made it possible
to propose an acceptance criterion for the test pro-
cedure with which the sulfate resistance of a tested
concrete can be evaluated reliably.

3. Experimental setup
3.1. Statistical design of experiments

(DoE)
Statistical methods of design of experiments were
used intensively in order to consider a wide as possible
test matrix. The influencing parameters considered
in the statistical experimental design are summarized
in Table 1 [16]. In addition, their range of variation
is also listed in the table. The statistical software
Minitab© was used for designing and analyzing the
experiments.

Due to the large number of influencing parameters
and the different verification levels, the experimen-
tal strategy was to create a full-factorial experimen-
tal design first and to select an optimal experimental
design from it afterwards. For this purpose, individ-
ual combinations were chosen by DoE software using
methods of sequential optimization and taking into
account terms up to the second order. The general
full-factorial experimental design contained a total of
180 experiments covering all binders and a constant
w/ceq at 0.45. The optimal design selected from it
could be reduced to 100 experiments.

Based on the statistical analysis of the results, the
original test design was adapted so that individual
influencing parameters that did not show any signif-
icance were omitted and additional parameters that
were deliberately not considered in the first step (e.g.
w/ceq) were included. A total of 120 tests series were
considered in the parameter study for the develop-
ment of the test method [16].

3.2. Concrete production and storage
The binders listed in Table 1 have been investigated
in detail. The four commercially available cements
were in line with EN 197-1, the hard coal fly ash (FA)
complied with EN 450-1. Their strength development
measured according to EN 196-1 is shown in Table 2.

Concrete mixtures with those binders and quarzitic
aggregate having a maximum grain size of 8 mm were
produced. The w/ceq value followed the specifica-
tions of the optimal test design. The production of
the so-called fine concretes was in accordance with
EN 12390-2. Prisms with dimensions 40 × 40 × 160
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Compressive strength after
2 d 7 d 18 d 91 d

N/mm2 N/mm2 N/mm2 N/mm2

(2) CEM I 42.5 N 28.5 46.6 61.9 71.0
(5) CEM I 42.5 N-SR3 24.5 42.5 50.3 60.8
(14) CEM II/B-S 42.5 N 22.2 41.1 61.8 73.3
(15) CEM III/A 42.5 N 18.7 40.8 61.9 73.9
(21) FA 11 24.4 40.1 51.9 65.4
1 Combination of 25 wt.-% fly ash and 75 wt.-% CEM I 42.5 R.

Table 2. Strength development of cements and fly ash.

Figure 1. Concrete test specimens acc. to ASTM C307-03.

mm3 for testing the flexural tensile strength and the
dynamic modulus of elasticity and briquet specimens
according to ASTM C307-03 (cf. Figure 1) for testing
the tensile strength were produced as test specimens.
All specimens were demolded after one day and then
stored in saturated Ca(OH)2 solution at 20 ◦C for 27
days.

3.3. Execution of tests and test
parameters

The test started at a concrete age of 28 days. The
specimens were stored in sulfate solution at 5, 12 or
20 ◦C for 181 or 273 days according to the conditions
defined in the DoE. The flexural and tensile strengths
as well as the dynamic modulus of elasticity were de-
termined after 119, 181 and 273 days, where applica-
ble.

All individual values and no mean values were al-
ways used to relate them to respective reference val-
ues. The relative values obtained this way can be
compared directly with each other. Reference values
were based on corresponding parameters obtained ei-
ther on samples of same age but stored in saturated
Ca(OH)2 solution or determined before the start of
sulfate storage. Furthermore, a maturity function
was used for the calculation of relative bending and
tensile strengths. The basis was the function de-
scribed in the fib Model-Code [20]. It was adapted to

account for the influence of supplementary cementi-
tious materials on the strength development of con-
crete, as proposed by Vollpracht et al. [21]. Since
the adapted method was originally developed for the
prediction of compressive strength, its suitability was
tested in advance for bending and tensile strengths
[15, 16].

By using single values and not mean values, the
number of results for each individual experiment of
the statistical design was increased. Three single re-
sults each were used for the flexural tensile strength
and the dynamic modulus of elasticity and even six
single values for the tensile strength. This signifi-
cantly increased the statistical certainty in the eval-
uation of the experimental designs.

