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The influences of aggregate combination and inhibitor additives on the Alkali-silica Reaction (ASR) were studied in this
research. A long-term alkali activity simulation of fully-graded concrete also was carried out. The results showed that
replacement of artificial sandstone sand with artificial marble sand reduced the alkali activity expansion rate of the
sandstone aggregate and effectively improved the inhibition effect of the aggregate when mixed with 35 % fly ash.
Activated silica in the fly ash was crushed into particles and was mixed into each part of the concrete system. It transformed
the limited parts into unlimited active centers. As a result, each center participated in the reaction and consumed the alkali.
Inhibition of the ASR was effective when the fly-ash content of the ASR-1 was 15 %, while in the ASR-2, the fly-ash did
not have a significant inhibition effect. During a long-term simulation, the expansion rate of theconcrete specimens after
standard curing at 20 °C was higher than was the expansion rate after outdoor natural curing. The expansion rate of full
sandstone concrete specimens was higher than was that of sandstone specimens that contained marble stone.

Keywords: aggregate combination, ASR, fully-graded concrete.

1. INTRODUCTION

The Alkali-silica Reaction (ASR) is one of the most
important factors affecting the durability of concrete [1].
The alkali in concrete can react with the active silicon oxide
in the aggregate and the reaction products may exhibit water
swelling. This can generate internal pressure, resulting in
cracking, loss of designed performance and, ultimately,
structural damage. Alkali-aggregate reactions can cause
serious damage to the durability and safe operation of
concrete structures [2, 3].

The mechanism of ASR is complicated and there have
been differences in opinion about it amongst researchers.
According to Lee [4], the reactive silica in aggregate is
depolymerized in a highly alkaline condition. Hydrolysis of
silica takes place in the presence of sodium and potassium
hydroxides and an alkali silicate gel is formed. This gel
absorbs a large quantity of water from the surroundings,
resulting in an expansion of its volume. Expansion of the
alkali-silica gel causes micro-cracking, both inside the
aggregate and at the interface between the aggregate and the
cement paste [5—11]. The presence of a higher percentage
of calcite also was found to cause greater expansion of
concrete.

An alkali-aggregate reaction is a relatively slow
process, ranging in duration from a few years to multiple
decades. The reaction may take even longer for slowly
inflating reactive aggregates with low activity. Water
conservation and hydropower projects can have service
lives of up to one hundred years. Combined with the humid
condition of the concrete, this can provide a suitable
environment for alkali-aggregate reactions [12—15]. Once
the alkali-aggregate reaction occurs, it is difficult to stop
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and/or repair retroactively. Thus, the prevention and control
of these concrete alkali-aggregate reactions has been the
focus of a large number of research studies. Current control
measures of alkali-aggregate reactions mainly include the
use of non-active aggregates, total alkali content controlof
the concrete, humidity control, and the incorporation of
suppressing materials and chemical admixtures [16],
amongst others.

Aggregate is an important component of concrete which
act sas rigid skeleton. With the development of modern
concrete technology, researchers have realized that
aggregate has decisive influence on many important
characteristics of concrete especially in fully-graded
concrete (size ranges 5 ~ 20 mm, 20 ~ 40 mm, 40 ~ 80 mm,
80 ~ 120 mm) [17, 18]. Based on the former researches,
different combinations of aggregates were selected and their
alkali-aggregate reactions under various conditions were
evaluated in this present investigation. An alkali activity-
suppressing material also was applied to inhibit the alkali
activity of the sandstone. The effectiveness of this material
was evaluated with a fully-graded aggregate concrete long-
term aging test. SEM examination was used during the
concrete alkali active long-term aging tests to understand
qualitatively the alkali activity reaction degree and to
predict the deterioration trend of the concrete.

2. EXPERIMENTAL

2.1. Raw materials

42.5 moderate-heat cements were used in this study.
NaOH was added to the cement, which increased the alkali
content of the cement to 1.25 % in order to accelerate the



ASR reaction. The ASR-restraining materials were
metakaolin calcined at different temperatures, and specially-
designed combined materials (composited powder). Table 1
shows the chemical properties of the cement, the ASR-
restrain materials, the fly ash and the aggregates. Sandstone
and marble aggregate were chosen for this work. SEM
images and X-ray diffraction plots are shown in Fig. 1 and
Fig. 2.

