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1. Introduction

Reactive aggregate is a necessary component required for the occur-
rence of alkali-aggregate reaction which is a serious deterioration prob-
lem in concrete structures. Alkali-silica reaction (ASR), the predominant
type of alkali-aggregate reaction, takes place between the alkali hydrox-
ides available in concrete pore fluid and the reactive silica supplied by
the aggregates, and causes cracking, expansion and deterioration of
concrete. The type and amount of reactive silica available in aggregates
largely influences their alkali-silica reactivity. The proportion and the
size of a particular type of reactive aggregate have also been found to
largely influence the expansive behavior of ASR-affected concrete,
which are generally observed as pessimum effects [1-6].

ASR expansion of a concrete mix varies with the type, content and
size of the reactive aggregate. For a particular type of reactive aggregate,
a pessimum proportion is the certain proportion of reactive aggregate
that corresponds to the maximum expansion [1]. Similarly, the
pessimum size corresponds to the aggregate size exhibiting the maxi-
mum expansion [1]. Most of the studies on pessimum size have focused
on fine aggregate. Although the exact size may vary with the type of ag-
gregate and also with the size of the specimen [5], the pessimum size is
generally observed to be in the range of 0.5-2 mm [1,3,7].
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The size effect is, however, less clearly understood for coarse aggre-
gates [8,9]. Fracture mechanics based approaches are sometimes used to
explain the effect of aggregate size on ASR performance [10,11]. Gao et
al. [5] proposed that the effect of aggregate size may vary relative to the
size of the concrete specimen. Based on experimental observations,
Zhang et al. [4] concluded that expansion is reduced with an increase
in size for a reactive siliceous aggregate (from China). A similar observa-
tion of reduced expansion with an increase in aggregate size was ob-
served by Wigum [12] for a highly reactive aggregate (from Iceland).
On the other hand, Dunant and Scrivener [11] reported that the maxi-
mum expansion among the size ranges of 0-2 mm, 2-4 mm, 4-8 mm
and 8-16 mm (for chloritic schist type Alpine aggregate) was observed
for the size range of 4-8 mm. French [13] reported that the size range for
the harshest ASR damage varies for different types of aggregates. For in-
stance, reactive chert aggregate was most damaging in the size range of
3-7 mm, and recrystallized sandstone was most damaging in the size
range of 10-20 mm. These studies indicate that the size of the coarse ag-
gregate can influence the ASR expansion and damage of concrete. More-
over, since coarse aggregate in concrete involves a large size range, total
expansion of concrete for a given aggregate grading may indeed be
composed of individual contributions of different size fractions within
the aggregate grading [2,11].

The gradation of coarse aggregate in concrete spans a relatively
broad spectrum, usually from 5 to 25 mm. A concrete mix design usually
follows a grading requirement (e. g. ASTM C33 [14]) for coarse aggre-
gate. For instance, ASTM C1293 [15], the concrete prism test (CPT), pre-
scribes a size range of 4.75-19.0 mm for coarse aggregate. For the size
range of 4.75-19.0 mm, ASTM C1293 [15] specifies that the coarse
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aggregate be comprised of three equal proportions: 19.0-12.5 mm,
12.5-9.5 mm and 9.5-4.75 mm. In context with ASR, a specific coarse
aggregate grading is necessary to provide a basis to compare CPT results
from different researchers by eliminating the consequences such as the
variation in aggregate grading. However, the consequences of deviating
from a specified grading of reactive coarse aggregate on concrete's re-
sponse to ASR have not been adequately reported in the literature.

Two aspects can be specifically identified to indicate the need for a
study on the influence of the variation in aggregate grading on the
ASR performance of concrete. First, most ASR studies follow a specific
mix design and a specific grading of coarse aggregate, and hence, the in-
fluence of the variation in aggregate grading is inadequately under-
stood. Concomitantly, the CPT mix as per ASTM C1293 [15] cannot
represent field mixes in which the mix design and the aggregate grading
are different from ASTM C1293 [15] mix design [16]. Second, maintain-
ing a specified grading is logistically challenging for ASR studies involv-
ing large test specimens, such as slabs, walls and exposure blocks [17-
20]. Large concrete test specimens require a relatively large amount of
aggregate, on a scale of several tons. The challenge of adhering to a spec-
ified grading is highlighted by the fact that a study “impact of aggregate
gradation on properties of Portland cement concrete” [21] was conduct-
ed recently for the South Carolina Department of Transportation with
the goal to determine whether concrete containing aggregate with an
out-of-specification grading should be accepted or rejected. The study
[21] investigated the influence of variations in aggregate grading on se-
lected properties of concrete, such as compressive strength, modulus of
elasticity, slump, split tensile strength and rapid chloride ion permeabil-
ity. The study [21] suggested that, as long as the fresh properties of con-
crete are acceptable, any deviation in aggregate grading by + 12% may
be acceptable for the strength performance of concrete; however the ef-
fect of aggregate grading should be considered more seriously for the
cracking and durability performance of concrete. Nevertheless, no con-
sideration was given to the influence of aggregate grading on ASR
performance.

