crystals

Article

Alkali—Silica Activity and Inhibition Measures of Concrete
Aggregate in Northwest China

Jing Wen 12, Jinmei Dong 1-2*, Chenggong Chang -2, Xueying Xiao "> and Weixin Zheng -%*

check for
updates

Citation: Wen, J.; Dong, J.; Chang, C.;
Xiao, X.; Zheng, W. Alkali—Silica
Activity and Inhibition Measures of
Concrete Aggregate in Northwest
China. Crystals 2022, 12, 1013.
https://doi.org/10.3390/
cryst12071013

Academic Editor: Dawei Wang

Received: 4 June 2022
Accepted: 19 July 2022
Published: 21 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Key Laboratory of Comprehensive and Highly Efficient Utilization of Salt Lake Resources, Qinghai Institute
of Salt Lakes, Chinese Academy of Sciences, Xining 810008, China; wj580420@isl.ac.cn (J.W.);
ccgl68@isl.ac.cn (C.C.); xiaoxy@isl.ac.cn (X.X.)

Key Laboratory of Salt Lake Resources Chemistry of Qinghai Province, Xining 810008, China
Correspondence: dongda839@isl.ac.cn (J.D.); zhengweixin@isl.ac.cn (W.Z.)

Abstract: The alkali—silica reaction (ASR)-induced expansion of mortar bars containing four types
of aggregates originating from different regions in northwest China was studied. The chemical
composition, mineral composition, vitreous and amorphous substances, and expansion rates were
determined using X-ray fluorescence, X-ray diffraction, polarizing microscope images, and the
accelerated mortar bar test (AMBT). The inhibitory effects of fly ash and silica fume on the aggregate
activity were evaluated. The binary mortar mixes were produced and tested, containing cement
and fly ash or silica fume as the partial cement replacement. The microstructure and composition of
the ASR products were analyzed by scanning electron microscope energy dispersive spectroscopy
(SEM-EDS). The results show that all four types of aggregates exhibited an alkali activity, and that
all expansion rates on the 14th day were higher than the standard of 0.1%. The lowest and highest
values were 0.2% and 0.3%, respectively. The primary constituent in the chemical compositions of
these aggregates was found to be silica. Polarization microscopy also confirmed that they contained
alkali-active cryptolites. Fly ash and silica fume could both inhibit alkali activity expansion and the
silica fume exhibited a superior inhibition effect. When the fly ash and silica fume contents were 20%
and 10%, respectively, the expansion rates of the mortar bar on the 14th day were all less than 0.03%.

Keywords: alkali aggregate reactions; fly ash; silica fume

1. Introduction

The alkali—silica reaction (ASR) is a chemical reaction that occurs between hydroxyl
ions in the pore solution of a hydrated cement paste and in certain reactive silica phases
in the aggregates used in concrete [1-5]. The reaction products may expand by imbibing
water, which causes the expansion and cracking of concrete elements; this leads to the
formation of the ASR gel [6-9]. Once an ASR occurs, it is difficult to prevent it; it is even
more challenging to repair and save the concrete. The damage caused, which is referred
to as the “cancer” of concrete, has become the second most serious disease in concrete
structures, following steel corrosion [10]. ASR damage in concrete engineering was first
confirmed in the United States in 1940 [11]; it has now appeared in bridges, roads, airports,
ports, and industrial and civil buildings globally. Therefore, preventing and restraining
the expansion of ASRs, improving concrete durability, and extending service life have
become research focus areas for scientists all over the world. After more than 70 years of
research, a series of achievements have been made in ASR mineral identification [12-15],
test methods [16-18], inhibition measures [19-24], and model prediction [25-27].

Although the addition of silica fume or fly ash has already been extensively investi-
gated, there are few studies on the inhibition of the alkali silica reaction of sand and gravel
aggregates in Qinghai, Western China. The northwest region, particularly Tibet, is a key
area for developing a strategical layout for “The Belt and Road” [28]. The infrastructure in
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the area, such as railways, highways, and airports, forms the foundation of continued de-
velopment [29,30]. However, the construction of the Qinghai-Tibet railway, the high-speed
railway from Lanzhou to Xinjiang, airport and highway systems in the western region, and
high-quality sand and stone resources have all been halted or delayed owing to potential
alkali—silica activity. According to research [10,18], the concrete foundation of the Wusi
bridge building in Xining was seriously damaged by ASR in 1953. The Kunlun bridge
was the first viaduct in Qinghai Province, which was completed in November 2000; this
bridge was also seriously damaged by ASR. Therefore, measures must be implemented
to reduce or even eliminate the hidden dangers of ASRs in infrastructure projects in the
Qinghai-Tibet region.

