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Abstract
After the increase of ASR-damages on highway concrete pavements in Germany it could be
proved in several studies that the application of sodium chloride (NaCl) as deicing agent can trigger
and accelerate ASR in concrete. A review of existing studies revealed, however, that there is no
consistently accepted explanation about how NaCl influences the ASR.
In the present study, experiments were performed to elucidate the mechanism and to clarify
contradictions within existing theories. The findings show that an external application of NaCl to
concrete does not result in an increase of the pH in the pore solution. However, there are indications
that the presence of NaCl promotes the dissolution of silica directly, i.e. beyond the influence coming
from the pH. Further, the formation of chloroaluminates as FRIEDEL’s salt turned out to be an
accompanying but not a required reaction for an ASR in concrete exposed to externally applied NaCl.
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INTRODUCTION
In the late 1990s, an increasing number of ASR-damaged concrete highway pavements
occurred in Germany although the existing guideline for preventing ASR in concrete, first released in
1974, was strictly followed [1]. Affected highway sections showed first signs of ASR after about 8-15
years in service, i.e. after half the intended service life of 30 years at the latest. The high amount of
highway pavement concrete (nearly 50 %) on the total number of ASR-damaged structures led to the
suspicion that special mechanisms promote the ASR in pavements. Among others, it was focused on
the influence of NaCl [e.g. 2,3,4,5] as the most used deicer worldwide and quickly a link could be
found (Figure 1). The underlying mechanism, however, does not seem to be fully understood.
The influence of NaCl on ASR has been studied frequently since the 1970s. LOCHER and
SPRUNG suggested that NaCl can only be active for an ASR as NaOH, for what the Cl– ions need to
be bound in cement hydration products [6]. CHATTERJI et al. showed that mortar bars gave much
higher expansions when stored in a solution of alkali salts than of NaOH (Figure 2), suggesting a
direct influence of the alkali salts not related to a transformation into NaOH [7]. It was concluded that
contrary to NaOH, NaCl does not lower the Ca2+ concentration in the pore solution and the higher
the Ca2+ concentration the lower the diffusion of dissolved silica out of the aggregate grains what
consequently results in higher expansion pressures [8]. A series of studies from KAWAMURA et al.
clearly showed the accelerating effect of NaCl on ASR and linked the mechanism to a direct influence
of the Cl– ions [9,10,11,12]. BÉRUBÉ and FRENETTE found that NaCl will only exacerbate ASR in
concrete with a high alkali content, while for low-alkali cements NaOH is more severe [13]. It was
concluded later that low-alkali cements are sufficient to avoid ASR in concrete exposed to NaCl, but
the role of expansive chloroaluminates should be studied further [14]. SIBBICK and PAGE concluded
that a supply of NaCl to concrete result in a formation of FRIEDEL’s salt (C3A·CaCl2·10H2O) what
increases the NaOH concentration in the pore solution and finally accelerates the ASR, also in
concrete with a low alkali content [15,16]. SHAYAN found that a higher expansion for concrete
exposed to NaCl solution is related to expansive chloroaluminates and ettringite rather than ASR [17].
Later, BROWN and BOTHE suggested that a formation of calciumoxychlorides result in an increase of
the pH accelerating the ASR [18] what could not be confirmed, however, in a study from HOOTON
and JULIO-BETANCOURT [19].
Overall, most of the studies showed that an external supply of NaCl can trigger and accelerate
ASR in concrete but no consistent mechanism could be found so far. In the present paper, the most
important findings from recent studies in [20,21] are briefly summarized, allowing to propose a new
approach that would also explain and unify many findings from earlier studies.
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2.1

MATERIALS AND METHODS
General
The influence of NaCl on different concrete constituents was investigated by storing samples
of cement and C-S-H paste, portlandite, ettringite, amorphous silica and strained quartz separately in
different solutions at 45 °C (Table 1). Furthermore, long-term dissolutions tests on granodiorite
samples in model pore solution at 8, 25 and 45 °C were started to investigate the silica dissolution
behaviour in presence of NaCl in more detail (Table 2). Solutions and solids were analysed periodically
and subsequent thermodynamic calculations were done.
2.2

