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ASTM C1567 [1] is a commonly used accelerated test method to determine the required dosage of sup-
plementary cementitious materials (SCMs) to mitigate alkali-silica reaction (ASR) in mixtures containing
reactive siliceous aggregates. Past research suggested that fly ash and other SCMs inhibit ASR, primarily
through alkali dilution and binding. In ASTM C1567, however, the alkalinity of the pore solution is largely

influenced by the penetration of NaOH from the external soak solution; and this could erase the beneficial
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effects of alkali dilution and binding. To better understand why fly ash inhibits ASR in this test, the pres-
ent study performs a quantitative evaluation of six potential ASR mitigation mechanisms: (1) alkali dilu-
tion, (2) alkali binding, (3) mass transport reduction, (4) increasing tensile strength, (5) altering ASR gel,
and (6) reducing aggregate dissolution rate. The results suggest that (2), (3), (4), and (6) are the primary

Glass mitigation mechanisms, while (1) and (5) show a negligible impact.

Diffusion

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Alkali-silica reaction (ASR) is a deleterious reaction in which
metastable silicates contained in many natural aggregates dissolve
in the highly alkaline pore solution of concrete and further coagu-
late to form a colloidal alkali-lime-silica gel [2,3]. This gel is
hygroscopic and could swell considerably by imbibing moisture
[4]. The resulting tensile stresses can lead to cracking and deterio-
ration of concrete [5]. It has been shown that fly ash and other sup-
plementary cementitious materials (SCMs) can be effective in
mitigating ASR damage [6-10], and different mechanisms have
been proposed to explain how SCMs may control ASR in field and
laboratory conditions [11-15]. For example, past research using
concrete outdoor exposure blocks and the long-term prism expan-
sion tests (ASTM C1293 [16]) have suggested that SCMs mitigate
ASR, among other effects, through reduction of concrete pore solu-
tion alkalinity by alkali dilution and binding [10,17,18]. On the
other hand, little quantitative information is available to determine
the most dominant ASR mitigation mechanisms during the acceler-
ated mortar bar test (ASTM C1567 [1]). In this test, specimens are
submerged inside a highly alkaline bath (1 M NaOH) at a high tem-
perature (80 °C). As such, the kinetics of ASR may be dominated by
the rate of ion transport inside the mortar as opposed to the ability
of SCM in diluting and binding the pore solution alkalis.
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The goal of this paper is to use a combined experimental and
computer simulation approach to quantitatively determine the
contributions of different mechanisms that lead to ASR mitigation
by fly ash during the ASTM C1567 test. Crushed soda-lime-silica
glass is used as reactive aggregates in preparation of neat Portland
cement and cement-fly ash mortars. A variety of analytical tools
are used to study the mortar microstructure, its mechanical and
transport properties, pore solution composition, aggregate dissolu-
tion rate, and ASR gel formation and composition.

Due to its simplicity and time effectiveness, the accelerated
mortar bar test is widely used in specifications and QC/QA applica-
tions to assess the potential reactivity of an aggregate source or the
ASR performance of combinations of SCMs and aggregates [19,20].
The authors acknowledge that, by exposing aggregates to an exces-
sively harsh environment, this test is considered less reliable than
the outdoor exposure of concrete blocks [21] or the concrete prism
expansion test (ASTM C1293) [22,23]. However, given that this
standard test is widely used and has been adopted by many con-
struction specifications, it is important to better understand the
reaction mechanisms in this test and to determine exactly what
underlying mechanisms result in mitigation of ASR when SCMs
are used in combination with reactive aggregates.

2. Existing literature

Prior studies have identified seven potential mechanisms for
mitigation of ASR by fly ash: alkali dilution, alkali binding, limiting
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mass transport, improving strength, modifying ASR gel, consump-
tion of portlandite, and supplying soluble alumina. A brief descrip-
tion of each mechanism is provided below.

(1) Alkali dilution: the alkalinity of concrete’s pore solution is
reduced by replacing cement with fly ash [11,13]. Even
when the Na,0q content of fly ash is higher than cement’s,
the dilution effect is observed as only a portion of fly ash
alkalis are soluble per ASTM C311 test [4,24]; and even that
portion dissolves slowly in the pore solution due to slower
reactivity of fly ash in comparison with Portland cement
[11].

(2) Alkali binding: the additional pozzolanic C-S-H is able to
bind alkali and hydroxyl ions and remove them from the
pore solution [25,26]. In addition to increasing the volume
fraction of C-S-H, the pozzolanic C-S-H has a lower C/S,
and shows a higher alkali binding capacity in comparison
with C-S-H from cement hydration [10,27]. This may be
attributed to increasing the acidity of silanol (Si-OH) groups
[28] or developing alkali attractive (i.e., negative) surface
charges on the low C/S C-S-H [29]. Based on the results of
ASTM (1293 test [16], it has been shown that pore solution
alkalinity of concrete is strongly correlated with the ASR
prism expansions [30]. Fly ashes with high Na,0.q and CaO
contents have been found to be less efficient in reducing
pore solution alkalinity, and also less effective in controlling
ASR [26,31].

(3) Limiting mass transport: pozzolanic reactions can, over time,
reduce the mass transport properties of concrete [32]. A
reduction in the ion diffusion coefficient is significant espe-
cially where an external source of alkalis is present. In addi-
tion, a reduction in the hydraulic permeability of concrete
can slow down the absorption of water and swelling of the
ASR gel [41]. Despite the importance of mass transport for
long-term measurements, the significance of this mecha-
nism for accelerated tests is unclear. Fly ash generally reacts
slower than Portland cement and it has been reported that
concrete containing fly ash generally has higher porosity
and transport properties at early-ages in comparison with
100% Portland cement concrete [33,34].

(4) Improving tensile strength: fly ash concrete, over time,
develops a higher tensile strength which aids in resisting
internal stresses and cracking [35]. Again, it is unclear
whether the tensile strength is improved or reduced at early
ages due to slow reactivity of fly ash.