In this study, the alkali activity of aggregates commonly used in northwest region con-
crete projects was analyzed by means of the accelerating mortar bar test. This experiment
can provide specific experimental parameters for infrastructure projects in Qinghai. There
are two innovations in this paper: (1) Based on the study of alkali activity, it is found that
sand and gravel aggregates in Qinghai generally have alkali—silica reactivity, which cannot
be directly used in the process of concrete mix design. Preventive measures must be taken
to restrain their expansion to prevent ASR damage to concrete structures. (2) On the basis
of existing research, the inhibition effect of different replacement amounts of fly ash and
silica fume on the alkali silica reaction of mortar is further clarified, which provides specific
experimental parameters for infrastructure projects in Qinghai.

Therefore, in this work, either fly ash or silica fume were used as partial replacements
for cement, and their effectiveness on the ASR expansion was studied. Microstructural anal-
ysis using scanning electron micrographs (SEM) and energy-dispersive X-ray spectroscopy
(EDS) was performed; this was aimed at obtaining insights into the ASR products and
the resulting expansions observed for mortar mixtures containing different percentages
of fly ash and silica fume. The purpose of this study is to provide a reference value for
optimizing the mix ratio of high-performance concrete in northwest China.

2. Materials and Experiment
2.1. Materials

Type I Portland cement 52.5R with an equivalent alkali cement (NayOeq) of 0.88 wt%
was used. The fly ash was produced by the Suyuan Company of the Zhenjiang Jianbi Power
Plant, with a specific surface area of 454 m?/kg and an apparent density of 2.2 g/cm3. The
silica fume was produced by Guizhou Haitian Iron Alloy Abrasive Co., Ltd. (Guiyang,
China), and its specific surface area was 22,205 m?/kg. The chemical compositions of
the cement, fly ash, and silica fume are summarized in Table 1. The phase compositions
and microscopic morphologies of the fly ash and silica fume are shown in Figures 1
and 2, respectively.

Table 1. Chemical compositions of the cement and admixture.

Content/wt%  CaO SiO, Al,O3 Fe, O3 MgO SO3 R,O LOI

Cement 63.82 20.43 4.83 2.79 1.53 2.05 0.88 2.89
Fly ash 477 54.88 26.89 6.49 1.31 1.16 1.57 3.10
Silica fume 1.72 92.00 0.78 0.79 271 1.16 - 4.67

After investigating the natural sand commonly used in concrete engineering in the
Northwest area, four types of quartz sand were selected as the research aggregates; these
were obtained from the Datong, Ledu, Xining, and Minhe counties of Qinghai Province.
To meet the requirements of standardized grain size distribution [31], the four aggregate
types were pre-treated by washing, drying, crushing, screening, and weighing. The abbre-
viations, gradations, and percentage contents of the four types of quartz sand aggregates
are presented in Tables 2 and 3.
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Figure 1. Phase composition and microscopic morphology of the fly ash.
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Figure 2. Phase composition and microscopic morphology of the silica fume.

Table 2. Abbreviations, gradations, and percentage contents of the four types of quartz sand aggregates.

Region Datong Ledu Xining Minhe

QH1 QH2 QH3 QH4

Abbreviation

Table 3. Gradations and percentage contents of the four types of quartz sand aggregates.

Gradations/mm 4.75~2.36 2.36~1.18 1.18~0.60 0.60~0.30 0.30~0.15

Contents/wt% 10 25 25 25 15
A pure NaOH reagent and distilled water were used in the experiment.

2.2. Specimen Characterization
The standard used in this experiment is GB/T 14684-2011 “sand for construction” [31].
The accelerated mortar bar test (AMBT) was selected as it is well accepted as a rapid and
efficient method to determine the alkali reactivity of fine aggregates. The mortar bars were
cast from mixtures with a water-to-binder ratio of 0.47 and a binder-to-fine aggregate ratio
of 1:2.25 [32]. Fly ash orsilica fume was used as a replacement for cement in the order of
10%, 20%, and 30% or 5%, 10%, and 15%, respectively; this was aimed at studying the

effectiveness on the mitigation of the ASR.

