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Abstract: Based on the fluidity, strength, heat of hydration and loop crack resistance experiment of multi-powder paste, the
components and proportion of multi-powder were optimized and the concrete properties were studied. The multi-powder consists of
limestone powder, slag, fly ash and moderate heat Portland cement (PMH cement). The results show that the compressive strength of
the multi-powder paste and mortar is close to those of PMH cement, fly ash paste and mortar currently used in dam concrete, yet the
flexural strength is relatively higher. The multi-powder paste is featured by larger fluidity, lower heat of hydration and delayed
cracking time. In comparison, less unit water consumption and cement is used in multi-powder concrete, and under premise of equal
mechanical performance, deformation, thermal performance and durability, the adiabatic temperature rise at 28 d is reduced by 2

In this way, the crack resistance is improved and it is feasible both technically and economically to produce HPC for dam concrete.
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1 Introduction

High performance concrete(HPC), put forward
firstly in USA, is a new concept based on durability
design of concrete structure. Durability of HPC is the
primary technical performance, and it aims to enhance
the durability and reliability by improving various
performances before and after concrete setting and
hardening[1]. It is different from convention concrete.
Because of big difference in concrete structure position
and environment and research purpose, so far no
recognized definition of HPC has been formed. Yet, good
durability is undoubtedly acknowledged the basic
characteristic of HPC. As for mass concrete, in order to
fulfill better durability, lower hydration heat and better
crack resistance performance are indispensable. For arch
dams higher than 300 m, high strength should be fulfilled
because of high stress level inside the high arch dams.
For example, the design of mass concrete for Ertan high
arch dam (240 m) was required to follow the principle of
high strength, medium elastic modulus and low heat[2].
The design of mass concrete for Xiaowan high arch dam
(294.5 m) adds another principle, higher tensile strain
capacity and no autogenous shrinkage, to acquire better

crack resistance capability[3]. The design of Laxiwa high
arch dam (250 m) follows the principle of high strength,
moderate elastic modulus, good crack resistance
performance, minor expansion and good durability[4].
Hence, PMH cement, other supplementary cementitious
materials and admixtures are currently used to meet the
requirements mentioned above. Fly ash is widely used as
supplementary cementitious material in mass concrete
for high arch dams in China.

The adiabatic temperature rise of mass concrete
with PMH cement and fly ash for high arch dams is
relatively high. Generally, in terms of mass concrete in
the heel of high arch dams with strength grade of Cg¢40,
adiabatic temperature rise in the lab at 28d is higher than
26 . For example, the results of Xiaowan high arch
dam concrete is 26.05 [3]. However, the real-time
adiabatic temperature rise is usually higher than the lab
result and hard to control. A triple-powder mixed by
PMH cement(50%)- fly ash(30%)-slag(20%) was used to
produce dam concrete by CHEN and his team, its
adiabatic temperature rise is lower in the early stage, yet
it grows higher after 20 d than conventional concrete
mixed by PMH cement(70%)-fly ash(30%)[5].
Limestone powder of sound fineness can fill in the gap
of cement paste and improve gradation then make paste

Foundation item: Project(50879095) supported by the National Natural Science Foundation of China
Corresponding author: LI Xin-yu; Tel: +86-571-56738858(0), +86-015868816602(M); E-mail: li_xy@ecidi.com



s728 LI Xin-yu, et al/Trans. Nonferrous Met. Soc. China 19(2009) s727—s733

tightly compacted[6]. In the recent years, it has been
applied to RCC and self-compacting concrete as a new
admixture. For example, dual mineral admixture of
limestone powder and slag has been successfully used in
Jinghong Roller Compacted Concrete (RCC) dam[7].
The multi-powder here under study consists of slag,
fly ash, limestone powder and PMH cement. It aims to
use limestone powder to improve the multi-powder
particle size distribution and use particle effect of fly ash
and low heat of hydration of slag to produce pluralistic
synergy. And then the selected multi-powder can be used
to produce HPC of low adiabatic temperature rise, better
deformation capability and crack resistance performance.

2 Optimization of multi-powder

Slag and fly ash used finished products in this study
directly. Optimization of multi-powder mainly includes
the fineness (measured by specific surface area) and
content of limestone powder, the content and proportion
of slag and fly ash.

2.1 Raw materials

PMH cement of 42.5 MPa, fly ash of class-I, slag
and limestone powder of different specific surface areas
were used in this study. The specific surface area of
cement is 342 m*/kg and the compressive strength at 28
d is 51.3 MPa. The specific surface area of class-I fly ash
is 416 m*/kg, which has a fineness of 11.1% and water
requirement ratio of 92% and ignition loss of 1.06%. The
specific surface area of slag is 398 m%kg. The particle
size distribution and eigenvalue of cement and other

Table 1 Particle size distribution and eigenvalue of powders

powder materials are listed in Table 1.