Fig. 1. Polari-microscope images of sandstone
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Fig. 2. X-ray diffraction patterns of sandstone, s—quartz,
f—calcite, n—sodium, h—feldspar, g —sodium fel

Table 1. Chemical properties of cement, fly ash and aggregate (%)

As shown by the results, sandstone is a metamorphic
calcareous sandstone with ablastopsammitic structure,
which is made from palimpsest sand, calcite and
mica.Palimpsest sand consists mainly of monocrystalline
quartz and polycrystal quartz with a small amount of
feldspar.

2.2. Testing methods

The detailed procedures of SEM analysis on sandstone
aggregate were as follows: first, the rock samples were
processed into particles, each with a diameter of less than
5 mm and were put into stainless steel containers, and 10 ml
NaOH solution with a concentration of 1 mol/L was added
into the test vessel, after which the cover was tightened, and
the container was placed in a thermostatic-controlled water
bath at 80 °C. Second, the particulate samples were taken
out after 3d and 7d of exposure. After washing with
anhydrous alcohol in the crucible, the samples were dried in
an oven at 60 °C.

Artificial coarse aggregate (size from 5 mm—120 mm)
and fine aggregate (sized at under 4.75 mm) were used in
this study. A rapid concrete prism test was designed on the
basis of the standard concrete prism test (DL/T5150-2001,
Hydraulic Concrete Test Regulations). Mixed proportions
of one grade of concrete are listed in Table 2.

Two aggregate combinations (i.e., full sandstone and
the combination of sandstone coarse aggregate and marble
sand), at two size grades, multi-graded (sized at 5 ~ 20 mm,
and 20 ~ 40 mm) and fully-graded, with a fly ash content of
35 %, were used for the tests. The gradation was based on
the standard concrete prism test method. Also, the aggregate
gradation used the mix ratio of the adjusted multi-graded
and fully-graded concrete are summarized in Table 3. At
prescribed ages, the resistance and resistance ratio of the
strain meter were measured. The “Concrete Autogenous
Volume Deformation Test” method (according to
DL/T5150-2001, Hydraulic Concrete Test Regulations) was
used to calculate the changes in length of the samples.

SiO2 Ca0 MgO Fe203 Al>03 SO3 K20 Na20 Loss on ingition
Cement 21.28 61.75 3.68 5.54 4.12 1.67 0.45 0.12 1.39
ASR-1 45.86 13.53 1.15 0.58 0.79 0.37 0.58 0.24 24.47
ASR-2 32.04 44.76 2.19 0.71 2.05 0.07 0.15 0.17 17.86
Fly ash 1 52.56 3.24 1.16 9.51 24.21 0.37 1.00 0.27 3.51
Fly ash 2 52.44 3.20 1.14 9.44 24.03 0.36 1.00 0.28 4.07
Fly ash 3 58.93 3.24 1.25 9.67 21.59 0.13 1.00 0.11 0.95
Fly ash 4 58.95 3.24 1.24 9.60 21.59 0.14 0.99 0.11 0.92
Fly ash 5 45.06 3.65 0.90 14.38 25.88 0.99 1.50 0.92 3.44
Fly ash 6 49.16 5.70 0.82 12.29 21.27 1.36 1.50 0.48 4.48
Fly ash 7 54.40 1.33 1.29 4.16 26.22 0.20 2.74 0.44 7.69
Fly ash 8 54.21 2.20 0.96 5.75 25.68 0.38 1.97 0.25 7.34
Fly ash 9 52.10 3.54 3.74 5.81 23.97 0.28 3.75 0.20 4.54
Fly ash 10 50.35 7.20 3.18 7.09 25.81 0.38 1.43 1.79 0.66
Fly ash 11 42.49 11.8 0.82 6.48 315 0.67 1.38 0.92 1.59
JPS-1 67.95 8.87 1.90 2.89 5.45 0.22 0.90 1.36 9.67
JPS-2 67.09 8.65 1.88 3.26 6.83 0.17 1.38 1.06 8.86
JPS-3 67.60 8.18 1.90 2.87 6.52 0.21 1.23 1.39 9.36
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Table 2. Mix proportions of concrete (two, multi and fully-graded)