Materials
Lab-grade Ca(OH)2, NaCl, KOH, ettringite and amorphous SiO2 were used. The cement paste
samples were made from two CEM I 42.5 N with a Na2Oeq of 0.54 wt% and 0.76 wt% respectively.
The C-S-H paste samples were obtained by hydration of lab-made C3S. Strained quartz grains were
collected from a sample of an alkali-reactive gravel. The cement and C-S-H paste samples (w/b = 0.5)
were used after a hydration of 28 days at 20 °C. Except the powdered compounds Ca(OH)2 and
ettringite, all other samples were used with a grain size of 2.5-5.0 mm. The water was double distilled
and boiled to remove dissolved CO2.
The samples (2.0 g) of the cement and C-S-H paste, Ca(OH)2 and ettringite were stored
separately in NaCl-solutions (40 ml) of different (0, 0.05, 0.3, 1.5, 2.5 mol/l) concentration. The
strained quartz and amorphous SiO2 samples (2.0 g) were stored in KOH-solutions (40 ml) with a pH
of 13.9 and different (0, 0.05, 0.3, 1.5, 2.5 mol/l) concentrations of NaCl as well. Where reasonable,
the model systems were prepared with (1.0 g) and without solid Ca(OH)2.
For every analysis, an individual sample was prepared to avoid changes in the solution/solid
ratio over time. All samples were prepared in a N2-filled glove-box to avoid carbonation, sealed
airtight in plastic vials, subsequently discharged from the glove-box and stored at 45 °C over water for
up to 3 months. All vials were shaken by hand 5 times a week.
Also, long-term dissolution tests for a 3-year period were started with crushed (0.1-0.5 mm)
granodiorite samples (15 g) in KOH-solution (60 ml) at a pH of 14 and Ca(OH)2 added (1.0 g) at
different NaCl concentrations (0, 0.6, 2.5 mol/l). The granodiorite contains mainly quartz (25 wt%)
and feldspars (58 wt%). The airtight sealed vials have been stored at 8, 25 and 45 °C over water.
2.3
Methods for assessment and analysis
General
Prior to the analysis, the samples were placed back in the N2-filled glove-box to separate
solution and solid by filtration (40 µm). Solutions and solids were sealed airtight in plastic vials and
discharged from the glovebox. Subsequently, the pH was measured immediately in the solutions prior
to further preparation for the ICP-OES analysis. The solids were rinsed with isopropanol and acetone
to remove residual solution and dried at 40 °C for 30 minutes prior to further processing for XRD
and SEM/EDS analysis. Finally, thermodynamic calculations were done.
Inductively coupled plasma-optical emission spectrometry (ICP-OES)
About 20 ml of the solutions were filtered (0.45 µm), diluted (1:100) with nitric acid (1 %) and
injected (100 µl) in the argon plasma of the spectrometer (Perkin-Elmer, Optima 3000). The element
concentrations of K, Na, Ca, Si, S and Al were determined. The detection limits range from 0.02 µg/l
for Ca to 30 µg/l for S.
X-ray powder diffraction (XRD)
The solids were gently ground in a corundum mortar until all particles passed the 40 µm sieve.
About 1 g of the powder was applied on a polyethylene sample holder. The X-ray diffractometer
(Siemens, D-5000) uses Cu-Kα radiation of wavelength λ=0.154 nm. Diffractograms were recorded
from 4-60° 2θ, in 0.05° 2θ increments with 2.5 s counting time per increment.
Scanning electron microscope and energy-dispersive x-ray spectroscopy (SEM/EDS)
An environmental scanning electron microscope (Philips, XL 30 ESEM-FEG) equipped with
EDS-detector was used to examine single phases and to determine their composition. The operating
conditions ranged between 25-10 kV and 10-3 Torr. Additionally, an ultra-high resolution scanning
electron microscope (Fei, NOVATM NanoSEM 230) with EDS-detector was used to examine and
analyse very small amounts of phases in high-vacuum mode at 3.5-7 kV. Since samples do not need to
be coated for both microscopes, they can be studied in situ without artifacts.

