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Abstract

Under natural conditions, the alkali silica reaction (ASR) is a slow degradation pro-
cess in concrete. Therefore, accelerated laboratory test methods are used to esti-
mate the alkali-reactivity of aggregates and concrete performance regarding a dam-
aging ASR. In this study, concrete cubes were stored in a fog chamber at
40 °C/100% RH and at outdoor conditions in Munich climate for up to 9 years. Opal-
ine sandstone/flint (25 vol.%) was used as reactive aggregate. 15 wt.% of OPC was
replaced by fly ash and compared with the reference mix with 100 wt.% OPC. The
cracks widths of the cubes were measured regularly. To investigate the effect of
accelerating test conditions on the morphology of reaction products, the concrete
microstructure, pore solution composition and ARS products formed under acceler-
ated and field conditions were investigated. The present study shows that acceler-
ated test methods consider only partial aspects of the complex mechanisms of ASR
in concretes containing pozzolanic fly ash. Storage conditions have a direct effect
on the morphology of the ASR products, the porosity and the pore solution compo-
sition of the concrete. When testing blended binders under accelerating conditions,
opposing mechanisms are achieved and the chemical and physical processes can be
changed significantly.
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1 Introduction

Alkali-silica reaction (ASR) is a well-known chemical dete-
rioration mechanism in concrete leading to substantial
maintenance costs each year. In order to test the perfor-
mance of a concrete with regard to damaging ASR, various
test procedures at accelerating conditions are used to
speed up the reaction mechanism (e.g. exposure temper-
atures of 40 °C or 60 °C) [1-3]. Due to the accelerating
conditions, reaction kinetics are altered and can therefore,
beside other effects on porosity and hydration products of
the binders, affect the formation, structure and composi-
tion of the ASR product, the so-called alkali-silica gel (ASR
gel). After the ASR gel is formed it can partly transform to
a crystalline ASR product, which shows similarities to the
mineral shlykovite [4; 5]. However, the crystalline ASR
product is not expected to cause damage in concrete [4;
5]. The ASR gel on the other hand, can build-up consider-
able swelling pressure on concrete, while absorbing water,
which leads to structural damage. The composition of the
ASR gel is variable and depends on several factors, such
as the chemical environmental condition, and can alter
over time [6].

The alteration of the ASR gel composition may in turn have
a direct effect on the swelling capacity and therefore the
damage potential in the concrete. The swelling pressure
evolves due to the adsorption of water and electrostati-
cally repulsion of dissociated negatively charged silicate
layers [7]. Dependent on the degree of crosslinking of the
silicate framework, the incorporation of the water amount
is limited, therefore swelling is expected to change [8].

It is well-known that the use of supplementary cementi-
tious materials (SCMs) can reduce the risk for ASR by re-
ducing the alkalinity of the pore solution, [9; 10] changing
porosity [11-13] and binder phase composition (especially
C-S-H and C-A-S-H phases) [10; 14; 15] as well as affect-
ing the composition of the ASR gel [16]. Up to now, the
effect of storage conditions on morphology and composi-
tion of ASR products was rarely investigated. Therefore,
the present study considers laboratory and outdoor stor-
age conditions for concretes with an ASR potential and the
effect of fly ash (FA) on the morphology of ASR products.
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2 Materials and methods
2.1 Concrete composition

In this study, coarse aggregates (gravel containing opaline
sandstone, EIII-O-OF in grading B/C 8), which is no longer
available for a general use in commercial concretes, were
used as reactive aggregates (Table 1) to achieve a re-
markable amount of ASR products. Due to the pessimum
effect of this reactive aggregate, 25 wt.% of the gravel
with opaline sandstone was mixed with a crushed inert di-
abas and an unreactive gravel (EI) to reach B/C 16 grad-
ing (Table 2). To study the effect of an aluminous poz-
zolanic SCM, fly ash (FA) was mixed with a CEM I 32.5 R
(OPCQ).

Table 1 Mineralogical composition of the gravel with opaline sandstone
(EIII-O-OF), as determined by XRD with Rietveld analysis in wt.%.