Cement, Water, 3 . Coarse aggregate, kg/m?
WIC |y g kgim? | Sand kg/m* | Gradation 20— 15 mm 15_10 mm 10_5mm
0.43 420 181 720 one 360 360 360
Table 3. Mix proportions of concrete (two, multi and fully-graded)
. Coarse aggregate, kg/m?
3 3 3

W/C | Cement, kg/m® | Water, g/m Sand, kg/m Gradation 50 5mm T 40—20 mm | 80—40 mm | 120—80 mm
2 540 540 — —

0.43 420 181 720 3 270 270 540 —
4 216 216 270 378

3. RESULTS AND DISCUSSION
3.1. SEM analysis

The use of granite or sandstone aggregates in the United
States, France, and India has caused the destruction of
alkali-aggregate reactions. At the present time, there is no
consensus on the cause of the alkali activity of granite. It has
been inferred that the phenomenon is related to deformed
quartz, as pointed out in the Engineer Manual of the US
Army Corps of Engineers (1983). It is suggested that
aggregates can be considered as being potential active when
the extinction angle of deformed quartz glass is above 25°,
and the content of deformed quartz is greater than 25 %.

The application of SEM examination methods to
elucidate the reaction of alkali-aggregate in concrete and its
expansion mechanism is of great significance for
understanding the reaction products of alkali-aggregates,
the degradation mechanism of concrete subjected to the
reaction of alkali-silica, and the study of the initiation
process of the swelling source [19, 20].

In order to check whether the sandstone in this study
was active, sandstone protolith and sandstone soaked in
alkali solution were examined under SEM. SEM images of
the sandstone protolith are presented in Fig.3. The
sandstone was soaked in NaOH solution for 3d and 7d. As
shown in Fig. 3, the sandstone protolith exhibits a dense
structure and a clear joint.

The petaloid substance was uniformly distributed, with
a soft structure on the surface of the samples soaked in
NaOH solution for 3d. The Petaloid substance was Na (K)-
Si-H gel,the accumulation and expansion of which results in
uneven expansion and cracking along the interface in
concrete.

Na * (K*) + SiOz+OH-—Na (K)-Si-H gel 1)

Samples that had been soaked in NaOH for 7days
exhibited a growing amount of petaloid substance on the
surface. If a comparison of results from Fig. 3a and ¢ is
taken, there are reaction products (Na-Si-H gel) of ASR in
Fig. 3 ¢, which confirms that ASR took place. Also, as the
reaction time increased, the products of the reaction on the
sandstone surface increased in number and the morphology
of the products changed.The mesoscopic phenomenon
further verified that silica stone had ASR reactivity.

3.2. Fast concrete prism test

The rapid concrete prismatic method is a test method in the
RILEM Standard from the International Federation of
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Materials and Building Structures Research Institute, which
enables the alkali activity of aggregates and the safety of
ASR to be assessed for specific concrete mixes.

Fig. 3. SEM images of sandstone: a—original sample; b—sample
soaked 3d; c—sample soaked 7d

The method uses an expansion rate of 0.02 % of the test
specimen volume at the age of three months as the
acceptance criterion. According to this criterion, test results
are obtained that are more in line with actual in-service
behavior. For some important projects, in order to ensure the
long-term safety of the concrete, the reaction time can be
prolonged to 6 months when this method is used to detect
expansion.

For some important projects, in order to ensure the long-
term safety of the concrete, the reaction time can be
prolonged to 6 months when this method is used to detect
expansion. The expansion rate threshold criterion is still
0.02 % and the expansion curve should be close to a
horizontal straight line.
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Fig. 5. Expanding ratios of concrete prism test method, 100 mm x 100 mm x 400 mm one gradation and two gradations
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Fig. 6. Expanding ratios of concrete prism test

The actual concrete environment sometimes can be
more severe. For this purpose, the alkali content of the
concrete can be increased, or the specimen can be cured in
an alkaline solution, to enable the ASR safety of the
aggregate and the concrete to be evaluated. Because the fast
concrete prismatic method is a trial method, the final
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parameters, test procedures, and the determination of the
acceptance criteria also need to be cross-tested and verified
by various laboratories for a variety of aggregates and
concrete ratios, and knowledge of concrete expansion
behavior should be continuously improved. When the
aggregate was combined with a coarse aggregate of silica,



ASR activity was evident.However, in samples that
combined the aggregate coarse and fine aggregates from
marble, ASR was not active, as is illustrated in Fig. 4. Also,
concrete prism test samples made from a combination of
sandstone aggregate under a reservation of 60 °C exhibited
growth in expansion with extended exposure time.
Additionally, samples that included pure marble samples
showed similar expansion growth. In some of these samples,
the overall expansionexceeded the threshold value of
0.04 %, though it only had a mild growth rate.

