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Abstract

Alkali activated materials (AAMSs) have received worldwide attention due to its lower
embodied energy and environmental impact than that of traditional cementitious
materials. However, the activators with high alkalinity may raise the risk of alkali silica
reaction (ASR) induced deterioration when reactive aggregates are used, which thereby
limits the commercial use of AAMs. Not speaking the ASR induced long-term
expansion, the early-age reaction of AAMs prepared with reactive aggregates is largely
unknown. In this paper, isothermal calorimetry, thermogravimetry (TG) and mercury
intrusion porosimetry (MIP) were adopted to study the heat evolution, mineralogical
changes and pore structures of early-age ordinary Portland cement (OPC) mortar and
water-glass activated slag/fly ash mortars. In each system, emphasis were made to
understand the differences between mixtures prepared with standard inert quartz sands and
reactive fine aggregates. The results show that the mortars prepared with reactive
aggregates generated more heat in the wetting and dissolution stage. Particularly, the
water-glass activated slag mortar presented the highest heat flow peak. Meanwhile, the
results of TG illustrate that higher amount of reaction products were formed in water-glass
activated mortars prepared with reactive aggregates than that with inert quartz sands. These
findings suggest that the reactive aggregates are evidently involved in the early-age alkaline
reaction of AAMs system.
Keywords: Alkaline activation; Alkali-silica reaction; Early-age; Heat evolution; Pore
structure.

1. INTRODUCTION

Alkali-silica reaction (ASR), known as “concrete cancer”, is one of the main durability
problems of reinforced Ordinary Portland concrete structures. ASR is a chemical reaction
between alkalis in pore solution and reactive silica in aggregates [1-3]. The reaction product
from ASR is a gel which will expand when it comes in contact with water. This expansion can
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cause cracks in the aggregate and surrounding cement matrix [4], thereby decreasing the
durability and service life of structures. Thus, it is essential to pay attention to this issue and
make some precautions when reactive aggregates are used to prepare AAMs.

Up till now, a few studies have been carried out to address this potential risk of ASR in
AAMs [5-13]. Although the research related to ASR in AAMs is relatively less than that
of OPC system, the findings about the ASR in AAMs are always contradictory due to
the different mix designs [14]. In some cases [12,14,15], the ASR-induced expansion of
AAMs was very low during the standard test duration of accelerated method which was
developed for traditional cementitious materials, but continued to increase if the test time was
extended. This may lead to underestimating the ASR expansion of AAMs. Mahanama
et al. [14] investigated the ASR-induced expansion of water-glass activated fly ash/slag
blends (50 wt.% fly ash + 50 wt.% slag) by monitoring the expansion up to 150 days
under accelerated condition and observed a small shrinkage in initial 21 days, followed
by an exponential growth of expansion. Therefore, some researchers recommended to extend
the test duration to 180 days [8].

Most of the existing researches mainly focused on the long-term ASR behaviour in AAMs,
however, the role of reactive aggregates in the early-age reaction of AAMs is somehow
neglected. The reactive aggregate may participate in the alkaline activation in the early-age
due to the initial high alkalinity activators [8,16], and could consequently lead to differences
between the long-term ASR behaviour of AAM and OPC system. The aforementioned
delayed ASR expansion in AAMs may attributed to this early-age consumption of
reactive aggregates. Moreover, compared to the discrepancies in the results of long-
term ASR behaviour, much is unknown about the early-age reaction of AAMs mixed
with reactive aggregates. Therefore, it is necessary to investigate the early-age reaction of
AAMs prepared with reactive aggregates, and consequently to improve the understanding of
ASR behaviour in AAMs.

In this work, the effects of reactive aggregates on the early-age reaction of OPC mortar and
water-glass activated slag or fly ash were studied in terms of reaction kinetics, products and
pore structures. The main aim is to investigate and to compare the role of reactive aggregates
in the early-age reaction within OPC system and AAMs system. This work provides further
insights for the early age ASR in AAMs and contributes to the understanding of long-
term ASR behaviour in AAMs.

2. MATERIALS AND METHODS

2.1. Materials

The solid precursors used in this study were commercial ordinary Portland cement (OPC),
slag (SL) and fly ash (FA), and their chemical are presented in Table 1. The
mineral composition and particle size distribution of precursors are shown in Fig. 1
and Fig 2, respectively. The activator used was water-glass with a silicate
modulus of 1.5 (Ms=SiO2/Na;O by mass), which was prepared by mixing the industrial
grade NaOH pellets (purity>98.5%) with industrial grade sodium silicate (Ms=3,
water content=60%1%) conformed to Japanese industrial standard [17]. The activators were
pre-mixed with water 24 h prior to casting to remove the effect of heat release during dilution
[18].