Amor- Or- Plagio- Musco- .
phous Quartz thoclas clas vite Calcite
26 39 9 15 4 7

The concretes were prepared with 500 kg/m?3 binder
(100 wt.% OPC and 75 wt.% OPC+15 wt.% FA) at a w/b
ratio of 0.5. The cement was replaced by weight with FA
(k-value = 1) keeping the w/b ratio constant. The equiva-
lent alkali content of the OPC was 1.0 wt.%. The FA with
an equivalent alkali content of 3.5 wt.%, an Al203 content
of 26.2 wt.% and an amorphous content of 72.6 wt.%
used fulfilled the specifications of DIN EN 450-1 [17]. The
cement was replaced by 15 wt.% FA, which is an insuffi-
cient amount to inhibit damaging ASR for reactive aggre-
gates but was used to study the composition and morphol-
ogy of the formed ASR products. Additionally, FA was
selected as another source for aluminum in the binder
composition. Since, ASR products formed in concretes
containing metakaolin and other calcined clays in the
binder showed differences in composition and thus pre-
sumably in their swelling behavior [18].

Table 2 Concrete composition (100 wt.% OPC, 75 wt.% OPC and
15 wt.% FA).

OPC OPC-15FA

Cement [kg/m3] 500 425
[kg/m3] 0 75

Fly ash [wt.%] 0 15

w/b ratio 0.5

0/2 Sand 52

2/8 EIII-O-OF 25
[vol.%]

2/8 Diabas 5

8/16 EI 18

Concrete cubes (300 mm) were prepared and exposed to
40 °C and 100 % RH in the fog chamber and to the outdoor
climate in Munich (cfb: temperate oceanic climate accord-
ing to the Képpen-Geiger classification [19], Figure 1).

The climate in Munich, where some of the concrete cubes
were exposed to (outdoor storage), is generally warm and
temperate. Munich has a significant amount of rainfall
during the year. The average temperature in Munich is
8.8 °C with a precitpitation of around 1000 mm per year.
The maximum temperature with 37.0 °C in summer was
reached 2015 [20]. It has to be noticed that surface
temperatures of concrete due to solar radiation can be
assumed to be around 7 °C higher [21]. During the winter
an average of 73 days with temperatures under 0 °C are
to be expected [22] with a freezing exposure to the
concrete samples in outdoor storage.
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Figure 1 Average climate data per month in Munich (Képpen-Geiger
classification: cfb) from 1991-2021. Dataset: European Centre for Me-
dium-Range Weather Forecasts (ECMWF) [23].

2.2 Methods

The samples were exposed to 40 °C and 100 % RH in a
fog chamber according to the ASR guideline of the German
committee of reinforced concrete [1] and the outdoor stor-
age, respectively. Crack width measurements of the cubes
were carried out regularly on samples stored in the fog
chamber and in the outdoor storage for up to 9 years.

Additionally, to exhibit the effect of 15 wt.% FA, pastes
were prepared with a w/b ratio of 0.5 and stored in sealed
flasks to avoid leaching and carbonation. After 24 h hard-
ening in an overhead shaker at 20 °C, the flasks were
cured for 1, 28 and 91 days at 20 °C and 9 month at
40 °C.

Pore size distributions were determined on pastes and
concrete samples by mercury intrusion porosimetry (MIP)
using an AutoPore IV 9500 mercury pressure porosimeter
from Micrometrics Instrument Corporation. The contact
angle of the mercury was assumed to be 130° and the
surface tension to be 485 dyn/cm. Binder and concrete
were broken to fragments (20 mm). Since the pore size
distribution was measured partially on concrete samples
with an undefined proportion of aggregate, a quantitative
comparison of the total porosity was not considered. To
discuss the results, the proportion of pores measured was
normalized to 100 % of each concrete. However, the trend
of the pore size distributions remains unaffected, which
makes a qualitative comparison possible. The threshold
diameter between capillary and gel pores was set to
0.02 pm.
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Pore solutions were expressed from paste specimens and
the chemical composition of the pore solution was ana-
lysed using inductively-coupled plasma optical emission
spectroscopy (ICP-OES) using an Avio 500 ICP-OES from
Perkin Elmer. The hydroxyl ion concentration was deter-
mined by titration.

After 4.5 and 9 years, thin sections were prepared on con-
crete samples with 15 wt.% fly ash (OPC-15FA) in the
binder and with 100 wt.% OPC (OPC) and examined by
polarized light microscopy.