(5) Modifying ASR gel properties: by changing the composition
of ASR gel, fly ash may reduce the swelling capacity, swelling
pressure, and viscosity of ASR gel. Monteiro et al. [29]
observed that high CaO/Na,0O.q gels have lower swelling
capacity than gels with low CaO/Na;Oeq. Struble and Dia-
mond [36] reported that calcium-free sodium-silicate gels
can become fluid (i.e., lose their viscosity) under moderate
pressures; unlike calcium-rich gels which remain solid. Sim-
ilarly, Bleszynski and Thomas [37] observed that very low
Ca0/Na,0q gels can diffuse freely into surrounding cement
paste without exerting damage; which may indicate their
low viscosity and swelling pressure. Bonakdar et al. [38]
related the composition of ASR gel to the number of bridging
oxygens in the silica tetrahedra, and reported that gels pro-
duced in a less basic environment (e.g., fly ash) have a fibrous
structure, which results in limited swelling pressure, com-
paring with the 3-dimensional gels formed without fly ash.

(6) Consumption of portlandite: it has been suggested that the
presence of Ca(OH),, or other soluble sources of Ca, is neces-
sary for formation of expansive ASR gel [37,39,40]. As a
result, consumption of portlandite by the pozzolanic

reaction may reduce the tensile stresses resulting from for-
mation and swelling of the ASR gel [41]. Portlandite can also
serve as a pH buffer to maintain the pore solution’s pH above
12.6. However, the pH of pore solution is generally larger
than 13.0 due to the presence of alkali sulfates in Portland
cement [42].

(7) Supplying soluble alumina: Al-rich SCMs (e.g., fly ash,
metakaolin) have been found to be more effective against
ASR than SCMs with higher silica purity (e.g., silica fume)
[8,43,44]. The alumina in fly ash can dissolve into pore solu-
tion and be further incorporated into the pozzolanic reac-
tions to form C-A-S-H (also known as Al-modified C-S-H)
gel. Hong and Glasser [45] suggested that presence of Al in
C-S-H can considerably enhance its alkali binding capacity.
On the other hand, Chappex and Scrivener [46] reported that
alumina contributed by SCMs did not reduce the alkalinity of
paste pore solutions. In addition, presence of Al in pore solu-
tion may reduce the dissolution rate of silica [47,48], possi-
bly due to adsorption of Al at silica surfaces or the formation
of a protective alumino-silicate layer [49,50].

In this paper, the first five mechanisms from the above list are
investigated. Parallel studies are in progress, and will be reported
in future publications, to better characterize the role of portlandite
and alumina in the reactions. Additionally in this paper, a new
mechanism that could contribute to mitigation of ASR is proposed
and evaluated in Section 5.7. It is hypothesized that the presence
of fly ash can reduce the dissolution rate of siliceous aggregates
even where no pH reduction can be achieved (e.g., near the surface
of ASTM C1567 mortar bars where the pH of the pore solution is
controlled by the external alkali bath). In other words, even without
reducing the alkalinity of pore solution, fly ash (and possibly other
SCMs) could be capable of reducing the aggregate dissolution rate.
As discussed in Section 5.7, this may be linked to a large surface area
of amorphous silicates provided by fly ash, which attracts OH™ ions
and reduce their effective concentration at the surface of reactive
aggregates, effectively producing a local reduction in pH.

Given that recycled soda-lime-silica glass (e.g., crushed con-
tainer or window glass) is used as reactive aggregates in this study,
a brief literature review on the alkali-silica reactivity of this mate-
rial is useful. Soda-lime glass contains a homogenous matrix of
highly amorphous silicate. The typical chemical composition in-
cludes SiO, (>70%), Na,O (~13%), and CaO (~11%). Since glass par-
ticles are crushed, they are angular and have residual intra-particle
microcracks. ASR induced by recycled glass aggregates shows a
considerable size effect in which larger glass particles are more
reactive than smaller particles [51]. This trend is counter intuitive
as increasing the particle surface area should accelerate the reac-
tions; assuming that ASR occurs at the glass—cement paste inter-
face. SEM examination of ASTM C1293 and C1260 [52] specimens
affected by ASR revealed that glass particles do not undergo ASR
at their surface [51,53]. Rather, ASR initiates inside intra-particle
cracks which are originated during bottle crushing (i.e., they exist
before glass is mixed in concrete). Larger particles contain wider
cracks and a higher crack density which result in a higher alkali sil-
ica reactivity [53]. The hypothesis that residual bottle crushing
cracks are responsible for ASR was validated by two further obser-
vations. First, soda-lime glass beads with the same oxide composi-
tion but no internal cracks were found to be innocuous when
tested by ASTM C1260 [54]. Second, annealing of crushed glass cul-
let to heal the residual cracks was found to mitigate ASR [53]. The
reason that the glass—paste interface is protected from ASR is not
clearly understood, but may be related to deposition of portlandite
(CH) which favors a pozzolanic reaction [55]. Evidence of a pozzo-
lanic reaction and C-S-H formation at the interface has been
observed using SEM/EDS [51].
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3. Materials and methods

Mortar mixtures were prepared according to the proportions of
ASTM C1567 [1] using pulverized recycled soda-lime glass sand
and a mixture of Portland cement and fly ash as binder. ASTM
C150 [56] type I Portland cement was used. Six ASTM C618 [57]
fly ashes were studied including four class F (identified as F1, F2,
F3, F4), and two class C (identified as C1, C2). Fly ashes were used
at different cement replacement levels (mass based) to evaluate
their efficiency in controlling ASR. A control mortar containing
100% Portland cement was also tested. The oxide composition of
cement, glass, and all fly ashes are presented in Table 1, along with
their specific gravity and median particle size. Recycled glass sand
was composed of three main colors: amber (~30%), clear (~30%)
and green (~40%). Glass bottles were washed and crushed using
a ball mill. All mortars were prepared with water-to-cementitious
materials ratio (w/cm)=0.47, and a 53% volume fraction of sand
with gradation in the range of 4.75 mm-150 um according to
ASTM C1567 [1]. Mortars were mixed according to ASTM C305
[58]. Specimens were prepared and moist cured for 24 h at 23 °C.
After 24 h, specimens were demolded and cured submerged in
water at 80 °C for another 24 h. Finally, the specimens were trans-
ferred to a 1 M NaOH bath at 80 °C and maintained for 14 days. The
following tests were performed on the mortars.