Thermodynamic calculations
The thermodynamic calculations were performed by using PHREEQC [22]. The calculations
support and extend the experimental results and provide essential information about the possibility of
chemical reactions in the aqueous solutions studied. In order to account for the various interactions at
high ionic strengths, the ion-interaction approach according to PITZER was used for all calculations.
The provided database pitzer.dat had to be extended largely by supplementary thermodynamic data for
cement-based systems. A selection of reactions discussed in the following is listed in Table 3. The
complete supplementary data set used for the calculations can be found in [20].
3
RESULTS
Binder models
For Ca(OH)2, ettringite as well as the C-S-H and cement pastes, the addition of NaCl always
resulted in a slight decrease of the pH (Figure 3). Up to a NaCl concentration of about 1.5 mol/l, the
Ca concentration increased slightly, followed again by a decrease except for ettringite (Figure 4). For
ettringite and the cement pastes, with increasing NaCl concentration there was an increase of the
SO42– concentration (Figure 5), accompanied by the formation of FRIEDEL’s salt and the dissolution
of ettringite as found by XRD.
FRIEDEL’s salt was already found at 0.05 mol/l NaCl in the ettringite samples with Ca(OH)2
and in the high-alkali cement pastes (Figure 6). In the low-alkali cement pastes, FRIEDEL’s salt was
found from 0.3 mol/l NaCl and in the ettringite samples without Ca(OH)2 not before 2.5 mol/l NaCl.
The formation of FRIEDEL’s salt could be clearly confirmed by the SEM/EDS analysis in the
corresponding ettringite and cement paste samples (Figure 7). Besides, amounts of Na and especially
Cl were found by EDS in the C-S-H and cement paste samples (Figure 8). The formation of other
new phases was not observed.
The results of the thermodynamic calculations correspond very well to the experimental
findings (Figure 9, Figure 10) and provide the explanation for the course of the pH and the Ca
concentration in the portlandite, ettringite and C-S-H paste samples which is related to the changing
activities of the Ca2+ and OH– ions when NaCl is added (Figure 11). Most important, in all
calculations the pH does not increase by adding NaCl while a saturation and often oversaturation
regarding FRIEDEL’s salt was reached (Figure 12). Furthermore, all the solutions proved to be clearly
undersaturated regarding any of the considered Ca/Cl-based compounds (Figure 12).
Aggregate models
For amorphous SiO2, the pH decreased significantly, especially when NaCl was added to the
model pore solution (Figure 13). After a slight increase, the Si concentration decreased with increasing
NaCl concentration while it is basically lower when Ca(OH)2 was added (Figure 14). For the strained
quartz, the pH remains constant without the addition of NaCl but decreased slightly when NaCl was
added. Again, the Si concentration shows a slight but more distinct increase first, followed by a
decrease with the addition of NaCl while it is basically lower too when Ca(OH)2 was added.
It was evident by the naked eye already that the amorphous SiO2 in presence of Ca(OH)2 had
transformed into a gel phase. The SEM/EDS analysis showed that the gel contains microcrystalline
C-N/K-S-H phases (Figure 15). Without Ca(OH)2 and NaCl, the amorphous SiO2 was merely
dissolved. When NaCl was added, however, a new phase was formed that turned out to be a
completely amorphous N/K-S-H gel (Figure 16). For the strained quartz samples with Ca(OH)2 and a
NaCl concentration of 2.5 mol/l, the SEM/EDS analysis showed microcrystalline C-N-S-H phases on
the quartz surface (Figure 17). For the strained quartz samples without Ca(OH)2 and 2.5 mol/l NaCl,
amorphous C-N-S-H phases were found (Figure 18).
It seems worth noting that the thermodynamic calculations for the studied silica systems does
not provide reasonable results, e.g. much higher Si concentrations than measured were obtained,
suggesting a lack of thermodynamic as well as kinetic data for the dissolution of silica in aqueous
solutions with a high pH.
Long-term dissolution tests
Based on field experience, the granodiorite is highly alkali-reactive as proved with the ASR
performance test (Figure 1). For all temperatures used, the granodiorite samples stored for about 2.5
years only showed a low and nearly constant Si an Al concentration when no NaCl was added. By
adding NaCl (0.6 mol/l), however, an clear increase of the Si and Al concentration occurred at 45 °C
after about 16 months (Figure 19, Figure 20). At 8 and 25 °C, no such increase could be observed so
far. Also, for 2.5 mol/l NaCl no increase of the Si and Al concentration could be found.
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DISCUSSION
The findings show that an addition of NaCl to saturated solutions of portlandite with or
without ettringite, C-S-H and cement paste as well does not result in an increase of the pH what
corresponds to other studies [23,24]. This becomes clearer in combination with the thermodynamic
calculations that show an undersaturation regarding the considered Ca/Cl-compounds and complexes
respectively. But a formation of at least one of these would be necessary to remove Ca2+ from the
solution and trigger a further dissolution of portlandite, driven by its effort to maintain the equilibrium
with the solution, what would release additional OH– and finally increase the pH. The formation of
FRIEDEL’s salt could be confirmed as often reported [14-17] but is related to the transformation of
ettringite as indicated by the release of SO42– (Equation 1). This would promote a delayed ettringite
formation as sometimes accompanied indeed by an ASR in concrete pavements. But since no Ca2+ is
consumed by this reaction, no further dissolution of portlandite and consequently no release of
additional OH– will occur. Only a formation of FRIEDEL’s salt from C3A, C4AF and alike would bind
Ca2+ and Cl– at once, resulting in a dissolution of portlandite and finally in an increase of the pH. This
happens if NaCl is added straight to the mixing water, as previous studies already showed [25]. Hence,
completely different mechanisms run when NaCl is added to the mixing water or when it is applied
externally to hardened concrete.
C3A·3CaSO4·32H2O + 2Na+ + 2Cl–  C3A·CaCl2·10H2O + 2Ca2+ + 2Na+ + 3SO42– + 22H2O

