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Abstract—Alkali-active sandstone aggregate was ground by
vertical and ball mill into particles with residue over 45 μm less than
12%, and investigations have been launched on particles distribution
and characterization of ground sandstone powder, fluidity, heat of
hydration, strength as well as hydration products morphology of
pastes with incorporation of ground sandstone powder. Results
indicated that ground alkali-active sandstone powder with residue
over 45 μm less than 8% was easily obtainable, and specific surface
area was more sensitive to characterize its fineness with extension of
grinding length. Incorporation of sandstone powder resulted in higher
water demand and lower strength, advanced hydration of C3A and
C2S within 3days and refined pore structure. Based on its
manufacturing, characteristics and influence on properties of pastes,
it was concluded that sandstone powder was a good selection for use
in concrete as mineral admixture.
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I. INTRODUCTION

REAT awareness has been raised on alkali-aggregate
reaction (hereafter as AAR), one of the most concerned
problems hydropower station construction went great lengths
to avoid [1]-[3], and preventive measures should be taken such
as excavating harmful aggregates, limiting maximum alkali
content in cement and concrete, adding pozzolanic materials to
replace cement as well as using some inhibitor [4]-[7]. So far,
hydropower stations failure caused by AAR was seldom
reported in Mainland China [8], thanks to popularization of
use of mineral admixture in concrete including fly ash, blast
furnace slag, silica fume as well as some other pozzolanic
materials [9]-[11]. Danjiangkou hydropower station, the water
source of South-to-North Water Diversion project, used blast
furnace slag as mineral admixture because flint was detected
in aggregates. Both Xiaolangdi and Jinping I hydropower
stations [7] used fly ash and low-alkali cement to batch
concrete to ensure safety. So far, use of non-alkali active
aggregates was the safest and most reliable measure with
respect of AAR prevention, yet the selection of aggregates
was subjected to many constraints considering continuous
consumption of natural resources and restriction of budgets. A
great challenge was approaching that active aggregates,
especially silica active aggregates, were widely distributed and
good quality aggregate resource was no more bottomless and
inexhaustible, and when no choice was left but to use alkali
active aggregates, remedial measures should be taken to
ensure durability and safety of engineering structures.
So far, only seldom hydraulic engineering was reported to

have used alkali active aggregates in Mainland China, in
which Jinping I hydropower station construction had used
marble sand and sandstone coarse aggregate to batch concrete
and sandstone coarse aggregate was detected as alkali active
and as aforementioned, good quality fly ash and low alkali
cement were used and strict control on total amount of alkali
content in concrete was implemented to ensure the safety of
engineering structure. Nevertheless, so far no information on
use of ground alkali-active aggregate powder in concrete as
mineral admixture was reported.
This present paper had developed a new material for use in
concrete as mineral admixture based on sandstone aggregate
which was detected as alkali-active by accelerated mortar bar
testing and supposed to be applied on a mega hydropower
station construction located in southwest of China.
Manufacturing and characterization of sandstone powder,
fluidity, thermal and mechanical, deformation as well as
durability of concrete batched with this sandstone powder
were also investigated.
II. EXPERIMENTAL
A. Materials
Moderate heated cement (M.H.cement) with 28d
compressive strength no less than 42.5 MPa was used for tests,
and fly ash of good quality was also introduced for
comparison tests. The chemical components of these two
materials were listed in Table I and quality parameters of fly
ash listed in Table II.
TABLE I
CHEMICAL COMPONENT OF CEMENT AND FLY ASH FOR TESTS
Type
CaO SiO2 Al2O3 Fe2O3 MgO SO3 R2O* Loss
M. H. Cement 59.3 22.8
3.1
4.8
4.7
2.2
0.3
1.4
Fly ash
1.8
53.0 22.9 10.2
3.3
1.0
1.5
5.6
Sandstone
2.2
64.2 14.5
5.7
4.5
0.2
3.1
3.0
Note: Na2Oeq. is the equivalent content of Na2O and is calculated by
Na2O+0.658K2O.