Scanning electron microscopy (SEM)-based automated
mineralogy was performed on four thin sections at the
Minerals and Materials Characterizations (MiMaC) EM la-
boratory located at the Department of Geoscience and Pe-
troleum, NTNU Norway. For the investigations, the
OPC concrete after 4.5 and 9 years at outdoor storage and
after 9 years in the fog chamber were choosen. To inves-
tigate the long-term effect of FA on the ASR product com-
position, the concrete sample OPC-15FA was also tested
after 9 years in the outdoor storage. The MiMaC-EM labor-
atory runs a ZEISS Sigma 300VP field emission SEM that
is equipped with 2 Bruker Xflash 6|60 129 eV energy dis-
persive X-ray spectroscopy (EDS) detectors, a backscatter
electron (BSE) and secondary electron (SE) detectors, as
well as the ZEISS Mineralogic software for automated
quantitative mineralogical (AQM) analysis.

For each of these analyzed areas, mineral and BSE maps
are simultaneously produced, as well as data tables for
quantitative modal mineralogy (bulk mineralogy) and pixel
data. Due to the amorphous nature of the ASR gels and
abundance of only micron-sized grains, a small step size
of 1 ym was chosen to detect the variations in composition
in the phases of interest. Element heat maps (EHM) were
used for visualizing intensities of elements of interest. To
avoid unnecessary measuring of epoxy, thresholding and
other arithmetic image processing scripts were applied.

3 Results and discussion
3.1 Measurements of crack widths

Figure 2 shows the crack width development of the con-
crete samples stored in the fog chamber and in the out-
door storage measured for up to 9 years. In both storage
regimes the sample OPC exhibit larger crack widths com-
pared to the sample OPC-15FA. For concretes stored in the
fog chamber it can be expected that cracks are solely
caused by ASR and the formation of swelling ASR gels.
While cracks of the samples exposed to natural weathering
are also widened by frost attack during the winter period.
Additionally, these samples are exposed to varying tem-
peratures and humidites during the year (Figure 1).

According to the threshold value (crack width below
0.2 mm after 9 months) for fog chamber storage [1], the
concrete OPC-15FA pass. However, after one to two years,
samples of the same composition but stored outdoors start
to crack with a maximum crack width of 0.75 mm after 9
years. Therefore, to assess the alkali sensitivity of these
concretes solely on the basis of the fog chamber storage
results would lead to an incorrect assessment. The en-
hanced and constant temperatures in the fog chamber
may lead to an accelerated pozzolanic reaction of the fly

ash. This might affect the capillary porosity or/and causes
a shift in the chemical equilibrium in the concrete pore so-
lution, which will be discussed in the following chapter
(3.2).
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Figure 2 Development of crack width in concrete cubes (300 mm)
stored in the fog chamber (over 40 °C/100 % RH) and outdoor storage
(Munich climate: cfb).

3.2 Effect on porosity and pore solution composi-
tion

3.2.1 Mercury intrusion porosity

MIP measurements were performed on pastes and con-
cretes containing OPC and OPC-15FA. The results show
similarities between the different paste and concrete sam-
ples (Figure 3).

As expected, the proportion of capillary pores in all sam-
ples decreased significantly between 1 and 28 days due to
hydration. After 1 day of hydration the portion of capillary
pores in samples OPC-15FA is somewhat higher than in
the samples OPC. However, capillary porosity decreases
more significantly between 28 and 91 days in the samples
containing fly ash, which can be explained by the begin-
ning pozzolanic reaction.

Another series of samples was pre-cured for 1 day at
20 °C and subsequently stored in the fog chamber at 40
°C for 9 months. The capillary porosity of the OPC concrete
decreases with 22 % between 1 day and 9 months, while
in the concrete OPC-15FA, the capillary porosity decreases
of around 33 wt.% (not shown here). This difference is
due to an acceleration of the pozzolanic reaction under
higher temperatures, as also published by Schmidt et al.
[24]. This indicates that even for 15 wt.% fly ash in the
binder the pore structure shifts to lower capillary pores
due to the pozzolanic reaction. This densification de-
creases the ion transport processes, which limit the for-
mation of ARS products and may lead to an overevaluation
of the fly ash concrete assessed in the fog chamber.
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Figure 3 Portion of capillary and gel porosity in concrete and paste
samples after 1, 28 and 91 days at 20 °C measured by MIP.

3.2.2 Pore solution analysis

For pore solution analysis, solely paste samples were in-
vestigated to exclude effects of alkali binding by ASR prod-
ucts.