3.1. Accelerated mortar bar test (ASTM C1567)

This test was used to determine the dosage of each type of fly
ash needed to reduce the mortar bar expansion below the innocu-
ous threshold of 0.1%. A total of 56 different mixtures were tested.
For each mixture, four 25 x 25 x 250 mm prisms were prepared
with embedded gage studs at the ends to facilitate length measure-
ments. A digital comparator with an accuracy of 0.0025 mm was
used. Prism lengths were measured after demolding, 24 h of water
curing,and 1, 3, 5, 7, 10, and 14 days submersion in the NaOH bath.

3.2. Pore solution extraction and analysis

To investigate the impact of fly ash on pore solution ion concen-
trations, and to quantify the extent of alkali dilution, binding, and
transport, pore solution of the control (100%PC), 15%F1 and 35%C2
mortars were extracted. The latter two mortars contained suffi-
cient fly ash to suppress ASR expansions below 0.1%. Pore solution
extraction was performed immediately after mixing, after demold-
ing (24 h), and at 0, 3, 7, and 14 days of NaOH bath exposure. Pore
solution of plastic mortar was extracted by pressure filtration

using nitrogen gas. For hardened samples, mortar prisms were re-
moved from the baths, surface dried, broken into smaller pieces,
and then pressurized inside a pore solution extraction die up to a
maximum stress of 550 MPa at a controlled rate of 75 MPa/min.
The extracted solutions were collected in sealable PP vials, filtered
through 0.2 pm PTFE membrane filters, and immediately tested by
HCl titration to measure [OH™]. The concentrations of other ele-
ments (Na, K, Ca, Si, Al and S) were measured using a Perkin-Elmer
Optima 5300 ICP-AES.

3.3. Measurement of ion diffusivity using electrical impedance
spectroscopy

The ion diffusion coefficient of mortars (D, m?/s) was deter-
mined using non-destructive electrical conductivity measurements
according to the Nernst-Einstein equation [59,60]:

o

D =D, o (1)
where ¢ (S/m) is the electrical conductivity of mortar, ¢, (S/m) is
the conductivity of pore solution, and D, (m?/s) is the diffusion
coefficient of ions in pore solution. For information on the scientific
basis of this method and details of measurements and data inter-
pretation, please see [60,61]. Samples from three mortars were
tested: control, 15%F1, and 35%C2. The electrical conductivity of
the mortars (o) was measured between a pair of 3.2 mm-diameter
stainless steel electrodes embedded through the thickness of each
mortar bar with a 15 mm distance between the centers of the elec-
trodes. The bulk resistance was measured using an HP-4194A
impedance analyzer in frequency sweep mode (40 Hz-10 MHz)
and using 250 mV voltage. The results were converted to electrical
conductivity using an experimentally established geometry factor
[62]. The measurements were performed after O, 3, 7, and 14 days
of mortars exposure to NaOH bath. An average of four measure-
ments, obtained from four duplicate specimens, was used to estab-
lish each data point. In parallel, pore fluids of mortars were
extracted (as described above) and their electrical conductivity
(0,) was measured using a commercial conductivity probe. The va-
lue of ion diffusivity in pore solution was not physically measured
but assumed as D, = 1.065 x 1072 m?/s for NaOH in water at 80 °C
[63]. This value corresponds to the effective self-diffusion coeffi-
cient of NaOH that is calculated according to the formula by [63]
using the diffusivity of Na* and OH™ ions. The self-diffusion coeffi-
cient does not consider the reduced ion activity due to ion-ion
interactions at high concentrations. However, given that the ionic
strength of the control, 15%F1, and 35%C2 are comparable (Fig. 2),

Table 1

Oxide composition (wt.%) and physical properties of Portland cement, glass, and fly ashes.
Oxide Cement Glass F1 F2 F3 F4 C1 Cc2
Cao 62.50 10.62 2.42 1.26 3.81 13.52 26.63 27.33
Si0, 19.90 73.13 51.75 59.93 49.20 52.23 33.48 34.02
Al,05 5.44 1.99 33.70 24.97 23.34 16.36 18.59 18.74
Fe,03 2.26 0.52 4.08 6.33 14.72 5.78 6.13 5.86
Na,0 0.30 13.74 0.40 0.36 0.69 2.82 0.37 1.50
K;0 0.89 0.34 1.16 1.90 1.78 2.16 0.72 0.35
MgO 2.31 0.53 0.60 1.00 1.03 4.30 1.48 5.00
MnO 0.09 N/D? 0.03 0.07 0.03 0.05 0.03 0.05
TiO, 0.29 N/D? 1.30 1.48 1.03 0.64 1.95 1.57
SO5 4.93 N/D? 0.25 1.33 1.47 1.17 7.65 3.67
P,0s5 0.23 N/D? 0.30 0.28 0.35 0.18 0.26 1.03
LOI 0.86 - 4.01 1.09 2.55 0.80 2.71 0.88
C/S 3.14 0.19 0.05 0.02 0.08 0.26 0.80 0.80
Nay0eq 0.89 13.96 1.16 1.61 1.86 4.24 0.84 1.73
Specific gravity 3.14 2.46 2.24 244 2.46 244 2.69 2.66
Med particle size (um) 141 - 13.8 9.9 19.1 13.6 22.5 8.6

2 N/D is not detected.
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it is acceptable to assume that the effect of ion activity on D, of the
three pore solutions is approximately similar.

3.4. Tensile and compressive strength tests

To examine the effect of fly ash on the tensile strength (i.e.,
modulus of rupture) of mortars, 25 x 25 x 250 mm prisms were
tested in 3-point bending. Specimens were prepared according to
ASTM C1567 and using a dosage of each fly ash that controlled
expansions to below 0.1%: 15%F1, 15%F2, 20%F3, 20%F4, 25%C1
and 35%C2. The specimens were prepared and cured following
the procedure of ASTM C1567: the specimens were demolded at
24 h, cured under water for 24 h at 80 °C and then transferred to
a 1 M NaOH bath. The prisms were tested after 3 days soaking in
the NaOH bath at 80 °C. ASTM C1567 measurements showed mac-
roscopic expansions starting in the control (100%PC) mortar after
3 days NaOH exposure. As such, this time was chosen as the onset
of macro-cracking. Prisms were tested using a displacement-
controlled setup that applied a mid-span deformation of 5 pm/s
until failure. The compressive strength of similarly cured mortar
cubes (50 x 50 x 50 mm) was tested according to ASTM C109.
For both tensile and compressive strength tests, an average of three
measurements was used per each mixture.