The reactive aggregate used in this study was provided by Marushin Shitake Construction
from Toyama ken in Japan. Meanwhile, the standard quartz sand per Japanese industrial
standard [19] was used as inert aggregate for reference. Their chemical compositions were
presented in Table 1, and mineral composition are shown in Fig. 3, respectively. The XRD
patterns suggest that the reactive aggregate mainly consisted of albite; cristobalite, biotite,
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clinochlore and quartz, and the amorphous content acquired by Rietveld refinement method
[20] was 34.7%. The aggregates were sieved to almost same particle size distribution as
shown in Fig. 4, and the Dsg of the reactive aggregate and inert aggregate are 838.6 um and

839.7 um, respectively.

Table 1: Chemical composition of OPC, SL, FA and aggregates (%)

Ingredients OPC SL FA NA RA
CaO 62.16 43.63 3.66 0.20 4.87
SiO; 17.11 31.07 61.89 98.40 58.97
Al;O3 4.45 12.40 23.60 0.40 17.28
Fe20s 3.00 0.32 4.50 0.40 12.02
MgO 0.83 5.45 0.94 - 2.02
Na.O 0.39 0.25 0.04 0.01 0.71
K20 0.26 0.34 1.14 0.01 1.79
Na2Oeq 0.56 0.47 0.79 0.01 1.89
MnO 0.09 0.18 0.04 - 0.18
TiO; 0.28 0.51 1.07 - 1.01
P20s 0.41 0.01 0.08 - 0.04
SOs 2.87 1.85 0.36 - -

Loss on ignition 2.27 0.37 2.16 0 0.89

Note: RA=Reactive aggregate; NA=inert quartz sand; Na,Oeq=%Na,0+0.658%K0.
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2.2. Mix design

The mix design of samples used in this study are presented in Table 2. The water to binder
ratio for OPC mortars was 0.5, while the water to binder ratio of SL and FA mortars were
0.34 and activator to binder ratio were 0.5, respectively. For each group, amount of binder,
water or activator were the same, only the aggregate was the variable. After casting, the
specimens were cured in a climate chamber (T=20°C, RH>95%). The specimens were
demoulded after 24h and were kept in the chamber until the prescribed day.

Table 2: Mixture proportions of mortars

Sample ID Precursor Aggregate Aggregate/precursor Water/cement ~ Activator/cement
OPC-NA OPC NA 0.5 -

OPC-RA OPC RA 0.5 -

SL-NA SL NA 1 0.34 0.5

SL-RA SL RA 0.34 0.5

FA-NA FA NA 0.34 0.5

FA-RA FA RA 0.34 0.5

Note: SL-NA represents the mixture of water-glass activated slag prepared with
non-reactive aggregate; SL-RA represents the mixture of water-glass activated slag prepared
with reactive aggregate. The whole of SL-NA and SL-RA were taken as AAS group, while
FA-NA and FA-RA were taken as AAFA group in the following section.

2.3. Testing methods

To characterize the hydration and microstructures of mortars prepared with RA, the
following instruments and methods were used. The samples used for thermogravimetry (TG)
and mercury intrusion porosimetry (MIP) were cut into small pieces and immersed in alcohol
for 3 days to stop hydration, followed by vacuum pumping before testing [20].
2.3.1. Heat evolution measurement

The heat evolution of different mixtures were tested using a TAM air isothermal
calorimeter. The preliminary tests using internal mixing method identified the problem of
clogging inside the ampoules due to the high viscosity and fast setting of AAS. Additionally,
it is hard to guarantee the homogeneity of mortars by internal mixing. Therefore, the samples
were mixed outside and then loaded into the TAM air isothermal calorimeter immediately
after mixing. For the external mixing, it is important that the mixing time was kept the same
to ensure the comparability between different specimens. The calibration was conducted at
temperature of 20 °C, 48h prior to the test. The heat evolution of reaction for all mixtures
were recorded for 48h.

2.3.2. Thermogravimetry (TG) analysis

TG analysis was performed using TG-DTA 2000SA system to study the amount of
amorphous main hydration products in mortars at 1, 3 and 7 days. To guarantee the
representativeness of samples, about 5 g samples were ground with agate mortar and
approximately 50 mg powder samples were loaded in an aluminum oxide crucible. The
samples were heated from 30 °C to 600 °C at a rate of 10 °C /min under 100 ml/min flow
speed of nitrogen gas atmosphere.