4. Results and discussion
4.1. Suitable test criterions
The different relative test parameters were analyzed
in terms of their significance for the test procedure.
Damage to concrete due to sulfate attack was best
characterized by the tensile strength of ASTM bri-
quets. It was also shown that the common proce-
dure, which uses the strength of specimens of the
same age stored in a saturated Ca(OH)2 solution as a
reference value, gives comparatively wide scattering
results. In contrast, tensile strengths based on the
adapted maturity formula of the fib model-code show
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Figure 2. Contour diagram of relative tensile strength ft/ftm of concretes with (2) CEM I 42.5 after 182 days
storage in Na2SO4 solution, reference: fib maturation function.

Figure 3. Mean decrease of the rel. tensile strength of the fine concretes with w/ceq = 0.50 with a change of the
sulfate concentration of the Na2SO4 solution from 3000 mg/l to 6000 mg/l.

significantly lower test scatter. The necessary test ef-
fort is also significantly reduced. Therefore, this rel-
ative tensile strength ft/ftm is the appropriate test
parameter for the new test procedure.

4.2. Definition of the test procedure
The evaluation of the parameter study provides sta-
tistically secured information on the significant influ-
encing parameters and their contribution to the ex-
pected relative tensile strength ft/ftm. As an exam-
ple, the evaluation is visualized in a contour diagram
(Figure 2) for fine concretes with Portland cement
(2) CEM I 42.5 N after 182 days storage in Na2SO4
solution. It shows the effect of testing temperature
and concentration of sulfate solution on the expected
relative tensile strength. As a result, the lowest rela-

tive tensile strength can be expected if the concrete
is tested at 5 ◦C and 6000 mg/l SO 2−

4 concentration.
The figure also contains the results of six additional
tests, carried out to verify the results of the statistical
evaluation.

Each single significant influencing parameter was
analyzed in terms of its effect on accelerating the
testing and its potential tendency towards test ar-
tifacts. For example, Figure 3 illustrates the accel-
erating effect when the sulfate concentration was in-
creased. An increase of sulfate concentration from
3000 mg/l to 6000 mg/l led to a decrease of rela-
tive tensile strengths of comparable fine concretes be-
tween 0.10 and 0.15 (10 to 15 %) at a test age of 273
days, if damage occurred. At the same time, no ex-
cessive gypsum formation was observed in the pore
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Concrete composition • Fine concrete with max. aggregate size of 8 mm
• w/ceq ratio 10 % higher than planned for concrete formulation
• Binder content as planned for concrete formulation

Test specimens • Briquets acc. to ASTM C307-03 made from one concrete batch
Storage • 28 d in saturated Ca(OH)2 at 20 ◦C
Test conditions • Test solution: Na2SO4

• SO4
2− concentration: 6000 mg/l

• Storage temperature: 5 ◦C
• Test duration: 273 days

Test parameters • Relative tensile strength ft/ftm

• ft: measured tensile strength at testing
• ftm: tensile strength at testing, calculated by maturity

function in accordance to fib Model Code
• Visual assessment (cracks, spalling, etc.)

Table 3. Definition of the performance-oriented, test method for evaluating the sulfate resistance of concrete.

Figure 4. Storage site (1) in a German gypsum mine.

space of the specimens. Consequently, the increase
of sulfate concentration to 6000 mg/l accelerates the
test and does not cause artefacts, especially for less
sulfate-resistant concretes. As a result of this evalua-
tion the test procedure could be described. Its main
features are summarized in Table 3.

4.3. Storage under practical conditions
A large number of fine concretes as well as normal
concretes - the latter fulfilled the minimum require-
ments of DIN 1045-2 for the composition of exposure
class XA2 - were stored under practical conditions at
two sites. Figure 4 shows the exposure site in a gyp-
sum mine. The laboratory results obtained with the
new method will be verified by long-term tests with
this real sulfate attack. Many samples were stored
over a period of more than one year and inspected in
regular intervals. No concrete deterioration was de-
tected during this period as it is shown in Figure 5.
It illustrates the relative dynamic modulus of elastic-
ity of fine concretes stored in the gypsum mine. As
expected, the storage time was too short to induce
damage even on concrete that is known to possess
insufficient sulfate resistance. The trials under prac-
tical conditions will be continued for some years.