3.5. SEM/EDS imaging

SEM/EDS imaging was used to study the microstructure of the
mortars, and to study ASR gel formation and composition. Imaging
was performed on the control, 15%F1, and 35%C2 mortars. After 7
and 14 days of NaOH exposure, cross sections were saw-cut from
mortar bars with an approximate thickness of 1 cm. Specimens
were vacuum dried inside a desiccator for 48 h and then impreg-
nated with a low viscosity epoxy. After setting, the surface epoxy
was polished off and the specimens were successively polished
with 30, 15, 9, 6, 3 and 1 pum grits. Polishing oil was used instead
of water to prevent leaching. Specimens were carbon coated prior
to SEM. Image acquisition was performed in the BSE mode using an
FEI Quanta 200 ESEM instrument with a lateral resolution of
3.5 nm. The ESEM was equipped with an X-ray energy dispersive
spectroscopy (EDS) detector for compositional analysis. EDS spot
analysis was performed on at least 20 ASR gel points for the con-
trol, 15%F1 and 35%C2 mortar cross sections to gain information
regarding the composition of ASR gels. The gel composition was
examined after 7 and 14 days of NaOH exposure to monitor
changes in its composition over time.

3.6. Aggregate dissolution rate measurements

To assess the dissolution rate of glass aggregates in the presence
or absence of fly ash, a glass corrosion experiment was performed.
Soda-lime glass slides (75 x 25 x 1 mm) were submerged in
340 ml of 1 M NaOH solution at 80 °C for a period of 14 days. Solu-
tions were not stirred during the experiments. Periodic mass loss
measurements from glass slides were used to monitor the dissolu-
tion rate of glass. For each measurement, the glass slides were re-
moved from the solution and the silica gel formed on the surface of
each slide was carefully washed off by deionized water. Mass mea-
surements were performed using a balance with accuracy of
0.0001 g. For each data point, measurements were obtained from
two duplicate slides. The corrosion experiments were performed
in the absence of fly ash, and also for systems where 10 g or 20 g
of F1 fly ash was added to the solution. The corrosion tests were
performed inside sealable plastic containers to minimize evapora-
tion and carbonation. The [OH] was periodically monitored by
sampling the solution and performing acid titration.

4. Numerical model to simulate alkali transport and binding

A numerical model was developed to assess the simultaneous
effects of ion diffusion and binding on the pore fluid concentration
of mortars during the ASTM C1567 test. Several simplifying
assumptions were made during development of this model, as
described below. As such, the results only provide a semi-
quantitative evaluation of the relative significance of ion diffusion
and binding, and should not be directly compared with pore fluid
compositions of mortars that were measured experimentally
(Section 5.2).

A 1D finite-difference model was developed to simulate the dif-
fusion of NaOH from the soak solution by solving the Fick’s 2nd
law. The alkali binding effect was accounted for by introducing a
sink term in the model. Ion diffusion was simulated within a mor-
tar cross section of 25 x 25 mm? that was exposed to 1M NaOH
from two opposite faces (Fig. 4). The other two faces were sealed
(1D model). Mortar diffusion coefficients were obtained experi-
mentally (Section 5.3) at the time of submerging samples into
the NaOH bath (i.e., 2 days after casting). For the 100%PC mortar,
D=116 x10"""m?/s and for the 15%F1 mortar, D=3.02 x
1072 m?|s was used. Diffusion coefficients were assumed to re-
main constant during the simulations. Diffusivity of NaOH in pore
solution (D,) at 80 °C was used as 1.065 x 10~° m?/s [63], without
considering the effect of ion activity coefficients. The model in-
cluded a sink term to account for alkali binding by C-S-H accord-
ing to the distribution ratio R, [28]:

_[Na] in solid C—S—H (Mol/kg)
¢~ |NaJ in pore solution (Mol/kg)

(2)

Based on the work of Hong and Glasser [28], the equilibrium
distribution ration (Ry) is a function of the Ca/Si of the C-S-H.
For 100%PC mortar (Ca/Si=1.87), R;=0.5; and for 15%F1 mortar
(Ca/Si=1.39), R;=1.25 were used. This suggests a better binding
capacity for mortars containing fly ash. The Ca/Si was determined
by EDS of the C-S-H phase in the 100%PC and 15%F1 mortars. At
least 20 EDS spot analyses were performed on C-S-H rims around
cement and fly ash particles, and the average Ca/Si was obtained.
The mass fraction of C-S-H was assumed to be the same for both
100%PC and 15%F1 pastes (mc_s_y ~ 50 wt.% of each paste, based
on results of [64,65] for neat cement pastes and cement-fly ash
pastes). At every time step (At=15min), [Na] in pore solution
was calculated based on the Fick’s law. Subsequently, [Na] in pore
solution was adjusted by subtracting the amount that can be ab-
sorbed by the solid phase according to Eq. (2). The model then pro-
ceeded to the next time step and the simulation continued. An
inherent assumption in the model is that chemical equilibrium be-
tween the solutes and C-S-H is achieved within each time step
(At =15 min).