2.3.3. Pore structures measurement

Although the MIP method has some limitations, it is still considered as an invaluable
technique to study the pore structure of cementitious materials [20]. In this study,
Micromeritics AutoPore 11l was used to investigate the pore structures of mortars prepared
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with reactive aggregates or inert aggregates at 1, 3 and 7 days. The range of intruding pressure
of this machine is from 3.654 kPa to 414MPa, the surface tension of mercury is 0.485N/m and
the contact angle is 130< respectively. Thus, according to the Washburn equation [21], the
pore radius can be detected ranges from 1.5 nm to 170 um.

3. RESULTS AND DISCUSSION

3.1. Heat evolution

The effect of reactive aggregate on the early-age heat evolution of OPC, AAS and AAFA
system are shown in Fig. 5. In general, the heat evolution curve can be divided into five stages
[20,22], namely, initial reaction, induction period, accelerating period, decelerating period and
the continued slow reaction period. As shown in Fig. 5a, for OPC system, the trend of the heat
evolution curves with different aggregates are similar. This demonstrated that the effect of
reactive aggregate on the early-age reaction of OPC is negligible. This may be related to the
pH (approximately 12) of the pore solution in OPC system, which is mainly buffered by
Ca(OH)2, and the amount of Ca(OH): in the early-age is relatively low. Therefore, the
dissolution rate of silica from reactive aggregate remains low and thereby the reaction kinetic
of OPC system was scarcely influenced.
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Figure 5: Heat evolution of OPC, AAS and AAFA mortars mixed with NA or RA.
(AAS=waterglass activated slag; AAFA=water-glass activated fly ash)

In contrast to Fig. 5a, the first peak of heat flow curves in Fig. 5¢c and e were significantly
affected by the reactive aggregate. For AAMs, this first peak is mainly caused by the wetting
and dissolution of solid materials [23], which is similar to the initial reaction period of OPC
system, but the potential physicochemical reactions are totally different. Thus, the evident
increment of this peak indicated that the reactive aggregates obviously dissolved in this stage,
which would influence the following chemical reaction processes and products. Meanwhile,
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the heat evolution process of AAFA in Fig. 5e are different from OPC and AAS in Fig. 5a and
¢, it only has one peak, and no other distinct heat peak can be found. This is owing to the slow
gelation and polymerization process of AAFA, which is consistent with the previous
researches [24]. Additionally, very low compressive strength of early-age AAFA cured at
room temperature was also reported [25,26]. As such, comparing with AAS system, the
cumulative heat of AAFA after the dissolution increases only gradually and does not show
tremendous increase until 48h. Nevertheless, for AAS, the heat evolution curves are similar to
that of OPC system. It also has two peaks, one is before the induction period and the other is
after the induction period, which is due to the high pH values (pH=14.6) of the activator used
in this study [23]. However, the position and magnitude of these two peaks are different from
that of OPC system as a result of different reaction mechanisms between two systems.
Compared to AAFA system, it can be seen that, as time goes on, the effect of reactive
aggregate on the cumulative heat of AAS gradually weaken. It is possible that the effect of
reactive aggregates on the heat evolution of AAS samples might be two-edged. On the one
hand, incorporating reactive aggregates prompt the dissolution heat response. On the other
hand, the excessive consumption of OH™ in the dissolution stage led to the insufficient OH"
for the destruction of the bonds of other glassy phases [27] and accordingly prolonged the
induction period and the corresponding heat release. This phenomenon is very similar to the
effect of activator-to-slag ratio on reaction heat of AAS [23,27], which suggests that
incorporating reactive aggregate acts as the role of increasing the binder content and thereby
the activator-to-slag ratio of the mixture decreased. Therefore, the reaction kinetics of AAS
were further influenced.

3.2. Thermogravimetric analysis

The TG and differential thermogravimetric (DTG) curves of all samples after 1, 3 and 7
days curing are presented in Fig. 6. For OPC system, there are two major peaks in the DTG
curves, which is consistent with previous studies [20]. The first peak from 30 °C to 300 °C
corresponds to absorbed water and the decomposition of C-S-H. The second peak between
380 °c and 500 °c is attributed to the decomposition of portlandite (CH). It is also shown that,
at 1day, the weight loss of OPC-NA and OPC-RA from 30 °c to 600 °c is almost equal, and
correspondingly the TG curves are almost similar. However, after 3 days curing, the
difference between the curves of OPC-RA and OPC-NA were non-inevitable. This may have
something to do with the amount of OH™ in pore solution of OPC system. Although the
amount of CH increased with age, the solubility of CH is relatively low and thereby the pH of
pore solution changes little. Therefore, the effect of reactive aggregate on hydration of OPC
system is still limited.