Recently, an ASR research project required constructing several large
specimens requiring some cubic meters of concrete [20]. This motivated
a study to investigate the influence of coarse aggregate grading on the
ASR performance of concrete. This study investigates the influence of
aggregate grading on the expansion and damage of concrete due to
ASR. Three mixes of concrete are compared with the primary variable
being the coarse aggregate grading as: a standard composition as per
ASTM C1293 [15]; a fine-dominant composition; and a coarse-domi-
nant composition.

The investigation involves concrete prisms which were measured
for expansion as per ASTM C1293 [15]. The prisms were tested for mod-
ulus of rupture, surface resistivity, and damage rating index at different
ages from 28 to 365 days. In addition, a number of concrete cylinders
were tested for compressive strength, modulus of elasticity, and ultra-
sonic pulse velocity (UPV) at different ages from 28 to 365 days. This
paper presents the findings from these measurements to better under-
stand the influence of aggregate grading on the alkali-silica reactivity of
concrete. The effect of grading on the quality of concrete is also
discussed. The importance of grading and the possible consequences
of deviating from a standard grading are highlighted.

2. Materials and methods
2.1. Coarse aggregate grading

The grading for the CPT as specified by ASTM C1293 [15] was taken
as the standard grading. This study captures practical scenarios of likely
deviations of the coarse aggregate grading compared to the specified
ASTM C1293 [15] grading. Rangaraju et al. [21] suggested that an ac-
ceptable deviation in aggregate grading can be as large as 4+ 12% based
on the strength performance of the concrete. This study considered a
similar deviation in aggregate grading of 4+ 10%. Even though several

combinations of aggregate gradings are possible by varying the relative
proportions of the smaller size fractions of aggregate particles [11], for
simplicity, three different gradings were considered in this study as
depicted in the aggregate gradation curves in Fig. 1. The three gradings
are described as:

i) Standard grading: as specified in ASTM C1293 [15], which
consisted of 33.33% (by mass) each of the three size ranges of
coarse aggregate, namely, a) 19.0-12.5 mm, b) 12.5-9.5 mm,
and ¢) 9.5-4.75 mm;

ii) Fine-dominant grading: which consisted of 10% (by mass) less of
the coarser fraction and 10% excess of the finer fraction com-
pared to the standard grading; and

iii) Coarse-dominant grading: which consisted of 10% (by mass) ex-
cess of the coarser fraction and 10% less of the finer fraction com-
pared to the standard grading.

The overall size range of 19.0-4.75 mm was maintained for all
gradings.

2.2. Materials and concrete mix design

In general, all mixes were based on the CPT as per ASTM C1293 [15].
The three concrete mix designs are shown in Table 1. The primary dif-
ference between the three mixtures is the coarse aggregate grading. Ac-
cordingly, the three mixes were designated as the standard mix (mix S),
fine-dominant mix (mix F) and coarse-dominant mix (mix C).

Spratt aggregate was used as the reactive coarse aggregate. It is a si-
liceous limestone, crushed aggregate from a quarry near Ottawa, Ontar-
io, Canada, and has been used as a reference aggregate to calibrate ASR
test methods [22]. Except for ASR, the aggregate meets the normal phys-
ical requirements for concrete aggregate [17]. The Los Angeles Abrasion
value for Spratt aggregate was reported as 19% [23]. The specific gravity
of the aggregate at oven-dry condition was 2.68 and the absorption was
0.5%.

The non-reactive fine aggregate was natural sand from Orillia, On-
tario, Canada. The water-to-cement ratio was 0.44 for all mixes. High al-
kali general use (GU) cement was used with a total alkali content of
0.99% Na,0 equivalent by mass of cement. The chemical composition
of cement is shown in Table 2. The alkali level of the concrete mixes
was increased to 5.25 kg Na,O equivalent per m> of concrete by adding
NaOH pellets to water prior to concrete mixing.

2.3. Casting and conditioning of the specimens
Concrete prisms were cast as per ASTM C1293 [15]. Nine prisms and

nine cylinders were cast from mix F and mix C. For mix S, two batches of
concrete were used for casting concrete specimens. The first batch was
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Fig. 1. Coarse aggregate grading scenarios.



B.P. Gautam et al. /| Cement and Concrete Research 95 (2017) 75-83 77

Table 1
Mix designs of concrete.

Mix (coarse aggregate grading) Cement (kg/m?) Water (kg/m?) Coarse aggregate (kg/m?) Sand (kg/m>) NaOH pellets (kg/m?)
19.0-12.5 mm 12.5-9.5 mm 9.5-4.75 mm

S (standard) 420 184.8 371.67 371.67 371.67 719.2 141

F (fine-dominant) 420 184.8 260.17 371.67 483.17 719.2 141

C (coarse-dominant) 420 184.8 483.17 371.67 260.17 719.2 1.41

Note: the dry-rodded density of coarse aggregate for the standard grading was 1585 kg/m?>.
The mass of aggregates is shown for saturated surface-dry condition.

used to cast eighteen prism specimens and three cylinder specimens.
The second batch was used to cast fifteen cylinders.