The pore solution was assumed to only contain Na and OH ions;
as such multi-ion diffusion was ignored. At every point within the
pore solution, charge neutrality was maintained meaning:
[Na*]=[OH™]. The initial condition was defined as [OH ] =0.23 M
across the thickness of the mortar for both control and fly ash mor-
tars. This value reflects the [OH™] for the control mortar at 48 h
after casting and before exposure to NaOH (Fig. 2a). The 15%F1
mortar showed smaller [OH ] at this time; however the same va-
lue of [OH™] = 0.23 M was chosen in the simulation of both mortars
so the final results exclusively represent the contribution of NaOH
diffusion and binding during the 14-day bath exposure period.
Further OH™ release due to continued hydration of cement and
fly ash beyond 48 h was assumed negligible. The model’s boundary
condition was [OH]=1.0M at 0 and 25 mm (i.e., the bath
concentration).
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5. Results and discussion
5.1. Sufficient dosage of fly ash to mitigate ASR

The average expansion of all mortar mixtures at the conclusion
of the ASTM C1567 test (i.e., 14 days NaOH exposure) is presented
in Table 2. Based on these results, all fly ashes can mitigate ASR but
at different dosage levels. The minimum cement replacement lev-
els to achieve expansions below 0.1% were as follows: 15%F1,
15%F2, 20%F3, 20%F4, 25%C1 and 35%C2. A comparison suggests
that fly ashes with higher CaO content are less effective in mitigat-
ing ASR. This agrees with the existing literature [7,10,26,66] on
mitigation of ASR induced by natural aggregates, and could be
due to inefficiency of such ashes in maintaining a low alkalinity
of pore fluid due to higher penetrability of the matrix or lower
alkali binding capacity of the matrix.

Fig. 1 shows the expansion of the control, 15%F1 and 35%C2
mortars during the entire period of the ASTM C1567 test. Expan-
sions in all three mortars were small for the first 3 days exposure
to NaOH. Afterwards, while the expansions in fly ash mortars in-
creased slowly for the remainder of the test, the control mortar
showed a drastic increase in expansion at 5days and beyond.
The rate of expansion increased after 3 days and remained rela-
tively constant after 5 days. This may suggest that it took ~3 days
for the concentration of OH™ ions to build up to sufficient levels in
the control mortar to initiate ASR (see Fig. 2a). Comparison with
pore solution analysis data suggests that after 5 days, the rate of
expansion may not be directly related to [OH]. This may further
imply that ASR kinetics is no longer controlled by the rate of
OH~ diffusion, but by the rate of ASR gel formation and swelling.

5.2. Pore solution composition

The results of pore solution analysis are presented in Fig. 2a-e.
Fig. 2a shows [OH™] over the duration of the ASTM C1567 test. At
0 day, all three mortars have [OH |~ 100 mM; despite higher
Na,Ocq of both fly ashes compared with PC. It should be noted that
fly ash alkalis may dissolve slower than cement’s due to slow reac-
tivity of fly ash. During the first 24 h, concentrations rise mainly
due to cement hydration. At 24 h, [OH] of fly ash mortars is 22%
and 34% less than the control mortar; which shows the effect of
alkali dilution (more dilution for 35%C2 which contains less
cement). During the next 24 h, mortars are submerged in a water
bath at 80°C which promotes leaching of alkalis. The rate of
leaching is proportional to the ion diffusivity of mortars and is
the highest for 100%PC. At 48 h, the [OH ] has dropped to 170-
270 mM and the effect of alkali dilution is erased. The mortar
35%C2 shows the highest [OH™] despite having the lowest cement
content. During the next 14 days, [OH ] of mortar pore solutions
increase steadily due to exposure to the NaOH bath. The control
mortar shows the highest rise in concentrations which agrees with
its high ion diffusion coefficient (Section 5.3). As both the

Table 2
Expansion of mortar mixtures at the conclusion of ASTM C1567 test.
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Fig. 1. ASR expansion of control, 15%F1 and 35%C2 mortars during the ASTM C1567.

dissolution rate of glass aggregates and the solubility of silica are
strongly related to the pH [47], the highest rate of ASR is observed
in the 100%PC mortar. At the test’s conclusion, the [OH] in the
control mortar reaches and surpasses the OH~ concentration of
the soak solution (1 M). This is due to an ion exchange mechanism,
where alkalis contained in the soda-lime glass or the silica gel are
released into the pore solution, resulting in the hydrolysis of
water, and an increase in the pore solution’s pH [67]:

(=Si—0—Na) + H,0 < (=Si—OH) + (Na*) + (OH") 3)

This is further discussed in Section 5.7. Fig. 2b shows variations
in elemental [Na] in the pore solution of the three mortars. It must
be noted that unlike acid titration, which measures the concentra-
tion of OH™ ions, ICP measures the total [Na], which is not the same
as ionic [Na*]. As such, there is a chance that small quantities of
non-ionic Na may be present in the filtered pore solutions if they
are integrated into fine silica gel particles that may have passed
the 0.2 pum filter. The same is true for [K], [Ca] and [S]. As a result,
it would not be surprising if A=([OH7]+2[S04])— ([Na]+
[K]+2[Ca]) deviates from zero. In the results reported in Fig. 2a-e,
A is in the range of +150 mM. Some of this deviation is also attrib-
uted to the variability of experimental results. It should be also
mentioned that the pore solution analysis data presented here pro-
vide an average composition of the pore solution within each sam-
ple. It is acknowledged that concentration gradients exist inside
the samples and the pore solutions may not be in full chemical
equilibrium with the solid phases inside the sample at the time
of extraction. More discussions on the reliability of these measure-
ments are provided in [74].

Cement replacement level (%) Fly ash
F1 (%) F2 (%) F3 (%) F4 (%) C1 (%) C2 (%)

0 0.60 0.60 0.60 0.60 0.60 0.60
10 0.19
15 0.02 0.06 0.11 0.15
20 0.01 0.03 0.03 0.04 0.12 0.26
25 0.01 0.01 0.03
30 0.00 0.00 0.02 0.09
35 0.06

Highlights represent dosage of each fly ash that resulted in expansion well below the 0.1% threshold.
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Immediately after mixing, [Na] is in the range 78-138 mM, with
the 100%PC mortar showing the highest concentration. During the
first 48 h, [Na] in all three mortars increases steadily due to reac-
tion of cement and of fly ash. At 48 h, [Na] in 35%C2 mortar is
333mM in comparison with 231 mM for the control and
202 mM for the 15%F1 mortars. This is likely due to a significantly
higher Na,O content of the C2 fly ash (see Table 1). Interestingly,
the water curing period (between 24 and 48 h) did not result in a
reduction of [Na]; unlike the trend observed for [OH] and [K].
After submersion of the mortar prisms inside 1 M NaOH, the Na
contents of pore solutions increase by a factor of up to 5.8 times.
This increase was more rapid in the 100%PC mortar which agrees
well with its higher ion diffusion coefficient as discussed in the
next section. It should be noted that Na can be released from the
soda-lime glass aggregates, as well.