Sandstone aggregates excavated from a hydropower station
construction site located in southwest of China were shifted to
laboratory for tests and the aggregates were ground to powder
with different fineness. The chemical components of
sandstone were listed in Table I. Alkali reactivity of sandstone
aggregate was detected according to ASTM C1260 and test
results demonstrated in Table III, as seen, sandstone aggregate
was potentially alkali active with 14d expansion exceeding 0.1%
and 28d expansion reached 0.359%.
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TABLE II
QUALITY PARAMETERS OF FLY ASH
Residue over
Specific surface Water requirement Apparent density
Parameter
45μm sieve (%)
area (m2/kg)
ratio (%)
(kg/m3)
Fly ash
6.6
357
101
2500
Note: referring to compressive strength ratio of 30%fly ash-cement mortar and controlled cement mortar
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TABLE III
ALKALI REACTIVITY DETECTION OF SANDSTONE
Mortar bar expansion (%)
Aggregate
3d
7d
14d
21d
28d
Sandstone aggregate 0.063 0.161 0.229
0.317
0.359

Mineral determination of sandstone aggregate was launched
by polarizing microscope as displayed in Fig. 1 and it was
identified as the composites of siltstone rock and substrates in
approximate proportion of 75:25 by mass, in which the
siltstone was constituted of quartz, feldspar and biotite while
substrate was composed of black organic matrix, small amount
of cryptocrystalline and stripped sericite.

Fig. 1 Mineral determination of sandstone aggregate

B. Sampling and Test Methods
To perform fluidity and strength tests, mix proportion of
mortar was prepared as cementitious materials and water ratio
at 2:1 and cementitious materials and sand ratio at 3:1, and the
replacement levels of supplementary materials was 15%, 25%,
35%, 45%, and 55% respectively by mass of cement, and the
sandstone powder used for paste and mortar test had specific
surface area of 645 m2/kg. Superplasticizer was not used in
mortar.
Heat of hydration was performed according to ASTM
C186-2015 and heat releasing of composite pastes was
detected by micro calorimeter C80. For heat releasing
detection, 500 mg uniformly-mixed cementitious materials
was prepared as sample and analytical reagent SiO2 was used
for reference, and testing temperature was controlled at 28 ℃.
Samples for compressive tests were batched with
water/binder ratio of 1:2 and sand/binder ratio of 3:1.
The morphology of hydration products was observed by
field scanning emission microscopy (FSEM). A
comprehensive analysis of cement-ground sandstone powder
paste by mercury intrusion porosimetry (MIP) technique was
also performed. The low pressure of mercury intrusion ranges
from 0.007 MPa to 0.207 MPa, and the high-pressure ranges
from 0.207 MPa to 379.225 MPa. The measured pore sizes
range from 0.003 μm to 175 μm.

28d compressive
strength ratio* (%)
67

III. RESULTS AND DISCUSSION

A. Manufacture of Sandstone Powder
Alkali-active sandstone aggregate was crushed by Barmac
crusher into particles sized less than 10 mm which was
subsequently put into vertical mill RM2200 for finer
grounding. Sandstone powder particles with residue over 45
μm less than 8% was obtained by adjusting mill parameters,
including segregator speeder at 40 Hz, roller pressure at 6.9
MPa, input and output temperature at 180 ℃ and 72 ℃
respectively, and the feed amount at 21t/h. The final outcome
of finished powder had residue over 45 μm and 75μm at 5.8%
and 0.2% respectively as displayed in Table IV, better than the
set target. The morphology of ground sandstone powder was
illustrated in Fig. 2.
B. Particles’ Distribution and Characterization
Sandstone powder was further processed by ball mill to
obtain different fineness samples. The fineness was
characterized both by residue over 45 μm sieve and specific
surface area, and the relationship in between was illustrated in
Fig. 3. As seen, good conformity was observed between these
two parameters which varied in the manner as specific surface
area exhibited rising tendency as grinding length extended
while residue over 45μm sieve showed decreasing trend, and
when grinding length exceeded 40 minutes, specific surface
area was more sensitive to characterize the fineness.
Laser particle size analyser (LPSA) produced by Beckman
Coulter was employed to determine the particle size and
distribution of sandstone powder as displayed in Fig. 4.
Obviously, particles sized less than 80 μm accounted for over
90% by volume, in which smaller particles sized less than 16
μm ranged between 50.6% and 86.7%. As the majority of
cement particles sized between 10 μm and 60 μm [12], and
very large number of particles in sandstone powder sized less
than 5 μm was present, and the latter could produce good
filling effect among cement particles and condense the
structure.

Fig. 2 Morphology of ground sandstone powder
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TABLE IV
THE REAL-TIME PRODUCTION AND CHECK OF SANDSTONE POWDER
Samples

Feed amount
(ton)

Segregator
speed (Hz)

1
2
3
4
5
Average

30
32
32
32
32
32

40
36
36
36
36
36

Mill pressure Input temperature
(MPa)
(℃)
7.20
6.82
7.70
6.94
6.79
7.00

30

residue over 45μm sieve
specific surface area

900
800

20
700
15
600
10
500

76
73
75
76
77
70

powder had adverse effect on fluidity of pastes, which varied
in the manner as fluidity decreased with increment in
sandstone powder content ranging between 15% and 55%,
while the trend was reversed with respect to fly ash paste. The
results implied that sandstone powder in use of concrete as
mine admixture would result in higher unit water demand and
in order to maintain the same fluidity larger amount of water
reducer was required in case of the same mix proportion.