As a first step, ion balance was calculated from the Na*,
K*, S04?° and OH- ion concentrations for a plausibility
check of pore solution composition. For temperatures over
40 °C (Table 3, FC), ion balance has to be calculated from
the equitation [Na*] + [K*] = [OH"] + [S04*] [24; 25].
The OH/S04% ratio reflects the chemical and thermal sta-
bility of calcium sulfoaluminate hydrates, such as ettring-
ite. At temperatures over 40 °C, a decrease in the
OH-/S04? ratio was observed compared to 20 °C. As a re-
sult, the pH value of the pore solution decreases. This
should reduce the solubility of the SiO2 [26] and thus the
solubility of the fly ash, which reduces pozzolanic reaction
as well as solubility of the reactive aggregate and ASR
product formation. On the other hand, the SiO2 solubility
increases with increasing temperature [26; 27]. The pre-
sent investigations could not elucidate which one of these
opposing mechanisms predominates.

Table 3 Pore solution analysis of pastes at 20 °C at different ages.
FC = 9 month storage in the fog chamber at 40°C / 100% RH.

Age Na* K* A3+ S04 OH-
[d] mmol/I
OPC 1 63 472 0.01 73 379

28 100 575 0.05 14 677

91 110 648 0.04 25 695

FC 124 621 0.05 54 609

OPC-15FA 1 64 409 0.03 73 328
28 99 495 0.06 9 594
91 103 489 0.25 15 566

FC 128 469  0.38 40 450

Table 3 shows the results of the concentrations of Na*, K*,
AlI**, SO4% and OH- ions in the pore solution of the pastes.
The addition of 15 wt. % FA lowers OH" concentration as
well as the K* concentration due to the dilution effect. As
described above, a reduction in pH reduces the SiO2 solu-
bility and thus the formation of ASR products. In contrast,
Na* concentration remains nearly the same for both bind-
ers, while AI** concentration is significantly increased for
the sample OPC-15FA. This indicates a contribution of the
fly ash releasing notable amounts of Na* and Al3*.

The AI3* concentration of the pore solution plays an im-
portant role due to the ASR. It affects the binding of silicon
in non-swellable aluminosilicates [28; 29], the formation
of C-A-S-H phases [14] and the incorporation of Al in ASR
gels [16]. Therefore, it is important to investigate the
composition and morphology of the ASR products formed
in the concretes (OPC vs. OPC-15FA) at different storage
conditions.

3.3 Effect on ASR product composition and mor-
phology

3.3.1 Polarisation microscopy

The microscopic examination showed significant ASR dam-
age for the concrete specimens OPC stored in the fog
chamber and outdoor storage after 4.5 and 9 years. This
can be seen by net-like cracks in the binder matrix and
aggregates in the concrete, as well as the presence of sig-
nificant amounts of ASR products (Figure 4). However, the
outdoor-stored concrete contained larger quantities of
ASR products and increased amounts of cracks than the
fog chamber-stored concrete (results not shown here).
These observations are in agreement with the results from
the crack width measurements (Figure 1).

Figure 4 Microscopic image of the OPC concrete after 4.5 years in
outdoor storage. Opal Sandstone grain cracked by ASR and ASR prod-
uct formation in the adjacent pore.

The OPC-15FA samples show larger amounts of ettringite
in air voids compared to the samples OPC in both storage
conditions. The concrete sample OPC-15FA shows signs of
a damaging ASR after 4.5 years and more obvious after 9
years in the outdoor storage. This can be seen by cracks
in the concrete structure as well as ASR product as crack
filling and in pores, detected in many places (Figure 5).
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Figure 5 Microscopic image of the concrete OPC-15FA after 9 years in
outdoor storage. Cracks and pores filled with ASR products. The cracks
from the aggregates continue into the binder matrix.

However, the sample OPC-15FA stored in the fog chamber
at 40 °C shows no signs of damaging ASR until the age of
9 years. Few cracks occur in the microstructure and rarely
ASR product is found in air voids. Overall, the microstruc-
ture is intact. Thus, this sample was not considered fur-
ther.

3.3.2 Scanning electron microscopy (SEM/EDX)

To investigate morphology and composition of the ASR
products SEM-EDX was used. Within the scope of the
study, the following questions were to be answered.

a) Does the morphology of the outdoor exposed concretes
(OPC vs. OPC-15FA) change?

b) Are there any differences in the composition of the ASR
products formed with and without fly ash?

c) Is there any difference between the ASR product mor-
phology in the OPC concrete stored outdoors or in the fog
chamber?