Fig. 2c and d show the concentrations of K and Ca in the pore
solutions of the three mortars. Large differences in the initial [K]
is observed due to dilution of the readily soluble potassium in
the fly ash systems. Although the K,0 content of F1 fly ash is higher
than the PC (1.16% versus 0.89%), the 15%F1 mortar shows 43% less
[K] at O day, due to a slower reaction and release of alkalis by fly
ash. During the first 24 h, [K] increases in all three mortars, due
to dissolution from cement and fly ash. During the water curing
period (between 24 and 48 h), potassium content drops by leach-
ing out of the mortars. At 48 h, [K] in the 100%PC mortar is
224 mM compared with 171 mM and 129 mM for the 15%F1 and
35%C2 fly ash mortars, and the effect of alkali dilution is largely
erased. During the next 14 days, where mortars are submerged in
the NaOH bath, potassium leaching continues, albeit at a slower
rate. The control mortar shows a faster rate of K leaching, in agree-
ment with its higher ion diffusivity.

Fig. 2d shows that at the time of casting, the [Ca] of pore solu-
tions is near or above the solubility limit of Ca(OH), (~20 mM at
pH =12.5) [68]. Fly ash mortars show lower [Ca], possibly due to
cement dilution. During the first 24 h, [Ca] of pore solution drops
drastically, which is in agreement with the available literature
[68,69]. This is primarily due to reduction in the calcium solubil-
ity as the pH increases [70-72], which results in precipitation of
solid CH and C-S-H. The calcium content of pore solutions con-
tinues to decrease throughout the experiment, partly due to
leaching of Ca to the bath, and partly due to reduction in the
CH solubility as pH increases. No significant difference is ob-
served in the [Ca] of the pore solution of the three mortars past
1 day.

Finally, Fig. 2e shows the concentration of SO4 that is calcu-
lated based on the measurements of sulfur (S) content of the pore
solutions by ICP. It is assumed that all sulfur measured is in the
form of SO4. At the time of mixing, the control mortar shows
the highest concentrations of SO, in the pore solution, in agree-
ment with its higher cement (gypsum) content. It should be noted
that while the SO; content of fly ash C2 is considerable, did not
translate into high [SO4] in the pore solution, potentially due to
slow reactivity of fly ash or limited solubility of sulfur from fly
ash. During the first 24 h of curing, sulfates in the solution are
consumed by the hydration of aluminate phases. As the solid gyp-
sum phase is depleted, the [SO4] in the pore solution drops to near
zero [42,68,70]. As soon as the mortars are placed inside a water
or NaOH bath at 80 °C, a substantial increase in the [SO4] of the
pore solution is observed. This increase is likely attributed to
the decomposition of ettringite to monosulfate that occurs at
the elevated temperature as suggested by Shimada and Young
[73]. This hypothesis should be evaluated using X-ray diffraction
or thermal methods to monitor the depletion of the ettringite
phase during ASTM C1567 test. It should be noted that this is
the same mechanism that leads to delayed ettringite formation
in heat cured concrete.

5.3. Ion diffusion coefficient

The ion diffusion coefficient of mortars was measured using
electrical impedance spectroscopy and according to the Nernst-
Einstein equation (1). Fig. 3 shows the results for the control,
15%F1, and 35%C2 mortars over the duration of the ASTM C1567
test. The control mortar shows a significantly larger (by a factor
of 4-7) ion diffusivity than the two fly ash mortars. This means that
NaOH can penetrate much faster through the 100%PC mortar (in
agreement with pore fluid analysis data of Fig. 2); which in turn,
results in much larger ASR expansions (Fig. 1). The reduction in
the ion diffusivity of the fly ash mortars may be related to a re-
duced porosity and reduced size of capillary pores. Since the den-
sity of fly ashes is less than that of Portland cement (Table 1),
replacement of cement with fly ash on a mass basis, while keeping
the w/cm constant, results in a net reduction of initial porosity. In
the present case, the initial paste porosity for the 100%PC mortar
can be calculated as 59.6%. For the 15%F1 mortar, the initial paste
porosity is 58.2% and for the 35%C2 mortar, the initial paste poros-
ity is 58.1%. In addition to the porosity reduction, F1 and C2 fly
ashes have smaller median particle size comparing to Portland ce-
ment. As such, their use as a partial cement replacement could re-
sult in reducing the initial size of capillary pores. As reported in
[74], mercury porosimetry (MIP) measurements performed on
these three mortars, 5 days after casting, show that the average
pore size decreases from 32 nm for the Portland cement mortar,
to 14 nm and 9 nm for the 15%F1 and 35%C2 mortars, respectively.
Electrical conductivity measurements performed at the same age
show a large increase in the tortuosity of the pore network [74].

These findings strongly support the role of fly ash in reducing
ion transport as a major mechanism by which fly ash mitigates
ASR during the ASTM C1567 test. It is observed that even at early
ages during this test, fly ash mortars show a considerably lower
diffusion coefficient. Note that these mortars are water cured for
24 h at 80 °C which can boost the reactivity of fly ash. It is also ob-
served in Fig. 3 that the diffusivity of the control mortar increases
from 2 to 5 and 9 days, but subsequently decreases. To make sure
that this is not an experimental error, the tests were repeated and
similar results were obtained. The initial increase in diffusivity is
probably due to microcracking caused by ASR. As these cracks
are filled by ASR gel (with much lower electrical conductivity
and ion diffusivity than the pore solution); the overall
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Fig. 3. lon diffusion coefficient of the control (100% PC), 15%F1 and 35% C2 mortars.
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conductivity/diffusivity of the mortar decreases. The diffusivity of
the fly ash mortars remained relatively constant during the test
period, which implies a low level of microcracking in fly ash
mortars.