5

400

0

20

40

60

80

300
100

grinding length (min)

Fig. 3 Specific surface area vs. residue over 45 μm sieve
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184
188
191
189
182
185

1000

Fineness (%)
residue
residue
over 45μm over 75μm
4.7
0.1
6.0
0.2
6.2
0.1
5.8
0.2
6.5
0.2
5.8
0.2

Output
temperature (℃)

120
100
80
60
0
50min

40
20
0
0

50
Particle size (μm)

100

(b) Accumulative percent
Fig. 4 Particles characteristics of sandstone powder of different
fineness

C. Fluidity of Composite Pastes
Sandstone powder was incorporated in paste replacing
cement in different proportions ranging from 15% to 55% and
its influence on fluidity of pastes was illustrated in Fig. 5, also
comparison with fly ash was conducted. Obviously, sandstone

International Scholarly and Scientific Research & Innovation 12(11) 2018

Fig. 5 Fluidity of composite pastes with incorporation of sandstone
powder and fly ash

D. Heat of Hydration
The heat of hydration of composite pastes with
incorporation of sandstone powder and fly ash respectively
was tested according to ASTM C186-2015, and results were
illustrated in Fig. 6, and heat releasing of composite pastes
was also detected with introduction of micro calorimeter as
demonstrated in Figs. 7 and 8, in which the characterized
values of heat flow of hydration released by composite paste
were listed in Table 5.
As clearly seen, the heat of hydration of composite pasts
was lower than the control mixture despite of different
replacements and the reduction magnitude grew more obvious
as increase in content of supplementary materials. In case of
the same supplementary content, ground sandstone powdercement pastes produced a little higher heat of hydration than
fly ash-cement pastes within 7d testing age, which was
interpreted as micro particles with greater specific surface area
in ground sandstone powder had accelerated hydration of
cement clinker [14] and part of sandstone powder participated
in hydration.
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The hydration process of composite pastes was also
grouped into five stages according to Figs. 7 and 8 and
incorporation of sandstone powder reduced total heat of
hydration within 72h by 15% which was exactly the content of
sandstone powder replacing cement by mass, in good
conformity with aforementioned strength decreasing
magnitude.
By comparison of heat flow peaks in Table 5, sandstone
powder had advanced hydration of C3A from 276.8 s to 224.9
s and decreased heat flow only by 5%, lower than its
replacement of 15%. Accordingly, heat flow peak produced by
hydration of C2S and C3S was advanced from 9.45h to 8.91h
and its heat flow peak reduced by 9%, also lower than the
replacement of sandstone powder. The results implied that
sandstone powder had accelerated larger amount of cement
clinker participating in hydration within 3d and some of
sandstone powder also had hydrated under alkali environment
and made its contribution to heat of hydration.

E. Compressive Strength of Composite Pastes
Fig. 9 presents the compressive strength of composite
pastes with sandstone powder (specific surface area of 645
m2/kg) and fly ash incorporated respectively. The compressive
strength of all composite pastes was lower than the control
mixture in spite of ages and replacement ratio, whereas
significant increase in compressive strength of composite
paste with sandstone powder was observed when testing age
was extended from 3d to 28d, while it was slowed down from
28d to 90d. Obviously, fly ash pastes produced greater
compressive strength increase than sandstone powder pastes
with testing age extending when replacement by mass of
cement was less than 45%, which justified higher pozzolanic
reactivity of fly ash and greater contribution to strength gain
produced by reacting with Ca(OH)2 released from hydration of
cement [13].

TABLE V
CHARACTERIZED VALUES OF HEAT FLOW OF HYDRATION RELEASED BY CEMENT-BASED MATERIALS
Total heat of hydration Heat flow peak at pre-induction stage Heat flow peak at accelerating stage
Cementitious System
kJ/kg
Occuring time/s
Heat flow/mW
Occuring time/h
Heat flow/mW
Cement
198.0/100%
276.8
1.402/100%
9.45
1.155/100%
15%sandstone powder-cement
168.4/85%
224.9
1.331/95%
8.91
1.056/91%
1.156

Cement
SLP-15%

1.154

SLP-35%

200

SLP-55%

1.152

FA-15%

Heat flow/mW

Heat of hydration /(kJ/kg)