The composite aggregate with sandstone alone
experienced greater expansion than did the mixture of
sandstone and marble, which indicated that replacing
sandstone sand with marble sand reduced the degree of
expansion. Also, artificial marble sand with different modes
of fineness did not have a major effect on the expansion of
the concrete prism test samples, as shown in Fig. 5.
Concrete samples with different combinations of aggregate

expanded more as time went on under high alkali conditions.

Therefore, the alkali content of concrete should be strictly
limited.

As shown in Fig.6, for concrete with different
gradation, and for the two aggregate combinations without
fly ash doping, expansion increased with age, and the
expansion of the full-sandstone aggregates was greater than
that of the composite aggregates of sandstone and marble.
When the fly ash content reached 35 %, the expansion of the
concrete prism test samples was below 0.02 %. Over a
period of five years, that becomes an expansion reduction of
over 80 %. Furthermore, the change in expansion of the
composite aggregate of sandstone and marble at a five-year
age was as small as that of the one-year aged sample, and
both had expanded less than 0.01 %.

When activated silica in the fly ash was crushed into
particles and was mixed thoroughly in each part of the
concrete system, it transformed the limited parts into
unlimited active centers. Each center participating in the
reaction consumed alkali. As a result, energy can only
scatter and is incapable of local concentration. Therefore,
the energy is resolved, inhibiting the alkali-aggregate
reaction. The results showed that a fly ash mass content of
35 % greatly inhibited the reactivity of sandstone aggregate.
With an increase in the paste/aggregate ratio, the expansion
of the concrete prism test samples increased accordingly.

3.3. SEM analysis of concrete samples

In order to analyse the alkali activity of samples taken
from a standard maintenance at 38 °C with two types of
aggregates and two types of concrete grading, a test block
was made, under the condition of minimum crushing
vibration, with a relatively flat and intact interface, and was
prepared under vacuum with gold plating on its surface for
SEM examination.

For the two aggregate combinations (full sandstone and
the combination of sandstone coarse aggregate and marble
sand) and the two aggregate gradations (multi-graded and
fully-graded), an SEM examination was conducted to
evaluate the degree of the alkali reaction in the samples with
fly ash contents of 35 %.

Several conclusions were drawn from the micro-
morphology displayed in Fig. 7. First, for the multi-graded
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and full-grade concrete samples molded from full sandstone
aggregate, soft, small conchoidal or cottony reaction
products (Na-Si-H gel) clearly could be observed. Second,
for the multi-graded and full-grade concrete samples
molded from the composite aggregate of marble and
sandstone-aggregate, a small number of alkali-aggregate
reaction products could be found locally. Of these products,
the majority were long-cylindrical or slender-cylindrical
cement hydration products that were closely stacked. Third,
the full sandstone aggregate-molded concrete samples
generated more alkali-aggregate reaction products than did
the samples molded from composite aggregates of
sandstone and marble, and the former exhibited more
intense reaction.

Fig. 7. SEM images of a five-year concrete prism specimen:
a—sandstone two gradation; b-sandstone+marble two
gradation; c—sandstone fully-graded,;
d-—sandstone+marblefully-graded

3.4. Quality control index of fly ash

From the results of former tests, an objective and
reliable quality evaluation model for the influence of fly ash
in a concrete mixture can be developed in order to derive a
fly ash control index for inhibition of the alkali-aggregate
reaction. Additionally, the CaO content, alkali content and
SiO+AlL,O03+Fe,03 contents were found to be poor
indicators of the control index of fly ash in the alkali-
aggregate reaction. According to the literature [2—7], the
inhibition effects of fly ash on the alkali-aggregate reaction
were inferred by observing the value of Cr.. The basic form
of Csa is:

_ Ca0+X,R,0+X,MgO+X,SO,
" X,Si0,+X,Al,0,+X,Fe,0,

1)

The relationship between the chemical factor and the
expansion ratios of a 28-day mortar bar and 1-year concrete
prism specimens mixed with 35 % fly ash are shown in
Fig. 8 and Fig. 9, respectively. The chemical factor, which
was calculated by the expression of the chemical
composition factor of fly ash, has a good correlation with
the expansion ratios of the 28d mortar bar and 1-year
concrete prism specimens. Although the expansion ratios of



the 28d mortar bar and 1-year concrete prism specimens
were not identical to the chemical composition factor of fly
ash, the two factors were related. The results showed that
using the chemical composition factor for the fly ash,
calculated using the above expression to measure the quality
of fly ash, was a viable method of predicting likely concrete
expansion behavior.

0.035

0.030
0.025

0.020

0.015
0.010

0.005

0.000
-2.000

-1.000  0.000 1000 2000  3.000  4.000
Chemical factor

Expansion rate of mortar (28d)

Fig. 8. Relationship between fly ash and chemical factors in 28d,
accelerated mortar-bar test

0.030

R = 0.9142
0.025 L
-»

/
0.020 -
.

0.015

0010

specimens (1d)

0.005

Expansionrate of concrete prism

0.000
-0.015 -0.010

-0.005 0.000 0.005 o010 0.015

Chemical factor

Fig. 9. Relationship between fly ash and chemical factors in 365d,
concrete prism test method

The following will verify its reliability through domestic

and foreign research results.
1. Verification of test results of Nanjing Hydraulic

Research Institute

Nanjing Hydraulic Research Institute did a series of
studies on the effect of chemical composition of fly ash on
the inhibition of alkaline activity of the aggregate.
Adoptingthe rapidmethod of mortar bar, 42.5 Ordinary
Portland Cement of Nanjing Conch, and the cement alkali
content was adjusted to 1.0 %. The amount of fly ash was
20 % of the total cementitious material, and the aggregate
was a natural river sand in Nanjing. The CaO content of 11
types of tested fly ash are from 1.93 % to 11.64 %, the
equivalent alkali content from 0.49 % to 2.48 %. Calculate
the chemical composition of fly ash obtained from this study
and calculate the experimental data of the South Institute of
Science. The relationship between the fly ash chemical
factor and the expansion rate of the mortar rod 14d is shown
in Fig. 10.
2. Verification of test results of Shehata and Thomas

Shehata and Thomas studied the influence of the
chemical composition of fly ash on their alkali aggregates
in 1997 [10]. Adopting the concrete prismatic method, the
amount of fly ash was 25 %. The CaO content of 11 types
of tested fly ash between 5.57 % to 30.0 % with equivalent
alkali content are from 0.30 % to 4.79 %. The test data come

from Shehata and Thomas were calculated by using the fly
ash chemical factor expression obtained in this study. The
relationship between the fly ash chemical factor and the
two-year expansion rate of the concrete prism is shown in
Fig. 11.
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Fig 11 Relationship between the fly ash chemical factor and the
two-year expansion rate of the concrete prism

From the above test of verification literature, we can see
that although they use different test methods (fast mortar bar
and concrete prism method), different fly ash content (the
amount of 20 % and 25 %, respectively), the relationship
between the chemical composition of the fly ash and the
non-linear regression analysis of the chemical composition
factor and the expansion rate are still basically linear. The
correlation coefficient R, is 0.99 and 0.86, respectively,
indicating that the chemical composition factor can better
reflect the effect of fly ash in inhibiting the reaction of alkali
aggregates. However, it also shows that the chemical
composition of fly ash is related to the cement type, the
amount of fly ash, the type of aggregate, and the method for
evaluating the inhibitory effect.