(1)

The absence of an pH increase is the reason for the less severe impact of NaCl on ASR
compared to deicers based on alkali acetates and formates as shown earlier [20,26]. Hence, speed and
extent of the silica dissolution in concrete exposed to NaCl solutions is basically controlled by the
cement-based pH. However, the findings show that the presence of NaCl promotes the dissolution of
silica directly, beyond the influence coming from the pH. This is in agreement with other studies from
CHATTERJI et al. [7] who suggested a more direct influence of alkali salts on ASR and especially from
KAWAMURA et al. [9,10] who more precisely suggested a direct influence of the Cl– ions. These views
are supported by studies from DOVE et al. showing an significant increase of the silica dissolution rate
in NaCl solutions, even for a pH below 12 [27]. The mechanism assumed is a formation of ≡SiO-Na+
complexes at the silica surface resulting in higher silica dissolution rates [27]. Similarly, ZHANG and
LIU concluded recently that the adsorption of alkali metal ions as Na+ on the silica surface weakens
the Si-O bond and accelerating the hydrolysis reaction [28]. In a study from DRESSLER et al., the
formation of an aqueous NaHSiO3 complex was proposed that again would result in an increase of
the silica solubility [29,30]. However, the more severe impact of NaCl compared to NaOH as often
reported [e.g. 7,9] cannot be explained by a solely Na-driven mechanism. The anion (Cl–), as already
assumed by KAWAMURA et al., seems to play a role too. Obviously there is a non-linear relationship
resemble the “salting-in/out” effect [31,32,33] since for all the systems with SiO2 studied here, the Si
concentration increases initially with increasing NaCl concentration, followed again by a decrease.
Also, besides silica, the dissolution of the feldspars seems to be affected as indicated by the increasing
Al concentration. Further research is in progress to elucidate this mechanism in more detail.
Based on the SEM/EDS analysis of the amorphous silica and quartz samples respectively it is
evident that ASR products had formed. If Ca(OH)2 was added, a microcrystalline C-N/K-S-H phase
was formed, without Ca(OH)2 an amorphous N/K-S-H gel was found. It is to emphasize that the
only source of the incorporated Na in these phases was the NaCl added. Further, the ASR products
had formed without a prior binding of the Cl– ions into FRIEDEL’s salt since its formation was not
possible due to the absence of corresponding Ca-Al-phases. Hence, a formation of FRIEDEL’s salt is
an accompanying but not a required reaction for an ASR in concrete exposed to externally applied
NaCl. The fate of the Cl– ions is to remain in the pore solution as shown in [34], to be adsorbed on
C-S-H phases as found by the SEM/EDS analysis and proved in [35] and/or to be bound pro-rata in
FRIEDEL’s salt and ASR products respectively. 36 37 38 39
The vital role of Ca(OH)2 is to resupply OH– ions that are consumed by the dissolution of
silica and to provide Ca2+ ions to form ASR products. Hence, even in concrete with low-alkali
Portland cement (CEM I) the pH is maintained high enough (> 13) to dissolve silica, although it takes
longer compared to concrete with high-alkali cement at a very high pH (~ 14). If NaCl is applied
externally, the dissolution of silica is additionally promoted and extra Na+ ions are available to form
ASR products. Thus, ASR in concrete applied to external NaCl may be delayed but not prevented
permanently when low-alkali cement (CEM I) is used. The duration of the delay depends on the alkali
content of the cement too, but primarily on the alkali-reactivity of the aggregates and the intensity, i.e.
amount and concentration, of the externally supplied NaCl.
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CONCLUSIONS
Experiments were performed to elucidate the mechanism of ASR in highway pavement
concrete exposed to externally applied NaCl. The conclusions derived correspond to field experience
and other studies and extend existing theories:
 An external application of NaCl to concrete does not result in an increase of the pH in the
pore solution. Hence, speed and extent of the silica dissolution is basically controlled by the
cement-based pH. It was evident, however, that NaCl promotes the dissolution of silica
directly, i.e. beyond the known influence coming from the pH. In order to elucidate the
underlying mechanism in more detail, further research is in progress.
 A formation of ASR gel with Na+ delivered from NaCl can occur without a formation of
FRIEDEL’s salt. Hence, the formation of FRIEDEL’s salt in concrete exposed to NaCl solution
is an accompanying but not a required reaction for an ASR. FRIEDEL’s salt is formed from
ettringite, releasing SO42– what consequently can increase the likelihood for a delayed ettringite
formation later on.
 Finally, depending on the alkali-reactivity of the aggregates and the cement-based pH, lowalkali cements (CEM I) may delay the ASR more or less but cannot prevent it permanently in
concrete exposed to externally supplied NaCl.
6