The SEM investigations confirmed the observations from
polarized light microscopy. Damaging ASR could be de-
tected in the OPC concrete samples both in the fog cham-
ber and in the outdoor storage. Similar results exhibit the
outdoor stored OPC-15FA sample.

15 wt.% fly ash in the binder of the concrete was not suf-
ficient to prevent ASR after 4.5 years. ASR could only be
avoided using 30 wt.% and more fly ash in the binder (re-
sults not shown here). The direct comparison of the two
concretes (OPC vs. OPC-15FA) in the outdoor storage
showed no difference in the morphology of the ASR prod-
ucts.

Nevertheless, two different ASR products could be distin-
guished in each ASR-damaged concrete: a crystalline and
an amorphous ASR product. It could be seen that the crys-
talline ASR product is internally surrounded by an amor-
phous product (Figure 6). Similar observations were made
by Leemann et al. [30], where they concluded that amor-
phous ASR products form first leading to cracks in the ag-
gregate. Afterwards a crystalline product forms and fills
the crack.

Crystalline ASR products can be found in air voids as well
as in cracks within the aggregate grain. These crystalline
products occur in both samples (OPC and OPC-15FA)
stored outdoor. These observations can already be made
after 4.5 years of outdoor storage.

For the formation of crystalline ASR products, certain tem-
peratures are necessary. Leemann et al. and Shi et al.
showed that large quantities of crystalline ASR products
can form at temperatures around 40 °C in concrete and
for artificial synthesized ASR products [5; 31]. Such tem-
peratures can also occur on the concrete surface if it is
exposed to solar radiation (especially in summer), see
chapter 2.1.

crystalline

\

Figure 6 BSE image of concrete sample OPC after 9 years of outdoor
storage shows amorphous and crystalline ASR products in a cracked
aggregate. Dotted line indicate the area of the crystalline product.

Besides ASR products, ettringite can be identified in cracks
after 9 years of storage (Figure 7). Ettringite occurs both
in the fog chamber and in the outdoor storage. However,
it is interesting to note that 15 wt.% fly ash did not pre-
vent the formation of ettringite. Already after 4.5 years,
larger amounts of ettringite could be observed in air voids.
However, these did not lead to any damage in the con-
crete, as the formation is secondary. The increased occur-
rence of ettringite in air voids for the OPC-15FA concrete
compared to the OPC concrete might be due to higher con-
centration of aluminum in the pore solution (Table 3). As
these formation did not lead to any damage this will not
be discussed further here.

Y

Ettringite

% ok ! Sy L e

Figure 7 BSE image of concrete sample OPC-15FA after 9 years ex-
posed to outdoor storage. Ettringite is filled in cracks.

In order to see if the composition of the formed ASR prod-
ucts differ they were examined in more detail.
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The chemical composition of the amorphous ASR products
strongly depends on the alteration by aging. Another in-
fluencing factor is the chemical environment during gel
formation (in aggregate or in cement matrix). In the case
of close contact to the hardened cement paste matrix, an
increase in the Ca content can be expected as well as with
increasing age and increasing distance from the reactive
aggregate [6; 32].

In the literature, the composition of crystalline ASR prod-
ucts found in concrete are described as quite homogene-
ous. Ratios of Ca/Si = 0.23- 0.35 and (Na+K)/Si = 0.22 -
0.33 are mentioned [31]. The situation is different for the
amorphous ASR products in concretes, where greater dif-
ferences in composition (Ca/Si = 0.2 - 0.6, (Na+K)/Si =
0.2 - 0.7) are reported [30; 31].

The SEM studies showed that crystalline ASR products
formed already after 4.5 years in the outdoor storage
(Figure 8 a)). The Ca-heatmap for the OPC concrete reveal
a Ca concentration around 10-14 wt.% for the formed ASR
products (Figure 8 b)). There was no difference in the
Ca-heatmap between the crystalline and amorphous ASR
products observed, which means that the composition of
Ca is the same. This is in accordance with the observations
of Leemann et al. [31]. They reported only slight differ-
ences in the Ca content for amorphous and crystalline ASR
products.

crystalline
" ASR
product

l

Figure 8 Images of the OPC concrete after 4.5 years in outdoor stor-
age. ASR products filled in a crack in an aggregate and in air void.
Dotted line indicates the boundary of the crystalline and the amor-
phous product. a) BSE image b) Ca-heatmap.