The size of the prism specimens was 285 mm by 75 mm by 75 mm
and that of the cylinders was 100 mm (diameter) by 200 mm (height).
Specimens were demolded after one day of casting. After demolding,
three cylinder specimens from each batch of mix S and one cylinder
each from mix F and mix C were stored in a fog room maintained at
room temperature (23 £ 3 °C). Remaining specimens were stored in
hermetically sealed plastic pails and were conditioned under a constant
temperature of 38 + 2 °C and relative humidity greater than 95%. Prior
to performing the tests on the specimens, the pails were acclimatized at
room temperature for 16 to 20 h.

2.4. Test details

24.1. Prisms

The concrete prisms were tested for longitudinal expansion, modu-
lus of rupture, damage rating index (DRI), and surface resistivity. The
initial reading for the longitudinal expansion of the prisms was taken
at the age of one day. The prisms were subsequently measured for the
longitudinal expansion at ages of 7, 28, 56, 91, 182, 273 and 365 days.
The prisms were tested for modulus of rupture at ages of 28, 91, 182
and 365 days. Two prisms were tested by third-point loading as
outlined in ASTM C78 [24].

The DRI method was originally proposed by Grattan-Bellew in 1995
[25] to characterize the damage in concrete suffering from ASR. Having
a magnification level large enough to capture the micro-cracks but small
enough to cover the heterogeneity of concrete, DRI is a microscopic
method that quantitatively assesses the extent of ASR damage in con-
crete. The DRI method involves the judgment of an observer in classify-
ing the different damage features and thus can involve some variability.
In an attempt to minimize such variability, a revised version of the DRI
method was proposed by Villeneuve et al. [26], which was adopted in
this study. The method involves counting seven petrographic features
that are shown, along with their weighting factors, in Table 3. Further
reference to DRI analysis was made to the detailed guidelines on DRI
published by Fournier et al. [27].

The DRI was analyzed on two prism specimens at each test age. For
each prism, one slice (75 mm x 75 mm) near the middle and one slice
near the end were taken and polished for examination under a stereo
binocular microscope at ~16 x magnification. The DRI value for concrete
at an age was obtained as the average for four slices from two prisms.

Electrical resistivity measurement appears as a promising tool for
the performance assessment of concrete [28]. For instance, surface resis-
tivity test was proposed as an electrical indicator of concrete permeabil-
ity by the Florida Department of Transportation in 2004 [29]. The
method uses a surface resistivity meter with a four-point Wenner
array probe. The equipment estimates the resistance of concrete from
the ratio of the potential difference between the two inner electrodes

Table 2
Chemical composition of GU cement.

and the current flowing between the outer electrodes [30]. Surface re-
sistivity of concrete is calculated based on this resistance.

Surface resistivity of water-saturated concrete was strongly correlat-
ed to the bulk diffusion test [31] results and rapid chloride permeability
test [32] results [30,33]. The surface resistivity ranges of 11.7-20.6 and
20.6-141.1 kQ-cm in a semi-infinite concrete surface have, respectively,
been regarded to represent “low” and “very low” chloride ion perme-
ability with equivalent coulombs passed in the rapid chloride perme-
ability test [32] as 1000-2000 and 100-1000, respectively [30].

In this study, surface resistivity was measured on concrete prism
surfaces using a 38 mm spacing model of Resipod, a surface resistivity
meter by Proceq SA Company. As the resistivity is largely influenced
by the saturation [28], resistivity was measured as the first measure-
ment on the prisms after taking them out from the plastic pails. The con-
densed water drops on the prism surface were wiped by a piece of cloth.
For consistency, only the surface opposite to the formed surface was
considered for the resistivity measurement. The resistivity of a surface
was reported as an average of at least five consecutive measurements.
Surface resistivity at an age was taken as an average of three prisms.

24.2. Cylinders

The cylinders conditioned at 38 °C were non-destructively tested for
UPV in accordance with ASTM C597 [34]. UPV was measured along the
longitudinal axis of the cylinders using “Pundit Lab*” equipment from
Proceq USA, Inc. The cylinders were destructively tested for static mod-
ulus of elasticity in accordance with ASTM C469 [35] and compressive
strength in accordance with ASTM (39 [36] at 28, 91, 182 and
365 days. The cylinders conditioned at 23 °C were tested for the static
modulus of elasticity [35] and the compressive strength [36] at an age
of 28 days.

3. Results and discussions
3.1. Longitudinal expansion

Longitudinal expansions of the concrete prisms for the three mixes
are presented in Table 4. Since two prisms were destructively tested at
each test date, the number of prisms used for expansion measurement
gradually decreased over time. Therefore, each expansion result
shown in Table 4 represents the average of a varying number of prisms.
For mix S, the expansion at 7 days and 365 days represents the average
of eighteen prisms and six prisms, respectively. For mix F and mix C, the
concrete expansion at 7 days and 365 days represents the average of
nine prisms and three prisms, respectively.