REFERENCES

[1]

Deutscher Ausschuss für Stahlbeton, DAfStb. (Herausgeber): Vorbeugende Maßnahmen
gegen schädigende Alkalireaktion im Beton (Alkali-Richtlinie).
Seyfarth, K, und Giebson, C (2005): Beurteilung des AKR-Schädigungspotentials von Betonen
mittels Klimawechsellagerung. Beton- und Stahlbetonbau (100), Tagungsband
Doktorandensymposium 45. Forschungskolloquium des DAfStb., Wien, Österreich: 189-192.
Stark, J, and Seyfarth, K (2006): Performance testing method for durability of concrete using
climate simulation. In: Malhotra, VM (editor): Proceedings of the 7th CANMET/ACI
International Conference on Durability of Concrete, Montreal, Canada: 305-326.
Stark, J, and Giebson, C (2006): Assessing the durability of concrete regarding ASR. In:
Malhotra, VM (editor): Proceedings of the 7th CANMET/ACI International Conference on
Durability of Concrete, Montreal, Canada: 225-238.
Seyfarth, K, Giebson, C, and Stark, J (2009): Prevention of deleterious ASR by assessing
aggregates and specific concrete mixtures. In: Tasnimi, AA (editor): Proceedings of the 3rd
International Conference on Concrete and Development, Tehran, Iran: 159-169.
Locher, FW, und Sprung, S (1974): Ursache und Wirkungsweise der Alkalireaktion. In: Walz,
K (Herausgeber): Betontechnische Berichte 1973, Beton-Verlag GmbH Düsseldorf: 101-123.
Chatterji, S, Thaulow, N, and Jensen, AD (1987): Studies of alkali-silica reaction. Part 4. Effect
of different alkali salt solutions on expansion. Cement and Concrete Research (17): 777-783.
Chatterji, S, Jensen, AD, Thaulow, N, and Christensen, P (1986): Studies of alkali-silica
reaction. Part 3. Mechanisms by which NaCl and Ca(OH)2 affect the reaction. Cement and
Concrete Research (16): 246-254.
Kawamura, M, Takemoto, K, and Terashima, N (1988): Effect of sodium chloride and sodium
hydroxide from the surrounding solution on alkali-silica reaction in mortars containing fly ash.
Magazine of Concrete Research (40): 143-151.
Kawamura, M, and Ichise, M (1990): Characteristics of alkali-silica reaction in the presence of
sodium and calcium chloride. Cement and Concrete Research (20): 757-766.
Kawamura, M, Takeuchi, K, and Sugiyama, A (1994): Mechanisms of expansion of mortars
containing reactive aggregate in NaCl solution. Cement and Concrete Research (24): 621-632.
Kawamura, M, Takeuchi, K, and Sugiyama, A (1996): Mechanisms of the influence of
externally supplied NaCl on the expansion of mortars containing reactive aggregate. Magazine
of Concrete Research (48): 237-248.
Bérubé, MA, and Frenette, J (1994): Testing concrete for AAR in NaOH and NaCl solutions at
38 °C and 80 °C. Cement and Concrete Composites (16): 189-198.
Bérubé, MA, Dorion, JF, and Vézina, D (2000): Laboratory and field investigations of the
influence of sodium chloride on alkali-silica reactivity. In: Bérubé, MA, Fournier, B, and
Durand, B (editors): Proceedings of the 11th ICAAR, Québec City, Canada: 149-158.

