6th| ‘ /V\ Q 16" International Conference on

Alkali-Aggregate Reaction in Concrete
”\ LISBOA 2020-2022 Lisboa | LNEC | Portugal | 31 May - 2 June 2022

V http://icaar2020-2022.Inec.pt

Dissolution of ASR-reactive aggregates and the effect of Al on
dissolution rate of amorphous silica at high pH

M. Bagheri @, B. Lothenbach @, A. Leemann @, K. Scrivener @

(1) Laboratory of Construction Materials, EPFL, 1015 Lausanne, Switzerland, mahsa.bagheri@epfl.ch,
karen.scrivener@epfl.ch

(2) Empa, Laboratory for Concrete & Construction Chemistry, 8600 Diibendorf, Switzerland,
barbara.lothenbach@empa.ch, andreas.leemann@empa.ch

Abstract

Cement-based building materials play a key role in modern infrastructures and housing because of their
high performance, low cost, the availability of raw materials and relative low environmental footprint per
unit mass produced [1]. The occurrence of cracking due to alkali silica reaction (ASR) can affect the
service life of concrete structures. ASR is the chemical reaction between amorphous silica (from certain
aggregates), water and alkalis (from the pore solution of the cement paste), which is able to produce an
expansive gel which creates macroscopic expansion in concrete structures [2].

Dissolution kinetics of concrete aggregates have a direct impact on the extent of the ASR gel formation
and thus on the macroscopic expansion. The main goal of the present project is to investigate and
quantify the main factors determining the dissolution kinetics of ASR-reactive aggregates.

The first step of the present study was to determine which minerals were particularly reactive in three
ASR-reactive aggregates from different places in Switzerland: U, B and P. Reaction tests were carried
out at high pH values as also encountered in concrete pore solutions. Scanning electron microscopy
(SEM) and Energy-dispersive X-ray spectroscopy (EDX) indicated that mainly feldspars and quartz
reacted, while little reaction of mica was observed. These observations were confirmed by solution
analysis, which showed a clear increase of dissolved Si for all aggregates and of K and Al for the
aggregates rich in feldspar.

In second step, the dissolution rate of amorphous silica, as a simple model system, was studied at high
pH and in the presence of Al. Results of solution analysis by inductively-coupled plasma - optical
emission spectrometry (ICP-OES) showed that Al slows down the dissolution rate of amorphous silica
at high pH values.
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1. INTRODUCTION

Building materials play a key role in modern infrastructures and housing for modern societies. In
particular, cement based materials are in high demand because of their high performance, availability
of raw materials, low cost and relative low environmental footprint per unit mass produced [1]. The
durability of concrete structures, however, may be affect by alkali silica reaction (ASR), which can cause
expansion and deterioration of the concrete in the long term (Figure 1.1).

Figure 1.1: Typical crack pattern caused by ASR. Horizontal field width = 50 cm.

ASR produces an expansive reaction product as a result of a chemical reaction between amorphous or
poorly crystalline silica (from reactive aggregates) and alkalis (from the pore solution of the cement
paste). The reaction product is able to create macroscopic expansion in concrete structures [2]. ASR is
a worldwide durability problem and many concrete structures are suffering from ASR. In Switzerland,
ASR is detected in around 10 to 20% of the concrete dams [3, 4], and more than 90% of Swiss
aggregates are classified as ASR-reactive [5]. In the present study, three reactive aggregates from
different locations in Switzerland (aggregate U, B and P) have been studied to determine the chemical
composition of the reactive minerals. SEM technique is used to locate dissolved areas of the solid
phases and to determine their chemical composition by point EDX technique. Amorphous silica has
been selected as simple model system to study the effect of Al on its dissolution rate at high pH by
solution analysis with ICP-OES.