The expansion for mix F was significantly greater than that for mix S
by approximately 50% at all ages ranging from 91 to 365 days. For mix C,
designed with relatively coarser aggregates, the expansion was consis-
tently slightly greater than that of mix S. The expansion for mix C ranged
from 2 to 15% greater than the expansion for mix S at all ages except 7

Constituents LOI Si0, Al,03 Fe,03 Ca0

MgO SO3 Alkali (Nay0eq) Free lime Insoluble residue

Percentage 227 19.25 533 241 62.78

2.36 4.01 0.99 1.29 0.52
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Table 3

Features counted in an individual grid as per the DRI method [26].
Petrographic features Weighting

factors
Closed/tight cracks in coarse aggregate particle 0.25
Opened cracks or network cracks in coarse aggregate particle 2
Cracks or network cracks with reaction product in coarse 2
aggregate particle

debonded coarse aggregate 3
Disaggregated/corroded aggregate particle 2
Cracks in cement paste 3
Cracks with reaction product in cement paste 3

and 28 days. Based on the Student's t-test performed at a 95% confi-
dence level, the expansion for mix C was statistically significantly great-
er than the expansion for mix S at all ages ranging from 56 to 365 days
except at 273 days. The influence of aggregate grading on ASR expan-
sion will be further discussed in Section 3.8.

Table 4 shows the coefficient of variation of the expansion measure-
ments for the prism specimens of the three mixes. The coefficient of var-
iation was less than 6% for the mix S specimens after 56 days (the large
coefficient of variation before 56 days is attributed to the extremely
small length changes). In comparison to the mix S specimens, larger co-
efficients of variation were generally observed for the mix F and mix C
specimens.

The statistically significant difference between the expansions of the
mix S prisms and the mix F or mix C prisms highlights the importance of
grading in performing CPT or other expansion tests. It also indicates that
an error in grading could be one of the factors that may cause variations
in expansion results among different studies, including multi-laboratory
studies.

3.2. Damage rating index

Fig. 2 shows the results of DRI analysis from 28 to 365 days for the
three concrete mixes. As expected, all mixes showed an increase in
DRI value with age. Statistically significantly greater values of DRI
were observed for mix F and mix C in comparison to mix S. However,
the greatest DRI was always observed for mix F. A contributing factor
for the greatest DRI value for Mix F is that the DRI method involves
counting the number of cracks which becomes greatest for mix F con-
taining the greatest number of reactive coarse aggregate particles for
the same mass of reactive coarse aggregate as with mix S and mix C.
The DRI value for mix S increased from 123 at 28 days to 614 at
365 days. For mix F, the DRI value increased from 238 at 28 days to
1411 at 365 days. The DRI value for mix F was close to double that of
mix S. The DRI value for mix C increased from 191 at 28 days to 1157
at 365 days. DRI values for the fine-dominant and coarse-dominant con-
crete mixes were, respectively, 86 to 130% and 56 to 98% larger com-
pared to the standard mix.

Table 4
Mean longitudinal expansion and coefficient of variation for the concrete prisms from the
three mixes.

Coefficient of
variation (%)

Age (days) Mean longitudinal
expansion (%)

No. of specimens

MixS MixF MixC MixS MixF MixC MixS MixF MixC

1 0.000 0.000 0.000 - - - 18 9 9
7 0.003 0.006 0.002 79.0 643 1266 18 9 9
28 0.013 0.009 0.008 200 672 682 16 9 9
56 0.048 0.060 0.055 6.0 125 279 14 7 7
91 0.101 0.153 0.116 5.0 53 242 12 7 7
182 0.171 0.252 0.192 4.0 9.3 127 10 5 5
273 0.210 0315 0215 4.0 129 26 8 3 3
365 0223 0350 0242 6.0 6.5 39 6 3 3

1400 | EXXX Closed! tight cracks

B#%%] Opened or network cracks

B Cracks or network cracks with reaction product
MMM Debonded coarse aggregate

I Disaggregated/corroded aggregate

X1 Cracks in cement paste

I Cracks with reaction product in cement paste
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Fig. 2. DRI and the contribution of the seven features of DRI from the three mixes
conditioned at 38 °C.

The damage was initiated in the reactive aggregates, and the damage
initiation was predominantly in the form of ‘closed/tight cracks’ in the
aggregates. The contribution of ‘closed/tight cracks’ to the DRI value de-
creased from 28 to 365 days for all mixes. In terms of the relative contri-
butions of the seven features of DRI, as shown in Table 3, for all mixes
the contribution of ‘closed/tight cracks’ to the DRI value was 37-48%
at 28 days but diminished to 2-5% by 365 days. The contribution of
‘opened cracks’ was consistently larger in mix F than in the other two
mixes. The contributions of ‘debonded aggregate’ and ‘disaggregated
particles’ were relatively larger in mix F and mix C compared to mix S.
The contribution to the DRI value by the cracks in cement paste, with
and without reaction product, was greatest in mix F and least in mix S.
The combined contribution of the two types of paste cracks (‘cracks in
cement paste’ and ‘cracks with reaction product in cement paste’) con-
sistently increased from 28 to 365 days for all three mixes. The DRI
values associated with paste cracks increased from 0 to 113 for mix S,
from 17 to 302 for mix F, and from 11 to 242 for mix C. In terms of the
percentage contribution to the DRI value, the increase in paste cracks'
contribution from 28 to 365 days was from 0 to 18%, 7 to 27% and 6 to
21%, respectively, for mix S, mix F, and mix C.