5.4. Significance of alkali diffusion versus binding

It was observed in Fig. 2a that fly ash mortars have a smaller
concentration of OH™ ions in their pore solution; which helps in
reducing the ASR. Yet, it is not clear to what extent this reduction
in [OH7] is due to the lower ion diffusivity of mortars versus the
mortars’ improved alkali binding capacity. The numerical modeling
results provided in Fig. 4 are aimed at addressing this question. The
figure shows the simulated [OH™] profiles as a result of the pene-
tration and binding of NaOH during the ASTM C1567 test. Here,
the triangles represent the control (100%PC) mortar; where the
OH™ front has reached the centerline of the specimen (posi-
tion = 12.5 mm) within 14 days of NaOH bath exposure. Larger
[OH] would be anticipated at the specimen’s interior had a more
realistic 2D model been used, or if the model accounted for the ef-
fect of cracking on increasing the mortar diffusion coefficient. SEM
imaging confirmed the presence of ASR gel across the control mor-
tar’s cross section, but the severity of ASR attack and the volume of
gel formed was considerably higher at the specimen’s surface.

The squares in Fig. 4 show the simulated [OH™| profile corre-
sponding to the 15%F1 mortar. This mortar shows lower [OH]
due to a combination of lower ion diffusivity and higher C-S-H
binding capacity. In comparison with the 100%PC mortar, the
NaOH penetration depth is limited to approximately 5 mm from
the surface; which accounts for ~60% of the specimen’s cross sec-
tional area. SEM results confirm the absence of ASR gel in the inte-
rior of this mortar, except within a few millimeters from the
surface. This strongly agrees with the presence of an [OH™] gradi-
ent as predicted by the numerical modeling.

To evaluate the contributions of alkali binding versus ion diffu-
sion on [OH ] profiles, two hypothetical mortars were simulated.
The first mortar (shown as diamonds in Fig. 4) had the same ion
diffusivity as the 100%PC mortar but had a higher alkali binding
capacity similar to the 15%F1 mortar. The second mortar (shown
as circles in Fig. 4) had the same alkali binding capacity as the
100%PC mortar but had a lower ion diffusivity similar to the
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Fig. 4. Simulation results showing the OH™ concentrations at the conclusion of the
ASTM C1567 test for different diffusion and binding coefficients.

15%F1 mortar. By comparison, it is evident that the effect of
reduced ion diffusivity is more significant than the effect of im-
proved alkali binding in reducing [OH™]. Overall, both mechanisms
delay the penetration of NaOH which favors less ASR.

5.5. Tensile and compressive strength

The results of the tensile and compressive strength measure-
ments of the mortars after 3 days submersion in the NaOH bath
are shown in Fig. 5. The error bars represent +1 standard deviation
based on measurements of four duplicate samples. The results in
Fig. 5 are normalized by dividing by the corresponding strengths
of the control (100%PC) mortar. The control mortar had an average
tensile strength of 5.55 MPa and compressive strength of 25.2 MPa
at this age. Commonly, it is assumed that replacing Portland ce-
ment with fly ash results in a reduction in the early-age strength
[33]. In the environment of the ASTM C1567 test, however, it is ob-
served that mortars containing fly ash show 15-38% increase in the
average tensile strength compared to the 100%PC mixture. Error
bars representing +1 standard deviation are included to show that
improvement in the tensile strength of fly ash mortars is statisti-
cally significant. Assuming a normal distribution, the probability
of any of these fly ash mortars showing a lower tensile strength
than the control mortar is only 2.5%.

Such tensile strength improvements could be primarily attrib-
uted to the reduced pore size (i.e., flaw size) in the fly ash mortars
as discussed before and in [74]. In addition, some level of micro-
cracking may be expected due to ASR at the surface of the control
mortar, which reduces the measured tensile strength. Improve-
ment in the compressive strength of the fly ash mortars was in
the range 0-54%. The compressive strength is less dependent on
the flaw size and the presence of surface flaws.

An increase in the tensile strength of mortars in the ASTM C1567
test has two benefits. First, it prevents or delays the formation of
cracks. Cracking provides immediate access of the NaOH solution
to the interior of the specimen, which significantly accelerates
ASR. Second, by delaying ASR, fly ash provides additional time to
allow the hydration of the binder to proceed, which results in a den-
ser and less permeable paste matrix. This can further mitigate alkali
transport, formation and swelling of the gel, and cracking. It should
be noted that the increase in the early-age tensile strength of fly ash
mortars may be an artifact of the ASTM C1567 test which exposes
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Fig. 5. Normalized (to the control mortar) tensile and compressive strengths of
mortars 3 days after exposure to 1 M NaOH solution.
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specimens to high temperatures and alkalinities. Such an environ-
ment significantly promotes the pozzolanic reactions of fly ash. In
real field exposures, the pozzolanic reaction of fly ash may result
in higher tensile strengths only after a long term.

5.6. Microstructural analysis (SEM/EDS)

SEM/EDS imaging was performed to answer two main ques-
tions. First, does ASR gel form in large quantities in fly ash mortars?
Second, does the presence of fly ash alter the composition of ASR
gel and as such, change its viscosity and swelling pressure as sug-
gested by [29,38]. Previous research by Bleszynski and Thomas
[37] on ASTM C1567 prisms containing reactive flint showed that
significant dissolution of aggregates and formation of gel could oc-
cur in mortars containing fly ash. However, probably due to its low
viscosity, this ASR gel could flow freely through the cement paste
matrix without exerting large stresses and cracking.

Fig. 6a and b show SEM images of the 100%PC and 15%F1 mor-
tars at the conclusion of the ASTM C1567 test. The control speci-
men is severely distressed by ASR throughout the specimen
thickness. Other SEM images (not included) reveal that ASR is more
severe and larger volumes of gel have formed near the perimeter
versus the interior of mortar prisms. This supports the claim that
ion transport has an important role during the ASTM C1567 test.
The fly ash mortars only contained traces of ASR gel near the
exposed surface of the mortar bars. A summary of the EDS compo-
sitional analysis of the ASR gel from the control and fly ash mortars
is presented in Table 3. The results show that the gel compositions
are approximately similar; no appreciable differences in the Ca/Si
or Ca/Na between the control and fly ash mortars are observed.
This could mean that ASR gel may have comparable compositions
in the control versus fly ash mortars. It is the massive volume of gel
produced in the control mortar that leads to its deterioration, in
comparison with small quantities of gel in fly ash mortars. In addi-
tion, it was found that although the volume of gel formed is
increasing with time in all mortars, there is only a slight variation
in the gel composition based on EDS analysis between 7 and
14 days NaOH exposure. Also variations in the gel composition
from the perimeter to the interior of 100%PC mortar prisms were
small.