[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]

[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]

Sibbick, RG, and Page, CL (1996): Effects of sodium chloride on the alkali-silica reaction in
hardened concretes. In: Shayan, S (editor): Proceedings of the 10th ICAAR, Melbourne,
Australia: 822-829.
Sibbick, RG, and Page, CL (1998): Mechanisms affecting the development of alkali-silica
reaction in hardened concretes exposed to saline environments. Magazine of Concrete
Research (50): 147-159.
Shayan, A (1998): Effects of NaOH and NaCl solutions and temperature on the behavior of
specimens subjected to accelerated AAR tests. Cement and Concrete Research (28): 25-31.
Brown, P, and Bothe, J (2004): The System CaO-Al2O3-CaCl2-H2O at 23±2°C and the
mechanisms of chloride binding in concrete. Cement and Concrete Research (34): 1549-1553.
Hooton, RD, and Julio-Betancourt, GA (2009): Chemical attack of various chloride salts on
concrete. In: Stark, J (editor): Proceedings of the 17th ibausil (1), Weimar, Germany: 13-23.
Giebson, C (2013): Die Alkali-Kieselsäure-Reaktion in Beton für Fahrbahndecken und
Flugbetriebsflächen unter Einwirkung alkalihaltiger Enteisungsmittel. Dissertation, BauhausUniversität Weimar. (http://nbn-resolving.de/urn:nbn:de:gbv:wim2-20131217-20916)
Giebson, C, Dietsch, S, Seyfarth, K, und Ludwig, HM (2015): AKR unter kombinierten
Einwirkungen – Vorgänge im Gesteinskorn. In: Ludwig, HM (Herausgeber): Tagungsbericht
der 19. ibausil (1), Weimar, Deutschland: 1445-1452.
Parkhurst, DL, and Appelo CAJ: PHREEQC for Windows – A computer program for
speciation, batch-reaction, one-dimensional transport, and inverse geochemical calculations.
U.S. Geological Survey, Version 2.14.00 (PHREEQC-2 version 2.14.1-2217).
Newton, CJ, and Sykes, JM (1987): The effect of salt additions on the alkalinity of Ca(OH)2
solutions. Cement and Concrete Research (17): 765-776.
Glasser, FP, Pedersen, J, Goldthorpe, K, and Atkins, M (2005): Solubility reactions of cement
components with NaCl solutions: I. Ca(OH)2 and C-S-H. Advances in Cement Research (17):
57-64.
Nixon, PJ, Page, CL, Canham, I, and Bollinghaus, R (1988): Influence of sodium chloride on
the ASR. Advances in Cement Research (1): 99-105.
Stark, J, and Giebson, C (2008): Influence of acetate and formate based deicers on ASR in
airfield concrete pavements. In: Broekmans, MATM, and Wigum, BJ (editors): Proceedings of
the 13th ICAAR, Trondheim, Norway: 665-674.
Dove, PM, and Elston, SF (1992): Dissolution kinetics of quartz in sodium chloride solutions:
Analysis of existing data and a rate model for 25°C. Geochimica et Cosmochimica Acta (56):
4147-4156.
Zhang, S, and Liu, Y (2014): Molecular-level mechanisms of quartz dissolution under neutral
and alkaline conditions in the presence of electrolytes. Geochemical Journal (48): 189-205.
Dressler, A, Urbonas, L, and Heinz, D (2012): Effect of alkali ingress and binder composition
on damaging ASR. In: Drimalas, T, Ideker, JH, and Fournier, B (editors): Proceedings of the
14th ICAAR, Austin, Texas, USA: pp10.
Dressler, A (2013): Einfluss von Tausalz und puzzolanischen, aluminiumhaltigen
Zusatzstoffen auf die Mechanismen einer schädigenden Alkali-Kieselsäure-Reaktion in Beton.
Dissertation, Technische Universität München.
Marshall, WL, and Warakomski, JM (1980): Amorphous silica solubilities II. Effect of aqueous
salt solutions at 25°C. Geochimica et Cosmochimica Acta (44): 915-924.
Tanaka, M, and Takahashi, K (2001): Characterization of salting-out effect for silicate
complexes in sodium chloride and nitrate solutions using a FAB-MS. Analytical Sciences (17,
Supplement): i21-i23.
Tanaka, M, and Takahashi, K (2007): Study on the salting-out effect using silica species by
FAB-MS. Journal of Solution Chemistry (36): 27-37.
Loser, R, Lothenbach, B, Leemann, A, and Tuchschmid, M (2010): Chloride resistance of
concrete and its binding capacity – Comparison between experimental results and
thermodynamic modeling. Cement and Concrete Composites (32): 34-42.
Florea, MVA, and Brouwers, HJH (2012): Chloride binding related to hydration products Part I: Ordinary portland cement. Cement and Concrete Research (42): 282-290.
Blanc, P, Lassin, A, Piantone, P, and Nowak, C (2011): THERMODDEM – A thermodynamic
database for modelling the alteration of waste minerals. BRGM, Orléans, France.
Harvie, CE, Møller, N, and Weare, JH (1984): The prediction of mineral solubilities in natural
waters: The Na-K-Mg-Ca-H-Cl-SO4-OH-HCO3-CO3-CO2-H2O system to high ionic strengths
at 25°C. Geochimica et Cosmochimica Acta (48): 723-751.