A large difference was observed among the DRI values for the three
mixes with three gradings of reactive coarse aggregate. Thus, the varia-
tion in aggregate grading, despite no other changes in the mix design of
concrete, was seen to influence the ASR damage of concrete. Mix F ex-
hibited greater damage than mix C.

Fig. 3 compares the evolution of expansion and DRI in the prism
specimens for the three mixes. Both the expansion and the DRI values
increased with age and the overall trend of expansion and DRI were
similar. Comparisons of expansion and DRI results demonstrate that
any deviation in aggregate grading from the standard grading increases
the expansion and damage due to ASR. However, markedly greater in-
creases in expansion and DRI values were observed when deviating
the aggregate grading towards the finer side. The expansion and DRI
values were consistently the lowest for mix S and the greatest for mix F.

3.3. Modulus of rupture

Fig. 4 shows the modulus of rupture of the concrete prism specimens
from the three mixes with three different gradings of reactive coarse
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Fig. 3. Evolution of expansion and DRI with age from the three mixes conditioned at 38 °C.

aggregate. The modulus of rupture from 28 to 182 days for both mix F
and mix C was less than that for mix S. While the 28-day value was ap-
proximately equal (within 2%) for the mix F and mix C specimens, it was
approximately 30% lower when compared to the mix S specimens. The
lower modulus of rupture, particularly at 28 days, for mix F and mix C
compared to mix S indicates that any deviation in aggregate grading
from the standard grading may adversely affect the flexural strength
of concrete mix.

With exposure to 38 °C and greater than 95% relative humidity, the
modulus of rupture was markedly affected by ASR for all mixes. Most
of the reduction in the modulus of rupture occurred within 91 days
when ASR expansion was less than 50% of the one-year expansion
(the expansions for mix S, mix F and mix C were, respectively, 0.101%,
0.153% and 0.116% at 91 days and 0.223%, 0.350% and 0.242% at one
year). This is attributed to the fact that the reduction in modulus of rup-
ture is due to micro-cracking that can occur even before expansion [37].
However, there was no linear trend for the reduction in modulus of rup-
ture with age. In fact, the maximum reductions in modulus of rupture
were observed at various ages depending on the mix designs. The max-
imum reduction occurred in 91 days, 182 days and 365 days, respective-
ly, for the mix F, mix C and mix S specimens. With reference to the 28-
day value, the maximum reduction in modulus of rupture was 60% for
mix F, 58% for mix S, and 53% for mix C. The largest and the most
rapid reduction occurred in the mix F specimens. The mix C specimens
had a slightly smaller reduction in the modulus of rupture perhaps due
to increased interlocking provided by the coarse aggregates. The modu-
lus of rupture values for all three mixes were approximately equal at the
age of one year.

Note: The error bar represents +one standard deviation. —&— MixF
8 —&— Mix S
—&— MixC
=
g 5
g
2
=%
3
S 44
3
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e
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24
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Fig. 4. Modulus of rupture of concrete prisms from the three mixes conditioned at 38 °C.

3.4. Modulus of elasticity

Cylinders were tested to evaluate the modulus of elasticity of three
concrete mixes before ASR took place. The 28-day modulus of elasticity
of a reference cylinder conditioned at room temperature (23 °C) was
37 GPa for mix F and 38 GPa for mix C. Similarly, for the three cylinders
conditioned at 23 °C and tested at 28 days, the average modulus of elas-
ticity for mix S was 39.6 GPa (standard deviation of 1.4 GPa). Although a
limited number of cylinders did not allow for a statistical comparison,
the results indicate that, due to the variation in aggregate grading con-
sidered in this study, no significant variation in modulus of elasticity
was observed before ASR.

The modulus of elasticity of cylinder specimens from the three mixes
is compared in Fig. 5. For all three mixes, the 28-day modulus of elastic-
ity for the cylinders conditioned at 38 °C was smaller than the corre-
sponding value for the cylinder conditioned at 23 °C, thus, indicating
that the static modulus of elasticity was affected by ASR since its initia-
tion. The maximum reduction in the modulus of elasticity was observed
at 182 days when the reduction with respect to the reference value at
28 days was 36%, 31% and 34%, respectively, for mix F, mix S and mix
C. The greatest degradation occurred for mix F and the lowest degrada-
tion occurred for mix S. The modulus of elasticity for mix F was always
smaller than for mix C even though it was not statistically significant
at a 95% confidence level. Relatively lower degradation in the modulus
of elasticity for mix S suggests that the degradation in the modulus of
elasticity is sensitive to aggregate grading. Equal proportions of the
three size fractions of coarse aggregate in mix S helped to produce a
concrete microstructure that was relatively more resistant to the ASR
degradation compared to mix F and mix C.