300

FA-35%

100

FA-55%

0
1

3

1.150

1.148

1.146

7

Testing age /d

1.144

Fig. 6 Heat of hydration of composite pastes
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1.4
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Fig. 7 Heat releasing of cement paste
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F. Pore Structure of Composite Pastes
Pore structure of composite pastes was illustrated in Table 6
and Fig. 10. Porosity of composite pastes exhibited decreasing
tendency with development of curing time while showed a
rising trend with increase in replacement of sandstone by mass
of cement. Besides, when the replacement of sandstone
powder increased from 25% to 35%, the per cent of pores
sized less than 100 nm which was believed to have positive
effect on various performances of pastes had also decreased
from 66.22% to 57.71% at 28d.

(a) 72h
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(a) Replacement of 0~55% of cementitious materials by sandstone
powder
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(b) Replacement of 0~55% of cementitious materials by fly ash
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55

1.035

8.0

8.5

9.0

9.5

10.0

Time /h

(b) II heat peak
Fig. 8 Heat releasing of 15% sandstone powder-cement paste

At replacement of 35%, the porosity of sandstone powder
composite paste decreased from 23.01% at 3d to 19.63% at
28d, and the percent of pores sized less than 100 nm had
correspondingly increased from 26.14% to 57.71%. By
comparison, combination of fly ash and sandstone powder
with replacement of 25% in total had no obvious effect on
early pore structures, in good conformity with aforementioned
strength development from 7d to 28d, yet good improvement
was observed from 7d to 180d with porosity decreasing from
19.20% to 13.04% and percent of pores less than 50 nm
increasing from 28.96% to 48.08% dramatically.

No.
SBS-25%
SBS-35%

SBF

sandstone powder paste

fly ash paste

140
120
100
80
15

25

35
content

(c) 90d/28d ratio
Fig. 9 Compressive strength of composite pastes

TABLE VI
POROSITY AND PORES DISTRIBUTION OF PASTES
Pore distribution (nm)
Age
Porosity
SCM
(d)
(%)
5~50
50~100
100~200
＜5
7
19.20
4.56
24.61
11.17
59.66
25%sandstone powder
28
17.83
7.82
36.92
21.48
33.78
3
23.01
1.95
16.68
7.51
73.86
35% sandstone powder
7
21.70
2.64
20.51
8.65
68.20
28
19.63
5.71
32.78
19.22
42.29
3
21.17
2.24
17.12
8.38
72.26
15%SBS+10%FA
7
19.20
4.32
24.64
10.99
60.05
180
13.04
8.31
39.77
9.32
42.60
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0.06

dV/dLogD(mL/g)

0.05
0.04
0.03
0.02

Open Science Index, Civil and Environmental Engineering Vol:12, No:11, 2018 publications.waset.org/10009785/pdf

0.01
0.00
-0.01
6

10

10

4

3

10

2

10

10

1

Pore diameter(nm)

(a) Sandstone powder and fly ash

(b) Sandstone powder
Fig. 10 Porosity and pores distribution of composite pastes

G. Hydration Products Morphology
Fig. 11 presented the morphology of products of hydration
of composite pastes at different ages, and the products of
hydration were primarily consisted of lathy and fibre C-S-H,
flaked and granules crystalline, which grew outside from the
surface of un-hydrated particles, and many products of
hydration was discernible from the pastes and no big
difference was observed in the total amount of products of
hydration between composite pastes adding fly ash and
sandstone powder respectively at the same age. At 28d, the
produced C-S-H gel of fly ash pastes sized between 5 μm and
10 μm and part of products of hydration covered on the
surface of fly ash particles, and the structure grew more tense
with age despite of visible voids. As for the sandstone powderfly ash-cement ternary composite, large amount of products of
hydration was also distinguished from Fig. 10 and C-S-H gel
had length of approximately 5 μm~10 μm, and by 180d the

ternary composite structure grew condense and fly ash particle
was fiercely beset by products of hydration.

(a) 25% sandstone powder-28d
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pastes, yet it also advanced hydration of C3A and C2S within
3days and refined pore structure.
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(d) 15% sandstone powder+10%fly ash-180d
Fig. 11 SEM patterns of composite pastes

IV. CONCLUSIONS
Hydration characteristics and microstructure of composite
system was reached that ground alkali-active sandstone
powder was feasible for use in concrete as mineral admixture.
Ground alkali-active sandstone powder with residue over 45
μm less than 8% was easily obtainable by vertical and ball
mill, and incorporation of sandstone powder would increase
unit water demand and decrease early strength of composite
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