3.5. Two inhibition materials on ASR
3.5.1. Metakaolin and composited powder

The inhibitory effect of metakaolin on concrete ASR
has been confirmed by many researchers. In order to
develop better materials for inhibiting ASR, several new
materials were chosen in order to get better inhibition
effects. Metakaolin and composited powder were used as
two kinds of inhibition materials (identified as ‘ASR-1" and
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‘ASR-2’) that would reduce the ASR. Addition ratios of 5%,
10%, and 15% were chosen for this study. ASR inhibition
was greatest when the content of ASR-1 was 15%, and as
the content increased, the expansion rate decreased, as is
shown in Fig.12. As for ASR-2, the expansion rate
decreased slightly but the inhibition effect was not
significant when the content was under 15 %.

3.5.2. Limestone powder inhibition test

A recent study has shown that active aggregate mixed
with a certain amount alkaliaggregate had an effect on the
alkali-aggregate reaction [19]. Therefore, this test combined
with the test of active sandstone powder and inactive marble
stone powder to restrain the activity of the alkali effect.
Fig. 13 and Fig. 14 show the accelerated mortar-bar test
results using Emei cement and sand aggregates with
different replacement contents, i.e., 10 %, 15 %, 20 %, and
25 %.

The expansion rate of the mortal bars was slightly lower
with different proportional replacements of cement or
aggregate with active sandstone powder and inactive marble
stone powder. The inhibitory effect was not obvious in the
content range up to 25 %. Under the same conditions, the
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expansion rate reduction value was higher than that of
cement that contained only the inactive marble stone
powder.

3.6. Long-term alkali activity simulation of fully-
graded concrete

At present, ASR tests and suppression methods “have
only been used for shorted time periods. and no more long-
term results can be seen. Based on this new fully-graded
concrete, observations have been made in the present study
for up to five years and it is expected that, in the future, more
reliable relationships and better supplements will be
identified, compared to the materials used when obtaining
the early evaluation results. Four groups of specimens with
fully-graded long-term test mixing ratios were studied after
standard curing at 20°C, and after outdoor natural curing
conditions for approximately 5 years.

The results, as shown in Fig. 15, the expansion rate of
the concrete specimens that underwent standard curing at
20 °C was higher than those of the specimens that had the
same aggregate combination conditions but were cured
under outdoor natural conditions.
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Fig. 12. Accelerated mortar-bar test results of inhibition materials on ASR: a—sandstone; b—marble
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Fig. 15. Specimen expansion curves of two kinds of aggregate combination in different curing condition

The expansion rate of concrete specimens under The concrete specimen expansion rate of full sandstone
standard curing at 20 °C increased as the age of the concrete  was slightly higher than the expansion rates of sandstone
increased. Although the expansion rate of the concrete  and marble mixed specimens under the same curing
specimens was not dramatically affected by outdoor natural ~ conditions. Although change in the expansion rate of the
curing, the outdoor temperature and humidity seemed to be ~ concrete specimens under outdoor natural curing was
relevant in affecting the degree of long-term expansion. irregular, the volume changes of sandstone and marble
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mixed specimens was essentially negative, while the
volume change of full sandstone varied between positive
and negative values.

4. CONCLUSIONS

The influence of different aggregate combinations and
inhibition materials on the ASR in fully-graded concrete,
and a long-term alkali activity simulation of fully-graded
concrete, were investigated in this study. Additionally,
eleven kinds of fly ash were used to investigate the influence
of chemical composition factors on the ASR and to measure
the quality of the fly ash. The results were as follows:

1. Full sandstone, fully-graded concrete specimens had
higher expansion rates than did the specimens that
contained marble stone. The new inhibition materials
produced a noticeable inhibitory effect on the sandstone
aggregate alkali activity. The concrete specimen
expansion rate after standard curing at 20 °C was higher
than was that of samples that underwent outdoor natural
curing. The full sandstone concrete specimens had
higher expansion rates than did the specimens that
contained marble stone.

2. SEM examination to assess long-term concrete alkali
activity behavior can assist in the observation of
characteristic reaction products at the alkali-aggregate
interface during the active alkali-aggregate reaction.
This can improve qualitative understanding of the
extent of the alkali-aggregate reaction and also assist in
the prediction of the concrete deterioration trend.

3. The replacement of artificial sandstone sand with
artificial marble sand can reduce the alkali activity
expansion rate of sandstone aggregate and can improve
significantly the inhibition effect of aggregate mixed
with 35 % fly ash. Use of the chemical composition
factor of fly ash, calculated by the expression to
measure its quality, is a viable method that will merit
future research.
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