3.5. Compressive strength

For cylinders conditioned at 23 °C, the 28-day mean compressive
strengths values were: 35.1 MPa for mix F, 39.0 MPa for mix S (first
batch), 38.8 MPa for mix S (second batch) and 42.1 MPa for mix C. Fig.
6 presents the cylinder compressive strength values for specimens con-
ditioned at 38 °C. The compressive strength of mix F was statistically sig-
nificantly smaller than the compressive strength of mix C at all ages,
based on a t-test at 95% confidence level. On average, the mix C speci-
mens were 14 to 25% stronger than the mix F specimens. Irrespective
of the ASR, the consistently larger strength of mix C than mix F may
be due to the strength enhancement by the larger (19.0-12.5 mm) ag-
gregates, which had the largest proportion in mix C. This is supported
also by the comparison between mix C and mix S at 28 and 91 days.

Compared to the 28-day strength of cylinders conditioned at 23 °C,
the same-aged cylinders conditioned at 38 °C showed an increased

40 ~ Note: The error bar represents +one standard deviation. A— Mix T
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e
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Fig. 5. Static modulus of elasticity of concrete cylinders from the three mixes conditioned
at38°C.
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Fig. 6. Compressive strength of concrete cylinders from the three mixes conditioned at
38°C.

compressive strength. Upon further conditioning at 38 °C, while the
compressive strength of mix S remained fairly constant from 28 to
365 days, the compressive strength of mix F and mix C increased until
91 days and decreased thereafter. An initial increase in compressive
strength for lower expansion followed by a reduction in compressive
strength corresponding to a greater expansion has also been previously
observed [38]. With respect to the 28-day compressive strength of the
cylinders conditioned at 23 °C, the maximum reduction of 6% for mix
F and 4% for mix C was observed at 365 days. On the other hand, an in-
crease of 7% was observed for mix S in a similar comparison. Mix S, hav-
ing relatively uniform microstructure with standard grading of coarse
aggregate, did not show any degradation in compressive strength due
to ASR. Mix F and Mix C, with + 10% deviation in coarse aggregate grad-
ing compared to mix S, showed a degradation in compressive strength
due to ASR. While the extent of reduction is small and the trend of re-
duction is similar for both mix F and mix C, both the compressive
strength and its reduction appear more sensitive to the mix dominated
with relatively finer aggregate than for the mix dominated with rela-
tively coarser aggregate.

3.6. UPV of cylinders

Fig. 7 compares the UPV of concrete over time as measured in the
cylinders from the three mixes. Even though the difference in UPV
was not statistically significant at 95% confidence level, UPV was always
smaller for mix F than for mix C. The UPV for mix S was mostly interme-
diate to those of mix F and mix C. UPV for all mixes increased from 28 to

5200
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Fig. 7. UPV of concrete cylinders from the three mixes conditioned at 38 °C.

91 days but decreased thereafter. A slightly larger decrease was ob-
served for mix F than for mix C. However, the decrease in velocity
over time was not significant. UPV method does not appear to be very
sensitive for monitoring the ASR damage of laboratory concrete speci-
mens, as also reported in [39,40].

3.7. Surface resistivity

Table 5 presents the surface resistivity of prism specimens from the
three mixes from one month to one year of conditioning at 38 °C. Sur-
face resistivity of mix F was always statistically significantly smaller
compared to mix C. Even though not a direct measure of permeability,
the lower resistivity of mix F consequently indicated that the mix dom-
inated with relatively finer aggregate was more permeable [28] than the
mix dominated with relatively coarser aggregate. The higher permeabil-
ity of mix F compared to mix C is partly attributed to the greater DRI
value of mix F compared to mix C as presented in Section 3.2.

For mix S, the surface resistivity was intermediate to that of mix F
and mix C until 3 months, but was slightly larger than for both mix F
and mix C after 3 months. While the surface resistivity was not im-
proved with age for mix F and mix C specimens, mix S specimens
showed a slight increase in the surface resistivity. This indicates that
the microstructure of mix S, having equal proportions of the three size
ranges of coarse aggregate, assisted in limiting the extent of ASR cracks
and consequently limiting the connectivity of cracks when compared to
mix F and mix C. This observation is in agreement with the DRI results
that the lowest DRI was always observed for mix S.

The variation in surface resistivity among the three mixes was quite
small. For comparison, Table 5 also shows the surface resistivity mea-
surements performed on identical concrete prisms of a non-reactive
concrete mix which was made by substituting the reactive coarse aggre-
gate in mix S by non-reactive limestone aggregate. As shown in Table 5,
the resistivity of the non-reactive concrete was markedly greater than
the resistivity of the three reactive concrete mixtures. Compared to
the magnitude of difference between the reactive and non-reactive con-
crete, the difference among the three mixes is quite negligible.