2. METHODS

2.1 Dissolution of natural aggregates

2.1.1 Reactive aggregates studied

Three different aggregates from different places in Switzerland (U, B and P) have been studied to
determine the chemical compositions of the reactive minerals within the aggregates. The X-ray
fluorescence (XRF) and X-ray powder diffraction (XRD) analyses of the three samples are summarised
in Table 2.1. The XRF analysis indicates that silica is the dominant oxide in all studied aggregates; the
B aggregate contains more aluminium than U and P aggregates. Based on the XRD Rietveld analysis,
U and P aggregates contain approximately 50 wt. % of quartz (SiOz) and 26 wt. % and 16 wt. % of
feldspar (albite: NaAlSisOs and microcline: KAISizOs), while B aggregates consist almost 25 wt. % of
quartz and 50 wt. % of feldspars.
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Table 2.1: Chemical and mineralogical composition of the U, B and P aggregates

Technique Component U B P
SiO2 64.3 69.1 68.0
Al203 8.8 14.3 7.2
Cao 8.7 2.9 8.9
K20 21 3.4 2.2
XRF (wt. %)
MgO 2.1 1 1.9
Fe203 2.0 2.3 14
Na20 1.7 3.7 14
SOs3 0.4 0.1 0.1
Quartz: SiO2 514 25.1 56.3
[ICSD 174] ' ' '
Feldspar: Albite: NaAlSi3Os 18.3 335 8.3
[ICSD 87657] ' ' '
Feldspar: Microcline: KAISi3Os 73 17 8
[ICSD 83531] ' '
Feldspar: Orthoclase: KAISi3Os 59
[ICSD 9543] '
XRD (wt. %)
Mica: Muscovite 2M1: KAI2(AlSizO10)(OH)2
8.8 10.8 7.5
[ICSD 75952]
Calcite: CaCOs 7 104 15.4
[ICSD 73446] ' '
Dolomite: CaMg(CO3)2
6.7 0.3 4.6
[ICSD 66333]
Chloarite: Clinochlore MgsAl(AlSizO10)(OH)s 0.9 o4
[ICSD 66258] ' '

2.1.2 Determination of chemical compositions of the reactive minerals

Samples from each studied aggregates were randomly selected, and impregnated in epoxy under
vacuum to remove any air inside the existing aggregate porosity and filling them by epoxy, following the
procedure of Leemann et al. [6]. Then the samples were then impregnated under pressure and left at
room temperature to be hardened for 1 day. Finally, the prepared samples were polished down to 1/4
pum. Figure 2.1 shows the surface of the samples prepared for dissolution experiments, and it clearly

demonstrates that epoxy filled all the existing defects.
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Figure 2.1: SEM backscattered image of P aggregate before dissolution experiment

SEM images were taken from the same area before and after the dissolution experiment. Carbon coating
was used for SEM and EDX analyses and soft polishing disc with oil was used to remove carbon coating
without creation of any new line or damage.

To accelerate the dissolution reactions of the aggregates, the prepared samples were immersed in 400
mmol/L of KOH solution, and stored at 40 °C. These conditions were selected for dissolution
experiments due to similarity to real conditions for ASR. After 3 weeks, the samples were taken out of
solution, washed with isopropanol, and dried in oven for 24 hours at 50 °C.

2.1.3 Solution composition

The dissolution of the aggregates was also studied in alkaline conditions using a high water to solid ratio
to be able to follow the changes of the solution composition. The studied aggregates (U, B and P) were
crushed, sieved to obtain the size fraction of 0.315-0.63 mm, washed with tap water to remove fine
particles and dried at 100 °C for 1 day. Dissolution experiments with w/s ratio of 6 were carried out. 20
gr of each type of aggregate were immersed in 120 ml of KOH 400 mmol/L (to track the concentration
of released Si, Al and Na) or in 120 ml of NaOH 400 mmol/L (to track the concentration of released K
as well) at 40 °C.

At different time, sampling was done and ICP-OES was used to determine solution composition. In all
the experiments, ultra—pure water was used to prepare the solutions.

2.2 Dissolution of amorphous silica

Amorphous silica from Lanno Quartz (Xinpu, China) was selected as a simple model system.
Characterization of the model system was done to determine crystalline structure, particle size
distribution and specific surface area. In all systems, KOH 400mM is present as a reference solution,
and AICIs (>99% purity) was added to the reference solution to study the effect of different
concentrations of Al on dissolution rate. Water to solid ratio is 1000 (ml/gr) for all dissolution experiments
to avoid precipitation during dissolution experiments. Ultra-pure water was used for all solution
preparation, and the storage temperature is 40°C. Sampling at different times was done. The sample
was filtered by nylon and micro filter 0.2 ym, and diluted by factor 10. ICP-OES was used to measure
the concentration of the released Si from the amorphous silica.