However, Leemann et al. [31] reported greater differences
in the (Na+K)/Si ratios between the crystalline and amor-
phous products. Figure 9 a) shows a BSE image of amor-
phous and crystalline products in an air void for the
100 wt.% OPC concrete. The ASR products appear as a
rim inside of the air void. Although the morphology differs
no differences in the composition could be detected. The
K-heatmap shows no significant concentration differences
between the ASR products (Figure 9 b)). The Ca/Si and
K/Si ratios of the ASR products in direct contact are simi-
lar. The averaged ratios for the ASR products here were
0.22 for Ca/Si and 0.26 for K/Si.

crystalline
ASR
product

amorphous
ASR
product

f
-+ o e
[ kootw% k014w MK 1014w [ K_40-44 wios

Figure 9 Images of the OPC concrete after 9 years in outdoor storage.
a) BSE Image of amorphous and crystalline ASR products in an air void.
b) K-heatmap. Dotted line indicates the boundary of the crystalline and
the amorphous product.

As only very low concentrations, below the detection limit,
of Na are present in the ASR products, the element was
neglected for the evaluation of the compositions. In
Figure 10 the ternary diagram shows the compositions
(Ca, Si and K) for the ASR products in the respective con-
cretes (OPC and OPC-15FA) after 9 years in the outdoor
storage. The measurement points were determined both
inside the aggregate grain, at crack fillings in the cement
paste matrix, and in air voids.

Investigations by Dressler [9] and Kriliger et al. [18] have
shown that the use of Al-rich SCMs can alter the composi-
tion of ASR gels. Kriger et al. showed that Al can be in-
corporated into the structure of synthetic ASR gels [16].
However, investigations by Shi et al. have shown that for
crystalline products no incorporation of Al is possible. The
presence of Al has even led to destabilization of the ASR
product [33].

In the present study, no Al was detected in the ASR prod-
ucts in the concrete samples, not even in the sample with
15 wt.% fly ash. One reason for this could be that although
the fly ash provides more Al (Table 3) than the pure Port-
land cement, Al is preferentially incorporated in C-(A)-S-H
phases [10; 14; 15]. In addition, Al could be required for
the secondary formation of ettringite.

The ternary diagram data plot shows, that on average, the
compositions of the ASR products formed in the concretes
OPC and OPC-15FA are the same. The average molar ra-



1157

tios were 0.32 for Ca/Si and 0.22 for K/Si. This composi-
tion corresponds to the average composition given by
Leemann et al. for crystalline ASR products [31].

0

100

crystalline product
composition after [31]
swellable ASR gel 75

composition after [6]

> <.
S
& 50 s
€ >

75

& 7
0 25 50 75 100
Ca [at%]

Figure 10 Ternary diagram of the SEM/EDX results for the OPC and
OPC-15FA concrete after 9 years in the outdoor storage. The point
clouds represent the composition of each measured pixel point for the
ASR products (blue: OPC, pink: OPC-15FA). The dashed circle repre-
sent the typical crystalline product composition [31]. The dashed rec-
tangle represents the composition range for swellable ASR gels [6].

For the OPC sample, Ca/Si ratios of 0.08-0.51 and K/Si
ratios of 0.06-0.44 could be determined. For the
OPC-15FA sample the ratios were in the range of
0.07-0.51 for Ca/Si and in the range of 0.06-0.41 for K/Si.
The direct comparison of the compositions for the tested
concrete samples shows no change in ASR product com-
position due to the use of 15 wt.% fly ash. The areas for
high Ca/Si ratios correspond to the ASR products that had
formed in direct contact with the hardened cement paste.
These are the compositions that Mansfeld classified as
non-damaging [6]. In areas with less calcium (e.g. in the
aggregates), more swellable ASR gels are present.

The investigations with polarized light microscopy and UV
incident light microscopy have shown the occurrence of
damaging ASR for the concrete mixes OPC stored outdoors
and in the fog chamber. However, larger amounts of ASR
products are present in the concretes in the outdoor stor-
age (chapter 3.3.1).

For the OPC-15FA concrete, larger discrepancies between
the storage conditions could be found, since even after 9
years no damaging ASR occurred in the fog chamber, but
in the outdoor storage. This is in correlation with the
measured crack widths, as the concrete stored in the fog
chamber showed maximum crack widths of 0.15 mm
(Figure 2). Since, no larger amounts of ASR products could
be detected in the OPC-15FA concrete, this sample was
not investigated further.