5.7. Aggregate dissolution rate

To evaluate the dissolution rate of glass aggregates and the po-
tential benefits of fly ash, a glass corrosion experiment was per-
formed in which the dissolution (i.e., mass loss) of soda-lime
glass slides exposed to a constant volume (V=340ml) of 1M
NaOH solution was monitored over time. Each corrosion cell con-
tained two glass slides with a total surface area of SA=79 x 10~
m?. Duplicate experiments were performed in the absence of fly
ash or by adding 10g or 20g of F1 fly ash (specific surface
area = 0.2624 m?/g) to the system. The initial pH = 14.00 was sim-
ilar in all three cells and increased only slightly during the exper-
iment, to pH = 14.03 for the cell without fly ash and pH = 14.06
for the two cells containing fly ash. This slight increase in the pH
is due to dissolution of alkalis from the soda-lime glass, per Eq.
(3). The goal of this experiment was to evaluate whether fly ash
can reduce silica dissolution even in systems with very similar pore
solution alkalinity (pH).

The results are presented in Fig. 7. The rate of mass loss from
slides is higher in the system without fly ash. At 14 days, the mass
loss of slides was 48% or 62% lower when 10 g or 20 g fly ash was
present. This is likely due to a drastic increase in the silicate surface
area to solution volume ratio (SA/V) as a result of the silicate area
provided by the fly ash (note that fly ash is mainly an alumino-
silicate glass that also contains some crystalline silicate phases).

HV |Det| WD |Mag|
20.0 kV|SSD|13.5 mm|101x

1.0mm

Fig. 6. SEM micrographs of: (a) control mortar and (b) 15%F1 mortar at the
conclusion of the ASTM C1567 test.

While the solution volume remained at V=340 ml, the silicate
surface area increased to SA = 2.63 m? or SA=5.26 m? for 10 g or
20 g fly ash addition, respectively. As a result, the concentration
of OH™ ions (which are responsible for dissolving both glass slides
and fly ash) decreases significantly per unit silicate surface area.
For 340 ml 1M NaOH solution, the OH™ concentration per unit
silicate surface area is 43,038 mM/m? when no fly ash is present.
This value drops to 129.3 or 64.6 mM/m? when 10¢g or 20 g F1
fly ash is added, assuming that all the fly ash surface is accessible
to the solution.

The results presented in Fig. 7 suggest a new mechanism which
could contribute to mitigation of ASR when SCMs are present. By
increasing the accessible silicate surface area, the SCM reduces
the effective concentration of OH™ at the surface of aggregates;
and as such, reduces the aggregate dissolution rate. Even if SCM
is incapable of reducing the pH of pore solution (e.g., near the ex-
posed surface of mortar in ASTM C1567 teat), the mere presence of
SCM increases the accessible silicate surface area and should
reduce the aggregate dissolution rate.
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Table 3
Average atomic composition (wt.%) of ASR gel measured by EDS.
Na Ca Si K Al Mg Ca/Si Ca/Na
At 7 days Control 7.76 491 24.81 1.29 0.64 0.37 0.2 0.63
15%F1 9.04 5.33 24.37 1.66 1.56 1.44 0.22 0.59
35%C2 8.95 5.23 24.49 2.00 1.19 - 0.21 0.58
At 14 days Control 10.63 6.73 22.39 0.31 0.77 0.36 0.3 0.63
15%F1 7.24 5.5 24.89 0.64 0.73 0.37 0.22 0.76
35%C2 9.28 5.86 23.42 1.02 0.65 0.37 0.25 0.63
Exposure time (day) prevents an accelerated transport of NaOH through cracks to
the interior of the mortar specimens.
0.00 e Fly ash can reduce the dissolution rate of siliceous aggregates
Ay even when the pH of pore solution is maintained constant
il (e.g., near the perimeter of mortar prisms that are exposed to
.0.04 4 the external NaOH bath). Fly ash provides a large silicate surface
area that is accessible to the corrosive OH™ ions. As such, the
-0.06 A concentration of OH™ per unit surface area of silicate is mark-
"E edly reduced. In other words, for a unit volume of pore solution
_ED -0.08 1 at a given pH, a large fraction of hydroxyl ions are involved in
£ 1 G dissolving fly ash instead of attacking the reactive aggregates.
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=] ] N . . . .
gy . The results of this work also suggest that alkali dilution and
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s s A modifying ASR gel composition are not major contributors to mit-
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Fig. 7. Mass loss of glass slides in 1 M NaOH solution at 80 °C in the presence or
absence of fly ash.

6. Conclusions

The results of this study suggest that fly ash can effectively mit-
igate ASR during the ASTM (1567 test through the following
mechanisms:

e Fly ash reduces the alkalinity (JOH™]) of pore solution by signif-
icantly reducing the ion diffusion coefficient of mortars. A diffu-
sivity reduction by a factor of 4-7 was recorded, as early as 48 h
after casting, when sufficient dosage of fly ash replaced Portland
cement. This diffusivity reduction is partly due to reduction in
the porosity and pore size when cement is replaced with a
lower density and finer size fly ash, and partly due to the poz-
zolanic reaction promoted by the high temperature and alkalin-
ity of the system. As a result of the lower ion diffusivity, the
external NaOH penetrates slower into fly ash mortars, resulting
in a lower pore fluid alkalinity, and significantly slower ASR. The
results of SEM imaging, pore fluid analysis, and numerical mod-
eling all confirm the significant role of ion transport during the
ASTM C1567 test.

Fly ash reduces the alkalinity ([OH™]) of pore solution through
alkali binding. Fly ash reduces the C/S of C-S-H gel which in
turn, improves its alkali binding capacity. In addition, more
C-S-H is produced by pozzolanic reactions. As such, a consider-
able fraction of the penetrated NaOH is removed from the pore
solution. The results of the numerical model suggested that the
contribution of transport reduction is more significant than the
effect of an improved alkali binding.

Fly ash increases the tensile strength of ASTM C1567 mortars
and may prevent or delay the onset of cracking. This also
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