2.3 Calculation of dissolution rates

The dissolution rate, r*x, was obtained from the slope of the graph of the normalized concentration of
released element X from amorphous silica or feldspar (taking into account solution volume, mass of
solid and specific surface area) versus time as summarised in Equation (1) for steady-state dissolution
regime and linear trend:
d(x Vso

= "
where vy is the molar cation fraction of X in amorphous silica or Na-feldspar, m the mass of solid, Vsq is
solution volume, and S corresponds the initial specific surface area of the powder.
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3. RESULTS

3.1 Dissolution of natural aggregates

3.1.1 Determination of chemical compositions of reactive minerals

The surfaces of the aggregates were analysed before and after exposure in 400 mmol/L KOH by SEM
to identify dissolved minerals. Figure 3.1 (a) shows SEM secondary electron images of the P aggregate
surface of the reference sample before exposure, and Figure 3.1 (b) the P aggregate surface after
exposure. The scratches on the reference surfaces of P aggregate, which had hardly been visible before
exposure in 400 mmol/L KOH, were well visible afterwards, which shows preferential dissolution along
the scratches on the surface and on the edges of the minerals.

a. Before dissolution

K-feldspar
(KAISI;Og)

Mag= 200K X EMT = 300KV Signal A= SE2 Chamber Status = at HV
2pm WD = 11.0mm Aperture Size = 30 00 um Chamber = 0.00e+00 Pa
- Image Pueed Size = 56.82nm  StagaatT= 00° Date 26 Oct 2018

b. After dissolution in KOH 400mM
21 days, at 40°C

Mag= 200KX EHT = 8.00kV Signal A = SE2 Chamber Status = at HV <)
2 pm WO = 11.0 mm Agerture Size = 30.00 ym Chamber = 0.00e+00 Pa ﬁ{Me‘
Image Pixel Size = 1861 nm  StageatT= 00° Date :20 Nov 2018 O

Figure 3.1: SEM secondary electron images of P aggregate a) before dissolution and b) after 21 days
immersion in KOH 400mM solution at 40 °C.

Relatively fast dissolution was observed on quartz and K-feldspar (KAISizOs) (see Fig 3.1). In addition,

the dissolution Na-feldspar (NaAlSisOs) was observed in other areas by SEM and point EDX analyses,
while no significant dissolution was observed for muscovite.
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3.1.2 Solution composition

Figure 3.2 shows the amount of dissolved silicon from different aggregates at 40 °C as a function of time
(@) in 400 mmol/L KOH and (b) in 400 mmol/L NaOH. The continuous rise of the measured

concentrations with time indicate that no significant precipitation occurred during these dissolution
experiments.

Based on the obtained data, no significant difference was observed in Si concentration between the
NaOH and KOH, indicating that the type of alkali has no or only little influence on the dissolution of the
aggregates. In both, KOH and NaOH, aggregate U was the most reactive aggregate, while aggregate
B dissolved slower while aggregate P was the least reactive one. A possible reason for the higher
reactivity of aggregate U could be the presence of amorphous silica as reported in [7] for aggregate U.

Based on the ICP-OES results in KOH 400 mmol/L or NaOH 400 mmol/L, around 0.3% of the SiO2

originally present in the P and B aggregates dissolved after 63 days. Approximately, 0.5% of U
aggregate dissolved in NaOH 400 mmol/L and 0.7% in KOH 400 mmol/L after 63 days.
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Figure 3.2: The concentration of dissolved Si from different aggregates (U, B and P) per mmol/L at 40
°C as a function of time (a) in KOH 400 mmol/L and (b) in NaOH 400 mmol/L.

In addition to Si, also increasing aluminium and alkali concentrations were measured during the
dissolution test in both 400 mmol/L KOH and 400 mmol/L NaOH, confirming the dissolution of feldspar
observed by SEM analysis.