Figure 11 a) shows a BSE image of the concrete after
9 years in the fog chamber. Within the concrete structure
mainly ASR but some areas of secondary formed ettringite
could be observed like in the outdoor stored concretes.

Figure 11 b) shows the Ca-heatmap of the OPC sample
after 9 years storage in the fog chamber. Strong signs of
leaching and carbonation could be observed, which is why
no closer characterization of the composition of the ASR
products was possible here. The direct comparison of the
ASR products formed under different storage conditions
(fog chamber vs. outdoor storage) showed differences in
the morphology. The ASR product formed in the fog cham-
ber concrete did not show platy or rosette-like surfaces
structures, which were observed in the products, formed
outdoors. Additionally, clear boundaries between amor-
phous and crystalline ASR products, as described in
Figure 6 for samples stored outdoors, could not be ob-
served in the concrete stored in the fog chamber.

[ Jca_o-0. 1wl ca_10-14 wios [l Ca_40-44 wisi[|ca_54-58 wto

Figure 11 Images of the concrete OPC after 9 years storage in the fog
chamber at 40°C. a) BSE image shows ettringite (purple areas for S)
and ASR product as crack filling. B) Ca-heatmap shows fully carbona-
tion of the former ASR product.

Similar observations were made by Leemann et al. [34].
They could observe differences in the morphology but not
in composition of the ASR products exposed in laboratory
or field exposed concrete. Their results show that the stor-
age conditions have an effect on the morphology of ASR
products, but not necessarily on their composition and
thus on their swelling capacity.

4 Conclusion

Concretes cubes with 100 wt.% OPC (OPC) as well as
75 wt.% OPC and 15 wt.% fly ash (OPC-15FA) were
stored outdoors at Munich climate and in a fog chamber
at 40°C/100% RH for up to 9 years and were investigated
with respect to their cracking behavior, porosity, pore so-
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lution composition and ASR products distribution, mor-
phology and composition. The following conclusions can
be drawn:

— As expected, the crack width analysis showed that sig-
nificantly larger crack widths occurred for the con-
cretes OPC stored outdoors than in the fog chamber.
This can be explained by higher quantities of ASR
products and additionally effects, e.g. freeze-thawing
in the winter period, for which the ASR induced cracks
are precursors.

—  When stored in the fog chamber, sample OPC-15FA
did not show clear signs damaging ASR. However,
same samples exposed to natural outdoor weathering
in Munich did. Porosity measurements showed a den-
sification of the capillary pores due to an acceleration
of the pozzolanic reaction in the fly ash concrete ex-
posed to enhanced temperatures. This may lead to an
overestimation of the concrete assessment during the
fog chamber storage.

— Pore solution analysis indicates lower OH" concentra-
tions in fly ash pastes at 20 °C as well as at 40 °C,
which entails lower SiO2 solubility of reactive aggre-
gates but also of the pozzolanic reaction. The present
investigations could not elucidate which one of these
opposing mechanisms predominates. Nevertheless,
Na* and AI** is also released into the pore solution by
the fly ash.

— The examination of the concretes by SEM/EDX showed
no indication of significant differences in the morphol-
ogy of the concretes OPC or OPC-15FA at outdoor
storage. In the concrete samples, two ASR products
(crystalline and amorphous) could be classified, which
did not show major compositional differences in direct
contact, but could be distinguished by morphological
properties.

— The molar ratios of the ASR products found were in
the range of 0.1-0.5 for Ca/Si and in the range of
0.1-0.4 for K/Si. The bulk composition of these prod-
ucts was Ca/Si = 0.3 and K/Si = 0.2, which is in the
range of swellable ASR gels composition.

— The comparison of the concrete storage condition
(outdoor and fog chamber) showed differences in the
morphology of the ASR products. The structure of the
ASR products formed in the fog chamber showed no
platy or rosette-like surfaces structures unlike those
formed during outdoor storage. No clear boundaries
between amorphous and crystalline products could be
observed here.

The present investigations show that accelerated test
methods consider only partial aspects of the complex
mechanisms of an ASR in concretes containing fly ash. For
concretes with pure OPC accelerated concrete tests by fog
chamber storage show similar results due to ASR as it oc-
curs under natural weathering. Storage conditions have a
direct effect on the quantities and morphology of the ASR
products, the porosity and the pore solution composition
of the concrete samples. When testing binders with a more
complex composition, opposing mechanisms are achieved

and the chemical and physical processes can be changed
significantly by accelerating conditions.
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