Figure 5. Rel. tensile strength of concretes after
more than one year of storage under practical condi-
tions.

4.4. Proposal of an acceptance
criterion

After the definition of a new test procedure another
task of the research project was to develop a proposal
for an acceptance criterion for a reliable evaluation
of the concrete sulfate resistance. For this purpose,
23 additional concretes with different cements and
cement-fly ash combinations of different manufactur-
ers were tested with the new test method. The rel-
ative tensile strength was determined after 119, 182
and 273 days. Figure 6 illustrates the relative tensile
strengths of the 23 concretes after 182 and 273 days
of sulfate storage.

After 119 days of storage no reliable statement can
be made on the sulfate resistance. The first differ-
ences between concretes with different binders did oc-
cur after 182 days of storage. However, a definitive
differentiation between concretes with known high or
low sulfate resistance was not yet possible. Some con-
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Figure 6. Relative tensile strength ft/ftm of concrete with 23 different binders after 182 and 273 days.

cretes produced with Portland cement without SR
property showed residual tensile strengths compara-
ble to those of some slag cement concretes, for which
a high sulfate resistance can be expected in the light
of experience. After 273 days (9 months) of sulfate
storage, it was possible to make a clear distinction re-
garding the sulfate resistance of concrete. Concretes
with blast furnace cements CEM III/A or CEM III/B
and Portland cement/fly ash combinations obviously
showed a high sulfate resistance with relative tensile
strengths of 0.97 to 1.02. In contrast, concretes with
Portland cement - including those with SR property -
and Portland composite cements showed low residual
tensile strengths and significant damage. The dam-
age of concretes with CEM I-SR cements was con-
firmed by further tests. C3A was determined by x-
ray diffraction for all these cements. Presumably, the
C3A content is high enough to trigger a damaging et-
tringite reaction with the sulfate ions in the cement
stone structure.

Considering the discussed results, it can be stated
that a concrete has a sufficient sulfate resistance if

its relative tensile strength is not lower than 0.70 (70
%) after 273 days of sulfate storage. Furthermore,
two stop criteria can also be defined for the test after
182 days. Firstly, the test can already be stopped
at this time if the relative tensile strength ft/ftm is
lower than 0.70 (70 %), since the acceptance criterion
will definitely not be reached even after 273 days.
Such a concrete will have a low sulphate resistance.
Secondly, the test can also be stopped at this point
if the relative tensile strength ft/ftm is higher than
0.85 (85 %), because the acceptance criterion defined
for a test age of 273 days is then also fulfilled with
certainty. Such a concrete will have a high sulfate
resistance.

5. Conclusions
The focus of the research project was the develop-
ment of a concrete test procedure based on tensile
strength tests, which allows a clear differentiation be-
tween concretes with and without high sulfate resis-
tance. In the development of the test method, the
recommendations of the state-of-the-art report [13]
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were taken into account and the tensile strength was
determined as the best test parameter [16].

Based on the statistical evaluation of approx. 3850
tensile tests on ASTM briquets, 1900 flexural tensile
tests on standard prisms and 2100 elongation tests on
mortar flat prisms of different ages and after different
pre-storage conditions, a new performance-oriented
test method could be defined which was verified by
23 concretes with different cements or cement fly ash
combinations.

The concluding assessment of the research project
is that the newly developed performance-oriented test
method

• can represent the performance of a practical con-
crete in case of sulfate attack,

• considers not only the chemical, but also the phys-
ical resistance of a concrete against sulfate attack,

• leads much faster to an evaluation of the sulfate
resistance compared to common methods (current
regulation SVA test: testing at 3000 mg SO4

2−/l
and 5 ◦C for 2 years),

• represents the damage mechanism more realisti-
cally than most conventional test methods and
therefore leads to the avoidance of test artifacts,
and

• could also be carried out as a "binder test" if a
fixed concrete formulation is used (e.g. the limit
formulation of DIN 1045-2 for exposure class XA2).
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