[38]
[39]

Warren, CJ, and Reardon, EJ (1994): The solubility of ettringite at 25°C. Cement and Concrete
Research (24): 1515-1524.
Bothe, JV, and Brown, PW (2004): PhreeqC modeling of Friedel’s salt equilibria at 231°C.
Cement and Concrete Research (34): 1057-1063.
TABLE 1: Sample settings for the model systems.

System

Ca(OH)2

Ettringite

×
×
--×

--×
×
---

Composition of the model systems
SiO2
KOH solution
Quartz*
H 2O
C-S-H
(am.)
(0.85 mol/l)

NaCl**
(0-2.5 mol/l)

Cement paste phases
CH
Ettringite + CH
Ettringite
C-S-H

------×

---------

---------

×
×
×
×

---------

×
×
×
×

cement paste (Na2Oeq = 0.76 wt%), w/c = 0.5, 28 d
cement paste (Na2Oeq = 0.54 wt%), w/c = 0.5, 28 d

×
×

-----

×
×

---------

×
×
×
×

×
×
×
×

Cement paste
CEM Ihigh
CEM Ilow
Aggregates
Silica + CH
Silica
Quartz + CH
Quartz

×
--×
---

---------

---------

×
×
-----

----×
×

*predominantly strained quartz **each system with 0, 0.05, 0.3, 1.5 and 2.5 mol/l respectively
TABLE 2: Sample settings for the granodiorite* long-term (3-year) dissolution tests.
KOH solution
Ca(OH)2
Granodiorite

Concentration (mol/l)

1.0

Sample mass (g)

60

Sample mass (g)

1.0

Grain size (mm)

0.5 - 1

Sample mass (g)

15

Storage temperature (°C)

8

NaCl concentration (mol/l)

0

25

0.6

2.5

0

0.6

45
2.5

0

0.6

2.5

*25.1 wt% quartz, 45.1 wt% plagioclase, 13.0 wt% orthoclase, 10.0 wt% biotite, 3.8 wt% chlorite, 3.0 wt% muscovite
TABLE 3: Selection* of supplementary data (25 °C) for the thermodynamic calculations.
Phase

Formula

Reaction

Calcium chloride
Calcium chloride
hydrate
Calcium chloride
dihydrate
Calcium chloride
tetrahydrate
Calcium chloride
hexahydrate
Calciumoxychlorid „1“
Calciumoxychlorid „2“
Calciumoxychlorid „3“
Calciumoxychlorid „4“

CaCl2 (s)

Ca2+ + 2Cl–

CaCl2·H2O (s)

Ettringite

Ca6Al2(SO4)3(OH)12·26H2O (s)

FRIEDEL’s salt

Ca4Al2(Cl)2(OH)12·4H2O (s)

log K

Reference

11.79

[22]

Ca2+ + 2Cl– + H2O

7.85

[36]

CaCl2·2H2O (s)

Ca2+ + 2Cl– + 2H2O

7.95

[36]

CaCl2·4H2O (s)

Ca2+ + 2Cl– + 4H2O

5.36

[36]

CaCl2·6H2O (s)

Ca2+ + 2Cl– + 6H2O

3.94

[36]

CaCl(OH) (s)
CaCl(OH)·H2O (s)
Ca2Cl2(OH)2·H2O (s)
Ca4Cl2(OH)6·13H2O (s)