Compared to Fig. 6a, there are only a single peak in the DTG curves of Fig 6b and ¢ due to
absence of CH in the alkali activated system [4, 36]. Previous literature suggested that this
peak is mainly caused by the loss of interlayer water and dehydration of C-(N)-A-S-H type
gels for AAS [29] and N-A-S-H for AAFA [30]. Therefore, that is to say, the amount of main
reaction products in AAS and AAFA can be roughly reflected by the weight loss from the 105
°c to 300 °c of the TG curves in Fig. 6b and c. For AAS system, the sequence of weight loss
iSSL-RA-7D (4.14%) > SL-NA-7D (3.72%) > SL-RA-3D (3.37%) > SL-NA-3D (3.29%) >
SL-RA-1D (2.98%) > SL-NA-1D (2.93%). For AAFA system, the sequence of weight loss is
FA-RA-7D (1.51%) > FA-RA-3D (1.38%) > FA-NA-7D (1.26%) > FA-RA-1D (1.07%) >
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FA-NA-3D (1.00%) > FA-NA-1D (0.75%). It clearly shows that the reactive aggregate had
noticeable influence on the reaction process and promoted the gel formation.
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Figure 6: TG and DTG curves of OPC, AAS and AAFA mortars mixed with NA or RA.

3.3. Porosity and pore size distribution

The effect of reactive aggregate on the porosity and pore size distribution of all specimens
are given in Fig. 7. With the increase of curing time, the porosity of all samples decreased
gradually, except for FA-RA-3D sample. As shown in Table 3, the total porosity of
FA-RA-1D and FA-RA-3D were 30.2263% and 31.0282%, respectively. The abnormal
phenomenon will be explained in the following text. Meanwhile, the pore size distribution
also shows refinement of pores with an increase in curing time.

For OPC system, the porosity of OPC-RA samples at 1 and 3 days were higher than that of
OPC-NA, while the porosity of OPC-RA-7D was lower than that of OPC-NA-7D. In contrast
to OPC, the porosity of AAS or AAFA prepared with reactive aggregate from 1 to 7 days are
always greater than that of samples mixed with non-reactive aggregates. Meanwhile, the total
porosity shows a strong negative correlation with the amount of reaction products. The more
reaction products are, the higher total porosity is. At room temperature, the dissolution of
silica from reactive aggregate is negligible [31], while it can react with the high alkaline
solution in AAMs over time [32]. This may relate to the alkalinity of pore solution in
corresponding samples, and this effect might be bilateral. On one hand, the high amount of
OH- in the first few days accelerates the dissolution of poorly crystallized silica in reactive
aggregate, and the dissolved reactive silica participated in the early-age reaction and thereby
facilitated formation of reaction products. On the other hand, the dissolution of reactive
aggregate leaves the hollows in the surface of aggregate, and consequently lead to the increase
of total porosity [33,34]. Since the amount of OH— in OPC system is relative lower than that
of AAMs [35], the reactive aggregate in AAMs were attacked more than that of OPC and
thereby result in higher porosity in AAMs prepared with reactive aggregates. Particularly for
AAFA, whose reaction speed is low and cannot make up the hollows in time, the results that
the total porosity of FA-RA-3D was bigger than that of FA-RA-1D further reflected this
effect.
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Figure7: Cumulative and incremental pore volume of OPC, AAS and AAFA
mortars mixed with NA or RA

Table 3: Total porosity of samples

Sample 1 day 3 days 7 days
ID Total porosity (%) Total porosity (%) Total porosity (%)
OPC-NA 34.9816 29.8330 27.6005
OPC-RA 35.4872 31.4117 25.7926
FA-NA 27.3188 26.2142 22.4827
FA-RA 30.2263 31.0282 29.1259
SL-NA 18.7866 16.4220 13.5995
SL-RA 19.3866 17.7266 14.4044

4. CONCLUSIONS

This study investigated the effect of reactive aggregates on the early-age reaction of OPC,
AAS and AAFA. Based on the experiments and discussion, the following conclusions can be
drawn:

(1) This study suggested that the effect of reactive aggregate on the early-age reaction of
OPC, AAS and AAFA are different with each other.

(2) Compared to OPC system, the reactive aggregates in AAS and AAFA system were
easier to dissolve due to the high alkaline activator and thereby generated more heat in the
dissolution stage in calorimetry study.

(3) The dissolved reactive aggregate participated in the early-age reaction of AAS and
AAFA, and facilitated the gel formation, which were further confirmed by TG analysis.

(4) The total porosity of AAS mortar and AAFA mortar made of reactive aggregates
showed negative correlation with the amount of reaction products in early-age. The
refinement of pore structure with time was also observed.
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(5) The possibility of explaining the long-term ASR behavior of AAMs in terms of
early-age reaction was confirmed in this study. Further cross-checking work is needed for
better bridging the knowledge gap.
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