The variation in surface resistivity of the three reactive mixes with
age was also quite small. In contrast, an increasing trend with age was
observed in the surface resistivity of the non-reactive mix. While con-
tinued hydration is believed to cause the increasing trend, no such clear-
ly increasing trend in the reactive concrete indicates an increasing effect
of ASR cracking.

Finally, it should also be noted that resistivity is largely influenced by
the degree of saturation and the temperature of concrete. An increase in
temperature by 1 °C can reduce the electrical resistivity of concrete by
3% and an increase in the degree of saturation by 1% can also reduce
the electrical resistivity of concrete by 3% [41]. Similarly, the evolution
in concrete resistivity may be sensitive to the curing temperature [42].
These factors indicate that the surface resistivity test may have limited
applicability, particularly in evaluating ASR-affected concrete
structures.

Table 5
Surface resistivity of concrete prisms from the three reactive mixes and one non-reactive
mix conditioned at 38 °C.

Age Mix F Mix S Mix C Non-reactive
(day) mix
Average St. Average St. Average St. Average St.
dev. dev. dev. dev.
28 12.6 0.9 13.8 0.4 15.0 12 212 0.7
56 121 0.8 14.0 0.5 15.1 12 28.5 0.9
91 13.0 0.6 134 0.4 15.5 0.5 315 14
182 12.5 0.7 17.9 0.6 144 0.4 36.8 1.7
273 13.1 0.4 153 0.6 145 0.9 44.0 12
365 10.6 0.6 182 0.4 126 1.1 46.3 0.1
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3.8. Discussion on the effect of grading

The comparison of ASR expansion of concrete made with different
gradings showed a pronounced impact of aggregate grading. The devia-
tion towards a fine-dominant grading resulted in a substantially greater
expansion in as early as 91 days and remained consistently greater
thereafter to reach 0.35%. A deviation in specified grading by 10%
could result in 50% deviation in the ASR expansion. Keeping the same
mass of reactive aggregate but of finer size allows for a greater number
of smaller aggregate particles resulting in an increased number of reac-
tion sites available for the ASR. However, mix C, with coarse-dominant
grading, also showed increased expansion and DRI value compared to
mix S with standard grading. Compared to mix S, the modulus of rup-
ture of mix F and mix C specimens from 28 to 182 days was lower by
17 to 40%. Moreover, both Mix F and mix C had pronounced degradation
in the compressive strength and modulus of elasticity compared to mix
S. Therefore, greater expansion for both mix F and mix C than for mix S
suggests that rather than the effect of the exposure of more reaction
sites, the change in concrete matrix associated with the deviation in ag-
gregate grading from the standard grading was more influential to the
expansion of concrete.

Based on the tests of concrete properties, mix F had lower mechan-
ical properties compared to mix C. Mix F had lower modulus of elastic-
ity, UPV, surface resistivity and statistically significantly lower
compressive strength. Similarly, the reductions in modulus of rupture,
modulus of elasticity and compressive strength were larger for mix F
than for mix C. For a particular level of expansive pressure, a lower mod-
ulus of elasticity allows concrete to undergo larger deformation and a
lower tensile strength (indicated by the modulus of rupture) allows
concrete to experience more cracking. Moreover, the relatively fewer
larger particles in mix F are expected to have resulted in relatively less
interlocking effect associated with the coarse aggregates. Similarly, the
higher permeability of mix F, as indicated by the lower surface resistiv-
ity, is expected to have contributed to the relatively earlier and most
damaging ASR in mix F. These mechanisms are intuitively in agreement
with the markedly larger expansion of the mix F specimens compared
to the mix C specimens.

Fig. 8 illustrates the cracks in two concrete slices taken from the con-
crete prisms from mix F and mix C after 91 days of casting. Concrete
slices prepared for DRI analysis were vacuum impregnated with epoxy
containing a fluorescent dye after performing DRI analysis. The surfaces
after epoxy impregnation were polished again just to remove the epoxy
veneer (some leftover epoxy can be seen near the bottom corners in Fig.
8b). Images were taken under a stereo-binocular microscope at 10x
magnification using ultraviolet (UV) light as the source of illumination
and were stitched together by using a plugin [43] available in “Fiji”

software. After stitching, the green channel of the image was extracted
and converted into a greyscale image. Brightness and contrast were ad-
justed. It should be noted that epoxy was not able to penetrate all the
cracks as the polished surfaces had contained a number of ‘filled cracks’.
However, relatively longer cracks are evident in mix F (Fig. 8a) com-
pared to mix C (Fig. 8b). It is believed that the relatively coarser aggre-
gate in mix C contributed in intercepting cracks compared to mix F. Long
cracks in mix F mostly followed along the debonded aggregate (Fig. 8a),
which were always most abundantly observed in mix F as shown in Fig.
2.The debonded aggregate in mix F served as the basis which eventually
led to the formation of long cracks that extended to the paste matrix
from the aggregate cracks.