Ca + Cl + OH
Ca2+ + Cl– + OH– + H2O
2Ca2+ + 2Cl– + 2OH– + H2O
4Ca2+ + 2Cl– + 6OH– + 13H2O
6Ca2+ + 2Al(OH)4– + 3SO42–+
4OH– + 26H2O
4Ca2+ + 2Al(OH)4– + 2Cl–+ 4OH–
+ 4H2O

–0.67
–2.51
–1.47
–15.29

[36]
[36]
[37]
[37]

–44.91

[38]

–28.2

[39]

2+

–

–

* the complete supplementary data set used for the calculations can be found in [20]
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6. cycle
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12. cycle

CEM I 42,5 N (st), Na2Oeq = 0.73 wt%
360 kg/m³, w/c = 0.42, Air = 4.3 vol%
28 vol% Sand 0-2 mm
15 vol% Granodiorite 2-8 mm
27 vol% Granodiorite 8-16 mm
30 vol% Granodiorite 16-22 mm

8. cycle
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Limit deicer
Limit water
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MgCl2 solution
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0.0
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FIGURE 1: Expansions for concrete prisms, tested with the
FIGURE 2: Expansion of mortar bars stored in 3-molar
cyclic climate storage (described in [2-5, 20]) under exposure of solutions of different alkali salts [7].
different deicer solutions (0.6 mol/l) and water.
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FIGURE 3: Measured pH (56 d) for the binder model systems
as function of the NaCl concentration.
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FIGURE 4: Measured Ca concentrations (56 d) for the binder
model systems as function of the NaCl concentration.

S concentration (mmol/l)

10.0
8.0
6.0

Ettringite

4.0

CEM Ihigh
CEM Ilow

Ettringite+CH

2.0
0.0
0.0

0.5

1.0
1.5
NaCl concentration (mol/l)

2.0

2.5

2.5

FIGURE 5: Measured S concentrations (56 d) for the binder
model systems as function of the NaCl concentration.

FIGURE 6: XRD spectra (56 d) of the cement samples of
system „CEM Ihigh“ (E: ettringite, FS: FRIEDEL’s salt).

FIGURE 7: CEM Ilow paste (56 d, 2.5 mol/l NaCl) with
FRIEDEL’s salt (centre).

FIGURE 8: CEM Ihigh paste (56 d, 2.5 mol/l NaCl) C-S-H
phases with adsorbed Cl (EDS).

35

13.5

30

Ca concentration (mmol/l)

14.0

pH (-)

13.0
Ettringite+CH

12.5

CH
C-S-H

12.0
11.5

Ettringite

11.0

Ettringite+CH
C-S-H

20
15
10

Ettringite

5
0

10.5
0.0

0.5

1.0
1.5
NaCl concentration (mol/l)

2.0

0.0

2.5

FIGURE 9: Calculated pH for some binder model systems as
function of the NaCl concentration.
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FIGURE 10: Calculated Ca concentrations for some binder
model systems as function of the NaCl concentration.
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FIGURE 11: Ca2+ and OH– activity for the system „CH“
(exemplary) as a function of the NaCl concentration.
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FIGURE 12: Saturation indices (> 0 oversaturation, < 0
undersaturation) of phases for the system „Ettringite+CH“
(exemplary) as function of the NaCl concentration.
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FIGURE 13: Measured pH (56 d) for the aggregate model
systems as function of the NaCl concentration.
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FIGURE 14: Measured Si concentrations (56 d) for the
aggregate model systems as function of the NaCl
concentration.

FIGURE 15: Microcrystalline C-N/K-S-H phases (EDS) in the FIGURE 16: Amorphous N/K-S-H phases (EDS) in the
system “Silica+CH” (2.5 mol/l NaCl, 84 d).
system “Silica” (2.5 mol/l NaCl, 84 d).

FIGURE 18: Amorphous C-N-S-H phases (EDS) in the system
“Quartz” (2.5 mol/l NaCl, 84 d, NanoSEM).
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FIGURE 17: Microcrystalline (flaky) C-N-S-H phases (EDS) in
the system “Quartz+CH” (2.5 mol/l NaCl, 84 d, NanoSEM).
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FIGURE 19: Measured Si concentrations for the granodiorite
long-term dissolution tests in model pore solution with
different NaCl concentrations at 45 °C.
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FIGURE 20: Measured Al concentrations for the granodiorite
long-term dissolution tests in model pore solution with
different NaCl concentrations at 45 °C.
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