Mortar bar specimens of 25 x 25 x 285 mm were cast. The specimens were cured
at room temperature for 24 h and then submerged in water at 80 °C for one day, after
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which an initial measurement of the length was taken. Then, the samples were submerged
in a bath of a 1 mol/L NaOH solution. The first measurement of the change in length
was conducted after three days of immersion using a digital length comparator with an
accuracy of 0.001 mm. The measurements were then continued at 7, 14, and 28 days, and
so on. Measurements were taken within 15 s of removing the samples from the solution.
The samples were crushed and ground in order to be tested using 200 mesh for the
XRD and XREF tests. X-ray diffraction (XRD; PANalytical X'pert Pro; Cu K« radiation at
40 kV /30 mA and a scan rate of 0-02° /s), X-ray fluorescence (XRF; Axios PW4400, Cu Ka ra-
diation at 40 kV /30 mA and a scan rate: 0.02°/s), and a polarizing microscope were utilized
to determine the mineralogical characteristics of the aggregates [33]. The microstructures
and compositions of the ASR products were analyzed by SEM-EDS (JSM-5610LV, accel-
eration voltage of 20 kV) [32]. AMBT was employed to determine the alkali activity of
the aggregates according to GB/T 14684-2011 [31]. Moreover, the inhibitory effects of
fly ash and silica ash on the activity of the alkali aggregates were established according
to GB/T 50733-2011 [34]. Three mortar specimens for each mixture were submerged in
1 mol/L NaOH solution in a sealed plastic container, and then stored in a chamber at 80 °C
following the curing procedure described in the previous section. After 2 h of exposure in
the NaOH solution, the initial mortar specimen length was measured using a digital length
comparator. The subsequent specimen lengths were measured after a specified age. Each
reported expansion value was the average of the measurements from the three specimens.

3. Results and Discussion
3.1. Determination of Aggregate Activity
3.1.1. Chemical Compositions of Four Types of Aggregates

The chemical compositions of the four types of aggregates were analyzed by XRFE, and
the results are presented in Figure 3. The results of the chemical analysis demonstrate that
the aggregates mainly contained SiO,, CaO, Al,O3, Fe;O3, and MgO, among which the
5iO; contents were all above 50%; this provides the conditions for aggregates to undergo
basic silicic acid reactions. In contrast, the MgO content was not high; this blocked the
necessary conditions for the alkali—carbonate reaction in the aggregate.
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Figure 3. Chemical compositions of the four types of aggregates.

3.1.2. Mineral Compositions of the Four Types of Aggregates

XRD analysis was performed on the aggregates to determine the main mineral compo-
sitions. The results presented in Figure 4 indicate that the main mineral compositions of
the four types of aggregates were extremely complex, with each consisting of various min-
erals, including quartz, feldspar, and mica, as well as amorphous and vitreous substances.
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The constituent minerals varied among the sources. XRD can identify crystal minerals
in aggregates, but it is impossible to determine the existence of vitreous and amorphous
substances in aggregates using XRD alone. The precondition for an aggregate to exhibit an
alkali activity is that it contains active silica, which generally refers to amorphous silica,
cryptocrystalline, microcrystalline, and vitreous silica. Therefore, petrographic analysis of
the aggregates was necessary to identify their alkali activity.
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Figure 4. X-ray diffraction (XRD) patterns of the following four types of aggregates: (a) QHI,
(b) QH2, (c) QH3, and (d) QH4.

3.1.3. Petrographic Analysis of Aggregates

Active silica is widely distributed in magmatic, sedimentary, and metamorphic rocks,
and mainly includes amorphous-type, poor-crystallinity, and high-stress SiO;, as well
as vitreous bodies, such as opal, chalcedony, calcite, microcrystalline quartz, and quartz
with a strong wave-like extinction [15,18,22]. A petrographic analysis was conducted
on the four types of aggregates, and the polarizing microscope images are presented in
Figure 5. The results demonstrate that there is no significant difference in the mineral
compositions of the four types of aggregates, for which the main components are quartz
sandstone, limestone, and mixed sandstone. The alkaline activity mainly originates from
microcrystalline, cryptocrystalline, and strain quartz distributed in the limestone and
miscellaneous sandstone. Furthermore, it was determined that the four types of aggregates
exhibited an alkali activity and would therefore be harmful to concrete engineering. This
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seems to be consistent with “alkali binding”. Shafaatian and Rajabipour [1] performs a
quantitative evaluation of six potential ASR mitigation mechanisms: (1) alkali dilution,
(2) alkali binding, (3) mass transport reduction, (4) increasing tensile strength, (5) altering
ASR gel, and (6) reducing aggregate dissolution rate.