A slightly larger expansion (for mix C than for mix S) but a markedly
larger DRI value and generally lower mechanical properties indicate
that the ASR damage is revealed more effectively by the DRI method
than by expansion measurement. Expansion is the external manifesta-
tion of the internal chemical reaction. It cannot effectively reveal the in-
fluence of the skeleton of concrete which is governed by the coarse
aggregate. However, the DRI method assesses the interior of concrete,
and thus, portrays the ASR damage more precisely.

Large variations in the expansion and damage of concrete were ob-
served by merely varying the aggregate grading while having an identi-
cal paste volume and an identical proportion of reactive coarse
aggregate. Hence, the grading of coarse aggregate should be regarded
as an important parameter in the study of the reactivity of aggregate
and the ASR performance of concrete.

4. Summary and concluding remarks

This study investigated the effects of variation in the grading of reac-
tive coarse aggregate, Spratt, on the ASR expansion and damage of con-
crete. Three mixes of reactive concrete were studied by considering
three coarse aggregate gradings, namely: 1) a standard grading with
33.33% each of the three size ranges, a) 19.0-12.5 mm, b) 12.5-
9.5 mm, and c) 9.5-4.75 mm, as per ASTM C1293 [15]; 2) a fine-domi-
nant grading which consisted of 10% less of the coarser fraction and
10% excess of the finer fraction compared to the standard grading; and
3) a coarse-dominant grading which consisted of 10% excess of the
coarser fraction and 10% less of the finer fraction compared to the stan-
dard grading.

A deviation in specified grading of coarse aggregate by 10% towards
the finer size resulted in 50% deviation in the expansion measurement
compared to the standard mix. DRI results demonstrated that any devi-
ation in aggregate grading from the standard grading significantly in-
creases the damage due to ASR. DRI values for the fine-dominant and
coarse-dominant concrete mixes were, respectively, 86 to 130% and

Fig. 8. UV images of the polished surfaces of concrete prisms after 91 days of casting (the surfaces are 75 mm x 75 mm).
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56 to 98% larger compared to the standard mix. Also, more ‘paste cracks’
were observed in the prisms made of fine-dominant mix compared to
the standard mix.

Over a one-year duration, the modulus of rupture of the reactive
concrete prisms was reduced due to ASR by 53-60%, irrespective of
the type of coarse aggregate grading used. However, an earlier and
faster reduction occurred for the fine-dominant mix. The coarse-domi-
nant mix showed a slightly smaller reduction in the modulus of rupture
indicating increased interlocking provided by the coarse aggregates.

The static modulus of elasticity was affected since the onset of ASR.
The maximum reduction in the modulus of elasticity of the fine-domi-
nant, the standard, and the coarse-dominant mixes was 36%, 31% and
34%, respectively. Equal proportions of the three size fractions of coarse
aggregate helped in producing a concrete microstructure that was rela-
tively more resistant to the ASR degradation compared to the mixes
with deviations in aggregate grading.

Prior to the onset of ASR, the compressive strength for the coarse-
dominant mix was the largest among the three mixes indicating that
the larger aggregates helped in enhancing the strength of concrete.
While the mix with equal proportions of the three size fractions of
coarse aggregate, mix S, did not show any degradation in compressive
strength, ASR degradation in compressive strength was observed
when the aggregate grading was deviated either on the finer or the
coarser side.

Compared to the UPV of the coarse-dominant mix, the UPV of the
fine-dominant mix was always smaller and showed larger reduction
due to ASR. However, UPV appears not so sensitive for studying the
ASR degradation of laboratory specimens.

Surface resistivity of concrete indicated that the fine-dominant grad-
ing resulted in a mix that was more permeable than the coarse-domi-
nant mix. Higher permeability promoted relatively earlier and larger
damage due to ASR. Equal proportions of the three size ranges of coarse
aggregate assisted in limiting the extent of ASR cracks and consequently
limiting the connectivity of cracks when compared to the unequal pro-
portions of the three size ranges.

As revealed by the expansion measurements, DRI and various prop-
erties of the three concrete mixes, the variation in the coarse aggregate
grading alone significantly influenced the microstructure, ASR expan-
sion and damage of concrete. The fine-dominant grading exhibited
poorer performance than the coarse-dominant grading. The findings
highlight the importance of grading in performing CPT or other studies
investigating the ASR performance of concrete mixtures, and also in
minimizing the ASR expansion of concrete structures. The quality con-
trol in maintaining a specified grading of coarse aggregate should be
stringent. Even though a deviation of + 12% may be acceptable for the
strength performance of concrete [21], the implications are significant
in a project associated with assessing the ASR performance of concrete.

Any deviation in coarse aggregate grading on either side of the stan-
dard ASTM C1293 [15] grading resulted in more expansion and more
damage. This observation indicates that aggregate that is concluded as
innocuous based on the concrete prism test, such as ASTM C1293 [15],
may still show marked expansion and damage in concrete members
in which the aggregate grading is widely different from the ASTM
C1293 [15] grading. Specifications related to concrete aggregates for
field concrete should consider the influence of aggregate grading on
the ASR performance of concrete. Similar studies with a variety of reac-
tive aggregates will further advance the understanding of the effect of
coarse aggregate grading on the ASR performance of concrete.
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