3.2 Dissolution of amorphous silica

Amorphous silica is used as simple model system to study the effect of Al on its dissolution rate at high
pH, as it has been observed that Al can supress ASR [8]. Figure 3.3 shows the dissolution rate of
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amorphous silica derived from the measured increase of Si concentrations as a function of time in
solutions containing 400 mmol/L KOH and 0 to 3 mmol/L Al.
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Figure 3.3: Dissolution rate of amorphous silica per mol/(m2.s) as a function of Al concentration in
KOH 400 mmol/L solution at 40 °C

It is obvious that increased Al concentrations slow down the dissolution rate of amorphous silica; the
biggest effect was observed for 3 mmol/L Al. No significant change in pH was detected during dissolution
experiments. This confirms the previous observations of a slowed down dissolution rate of silica [8], and
silica rich glasses [9]. It has been suggested that such a slow down is due to the formation of bi- or
multinuclear complexes of cations with the silica surface causing blockage of the surface groups [10].
Therefore, it seems possibly that Al can from surface complexes also at high pH values, which slow
down the dissolution rate of silica.

4. CONCLUSION

- Quartz (possibly amorphous SiO2), K-feldspar and Na-feldspar are reactive minerals in the
studied aggregates. These minerals dissolved preferentially on mechanically damaged surface
sites.

- Based on the obtained data, the increasing concentration of silica in diluted alkaline solutions is
a good indicator for the determination of the reactivity of aggregates.

- At 40 °C, the type of alkali (NaOH or KOH) does not significantly affect the dissolution rate of
the aggregates.

- U aggregate was identified to be the most reactive aggregate compared to B and P.

- The presence of 3mM Al in 400 mmol/L KOH slowed down the dissolution of silica by a factor
of 3.

5. REFERENCES

[1]1 Valentini L, Favero M, Dalconi MC, et al (2016) Kinetic model of calcium-silicate hydrate
nucleation and growth in the presence of PCE superplasticizers. Cryst. Growth Des. 16:646—654.
https://doi.org/10.1021/acs.cgd.5b01127

[2] Chappex T, Scrivener K (2012) Alkali fixation of C-S-H in blended cement pastes and its relation
to alkali silica reaction. Cem. Concr. Res. 42:1049-1054.
https://doi.org/10.1016/j.cemconres.2012.03.010

[3] Dent Glasser LS, Kataoka N (1981) The chemistry of “alkali-aggregate” reaction. Cem. Concr.
Res. 11:1-9. https://doi.org/10.1016/0008-8846(81)90003-X

First Book of Proceedings of the 16th ICAAR | Published online in May 2022 31



Dissolution of ASR-reactive aggregates and the effect of Al on dissolution rate of amorphous silica at
high pH
M. Bagheri; B. Lothenbach; A. Leemann; K. Scrivener

[4] Chappex T, Scrivener KL (2013) The effect of aluminum in solution on the dissolution of
amorphous silica and its relation to cementitious systems. J. Am. Ceram. Soc. 96:592-597.
https://doi.org/10.1111/jace.12098

[5] Merz, C., Leemann A (2012) Validierung der AAR-Priifungen fir Neubau und Instandsetzung

[6] Leemann A, Holzer L (2005) Alkali-aggregate reaction-identifying reactive silicates in complex
aggregates by ESEM observation of dissolution features. Cem. Concr. Compos. 27:796—-801.
https://doi.org/10.1016/j.cemconcomp.2005.03.007

[7]1 Bartschi C (2012) Kieselkalke der Schweiz: Charakterisierunq eines Rohstoffs aus geologischer,
petrographischer, wirtschaftlicher und umweltrelevanter Sicht. Beitr Geol Schweiz Geotechn 97:1-160
[8] Chappex T, Scrivener KL (2012) The influence of aluminium on the dissolution of amorphous

silica and its relation to alkali silica reaction. Cem. Concr. Res. 42:1645—-1649.
https://doi.org/10.1016/j.cemconres.2012.09.009

[9] Snellings R (2013) Solution-controlled dissolution of supplementary cementitious material glasses
at pH 13: The effect of solution composition on glass dissolution rates. J. Am. Ceram. Soc. 96:2467—
2475. https://doi.org/10.1111/jace.12480

[10] Brantley SL, White AF, Kubicki JD (2008) Kinetics of water-rock interaction.
https://doi.org/10.1007/978-0-387-73563-4

32 First Book of Proceedings of the 16th ICAAR | Published online in May 2022