Figure 5. Polarizing microscope images of the four types of aggregates: (a) QH1, (b) QH2, (c) QH3,
and (d) QH4.

3.1.4. Expansion Rate of Four Types of Aggregates

According to the GB/T 14684-2011 standard [32], when the expansion rate of samples
is less than 0.1% at 14 d, the aggregate is inactive; when the expansion rate is between 0.1%
and 0.2%, it exhibits a potential alkaline activity; and when the expansion rate is greater
than 0.2%, a high activity is indicated. The expansion rates of the four specimen groups
at different ages are presented in Figure 6. The expansion rate of the four sample groups
at 14 d is higher than the standard 0.1%, and the lowest value of the 14 d expansion rate
exceeds 0.2%, while the highest value reaches 0.3%. The 28 d expansion rate increases
rapidly up to between 0.3% and 0.4%. To observe the expansion failure of the aggregate
during its long life, the curing period was further extended to 160 d, and the range of its
expansion rate was increased to between 0.6% and 0.8%. Net-like and dendritic cracks occur
on the surface of the specimen mortar bar after curing for 160 d; a white gelatinous material
is found in the middle of the crack and is a symptom of alkali aggregate reaction damage.
According to the chemical and mineral aggregate composition, and to the petrographic
analyses, alkaline activity is common in aggregates from northwest regions; therefore,
measures must be taken in the design of concrete mix proportions to prevent damage to
the alkali aggregate in concrete structures.

3.2. Inhibitory Effect of Fly Ash on Aggregate Alkali Activity

The aggregate QH3 was selected as the research object to explore the inhibitory effect
when using an equal amount of fly ash to replace the cement, as illustrated in Figure 7. The
expansion rate of the specimen gradually increases with the curing age. The addition of fly
ash effectively inhibits the expansion of the alkali aggregate, with a higher fly ash content
resulting in a superior inhibition effect. When the fly ash contents are 10%, 20%, and 30%,
the 14 d expansion rates decrease by 57.1%, 78.6%, and 85.7%, respectively, compared with
the control samples. According to the standard [34], when the 14 d expansion rate is less
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than 0.03%, the admixture can effectively inhibit the expansion of ASR; therefore, a fly ash
content of 20% or more can effectively inhibit the expansion of ASR in the aggregate.
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Figure 6. Expansion rate of sands in accelerated mortar bar tests (AMBT): (a) short-term and (b) long term.
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Figure 7. Effect of fly ash content on the mortar rod expansion rate.

When further extending the curing age to 60 d, the expansion rates of the blank
specimens rapidly reach 0.49%, with the values being 42.6%, 85.1%, and 87.2% higher than
those of the specimens mixed with 10%, 20%, and 30% fly ash contents, respectively. Thus,
it can be concluded that fly ash has a strong effect on inhibiting the aggregate alkali activity
at a curing age of 60 d.

3.3. Inhibitory Effect of Silica Fume on Aggregate Alkali Activity

Figure 8 illustrates the effect of silica fume on the inhibition of the active aggregate
QH3. The addition of silica fume can effectively inhibit the expansion of the alkali aggregate,
and a higher silica fume content results in a superior inhibition effect. When the silica fume
contents are 5%, 10%, and 15%, the 14 d expansion rates decrease by 64.3%, 78.6%, and
78.6%, respectively, compared with the control samples. According to the standard [34],
a silica fume content of 10% or more can effectively inhibit the expansion of ASR in the
aggregate. Similar to the fly ash inhibition experiment, the curing age was further extended
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to 60 d; then, the expansion rates of the blank specimens are 27.7%, 55.3%, and 74.5% higher
than the specimens mixed with 5%, 10%, and 15% silica fume contents, respectively. It can
be concluded that silica fume has a strong effect on inhibiting the aggregate alkali activity
at a curing age of 60 d.
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Figure 8. Effect of silica fume content on the mortar rod expansion rate.

3.4. Comparison of Inhibition Effect between Fly Ash and Silica Fume

A comparison of the inhibiting effects of fly ash and silica fume on the aggregate alkali
activity (Figure 9) reveals that the effects differ under the same dosage of 10%, with fly
ash and silica fume both having an inhibitory effect on the expansion of the aggregate
alkali activity. The expansion rate of the test piece mixed with silica fume is lower than
that of the fly ash with the same amount (10%), indicating that silica fume exhibits a
superior inhibitory effect over the fly ash. This conclusion is consistent with the results of
Thomas [23], who also demonstrated that the inhibition effect of silica fume is superior to
that of low-calcium fly ash. For example, at ages of 14, 28, 40, and 60 days, the expansion
rates of silica fume specimens were 0.03%, 0.02%, 0.07%, and 0.12%, respectively, which is
50%, 84.6%, 66.7%, and 55.6% lower than those of the fly ash specimens, respectively. It is
worth mentioning that the inhibition effect of fly ash is related to its variety, fineness, and
chemical composition [26].

The reason for these differences relates to the chemical compositions and specific
surface areas of the fly ash and silica fume. From Table 1, it can be seen that fly ash mainly
consists of Si0y, Al;O3, and CaO. The mass of Si/Al/Cais 12/6/1, and the comparative
area is 454 m? /kg. The content of SiO; in the silica fume accounts for 90%, while the
contents of Al,O3 and CaO are very small; furthermore, the specific surface area of silica
fume is 49x larger (22,205 m? /kg) than that of the fly ash. Scanning electron microscopy
(SEM) images show that fly ash particles are spherical and smooth (Figure 1), while silica
fume particles have porous surfaces (Figure 2), resulting in a stronger alkali adsorption
capacity and a better inhibition effect compared with the fly ash.

3.5. Analysis of Inhibition Mechanisms

The microstructures of the studied mortars after 60 d of alkaline exposure were ana-
lyzed by means of SEM-EDS. When comparing the three specimen types (Figures 10-12), a
crack can be seen in the control specimen, while the ASR gel in the crack and the interface
of the cement and aggregate are clearly visible. The product is mainly composed of Ca, Si,
Na, Al, and Mg, and the Ca-to-Si ratio reaches up to 2.98, indicating a severe ASR [19].
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Figure 12. Scanning electron microscope energy dispersive spectroscopy (SEM-EDS) of the silica
sample at 60 d.

Compared with the control sample, the interface between the aggregate and cement
is clear with the addition of 20% fly ash and 10% silica ash when the sample is enlarged
300 times. No reaction ring is observed and the aggregate remains intact without obvious
cracks. Further amplification of the surrounding area of the aggregate reveals that the
aggregate morphology is quite different from that of the control sample. The results of the
energy spectrum indicate that the Ca-to-5i ratios of the fly ash and silica ash samples are
only 1.81 and 1.86, respectively, which are 39.3% and 37.6% lower, respectively, than those
of the control samples. The results are generally in agreement with those published by Li
and Yan [35], in which a large amount of C-S-H gel with a low Ca-to-5i ratio is formed by
the reaction between the fly ash and Ca(OH),, which has been proven to be stronger and
exhibit a more solid alkali ability than the CSH gel generated by pure cement hydration.
Moreover, C-S-H gel with a low Ca-to-5i ratio has been found to reduce the alkali content
in a pore solution as well as the ASR ability of the aggregate [36].

4. Conclusions

1.  Aggregates in Northwest China are generally alkaline-active and exhibit serious,
harmful ASRs. Therefore, it is necessary to implement measures to prevent alkali
aggregate damage in concrete structures in the concrete mix design process.

2. Standard GB/T 50733-2011 was used to evaluate the inhibitory effects of the admix-
tures on the activity of the aggregate base. The results demonstrate that when fly
ash and silica fume dosages are more 20% and 10%, respectively, the 14 d expan-
sion rates of the mortar bar are less than 0.03%, thereby effectively preventing the
ASR of the aggregate; this provides a reference value for optimizing the mix ratio of
high-performance concrete in the northwest regions.

3. The effects of fly ash and silica ash on inhibiting the alkaline activity expansion differ.
For the same amounts of fly ash and silica ash (for example, 10%), silica fume exhibits
a superior inhibitory effect over the fly ash. Fly ash and silica fume adsorb alkali
ions by forming hydration products with a lower ca/si ratio, so as to reduce their
expansion rate.
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