As shown in Table 1, the average particle size, Ds,
and specific surface area of cement and fly ash are close,
in which the average particle size is larger than 18 um
and Ds, larger than 12um. However, the average particle
size and Ds, of slag are smaller than those of the cement
and fly ash, but the specific surface area is close to that
of the fly ash. With increasing specific surface area, the
average particle size and Ds, of limestone powder
decrease, and the content of large particles dramatically
reduces. Under given specific surface area of 978 m*/kg,
D5 of limestone powder is 2.18 um, less than that of the
cement, fly ash and slag, so the gap in the cement could
be effectively filled and the cementitious materials grade
be obviously improved.

2.2 Fineness optimization of limestone powder

Paste cone penetration test was used to optimize the
fineness of limestone powder. According to
GB/T134-2001, the paste was cast in Vicat needle tester
and the cone sinking depth was recorded.

Four kinds of limestone powder with the specific
surface area of 591 777,978 and 1 133 m%/kg were used
in the paste cone penetration test. In the multi-powder,
the proportion of cement keeps 50% and the ratio of slag
to fly ash keeps 6:4, but the content of limestone powder
was changed to make various multi-powder. The
water-binder ratio of multi-powder paste with addition of
a certain kind of carboxylic acid superplasticizer is 0.23.
The results are shown in Table 2 and Fig.1.

As shown in Table 2 and Fig. 1, the particle size
distribution of multi-powder is improved effectively

P Specific surface Average particle n Fraction of particles Fraction of particles
owder 2 -1 ) Dsp ’/pum
area/(m~kg ) size/pm 30 pm/% 80 pm/%
Cement 342 18.04 12.49 23.28 1.24
Fly ash 416 18.5 12.67 21.13 1.14
Slag 398 15.37 11.1 15.28 0.56
Powder A 591 21.48 6.76 23.99 7.66
Powder B 777 11.75 3.18 11.91 1.81
Powder C 978 8.41 2.18 7.61 0.62
Powder D 1133 5.15 1.96 3.23 0
1) D5 is intermediate size under which 50% particle size is screened.
Table 2 Effects of content of limestone powder on paste cone penetration
Content of Paste cone penetration/mm
powder/% Powder A Powder B Powder C Powder D
0 15 15 15 15
10 24 25 35 37
15 30 34 41 39
20 42 48 51 50
25 47 51 49 47
30 50 54 51 50
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Fig.1 Effects of fineness and content of limestone powder on

paste cone penetration

when the content of limestone powder is less than 20%
and the paste cone penetration increases with the
increasing of specific surface area of limestone powder;
when the content of limestone powder is over 20%, the
number of ultra-fine powder is surplus and the paste cone
penetration no longer increases with specific surface area,
which means that paste cone penetration of limestone
powder with different fineness is basically close. So, the
limestone with specific surface area of 1 000 m¥kg is
chosen to continue the following tests, due to the fact
that when the specific surface area is further increased,
the fluidness is little improved and more energy is
consumed.

Table 3 Cone penetration and strength of multi-powder paste
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2.3 Proportional optimization of multi-powder

Based on the selection of limestone powder with
specific surface area of 1 000 m’kg, paste cone
penetration and strength are tested to optimize
multi-powder proportion. Three factors including the
ratio of slag to fly ash, the proportion of cement in
cementitious materials and the content of limestone
powder are identified in this Lo(3*) orthogonal test. The
water-binder ratio of paste is 0.23 and 0.4% carboxylic
acid superplasticizer is added. The results of paste cone
penetration and strength are listed in Table 3, and the
variance analysis is listed in Table 4 and Table 5.

As shown in Table 4, the paste cone penetration
increases in step with limestone content which justifies
limestone powder improving the fluidity of multi-powder
paste and accords with results mentioned above. Ratio of
slag to fly ash ranging between 7:3 and 5:5, has no effect
on cone penetration and so does the proportion of cement
ranging between 40% and 60%.

As shown in Table 5, the compressive strength at 7
d is obviously influenced by all three factors, especially
cement proportion and limestone powder content. The
early strength is contributed primarily by cement
hydration and so increases with cement amount used in
concrete. It is similar with limestone powder content
which is closely related with improved cement hydration
by grinding limestone powder. With aging, the influence
of three factors is diminished, of which the ratio of slag
to fly ash and content of limestone powder show no
influence on the compressive strength at 28 d, and

Sample Ratio of Cement Limestone Cone Strength at 7 d/MPa Strength at 28 d/MPa
No. ;l;istﬁ content/% powder content/% Empty penetration/'mm  Flexural Compressive  Flexural Compressive
1 1(7:3) 1(60) 1(0) 1 17 7.8 59.2 11.4 95.4
2 1(7:3) 2(50) 2(10) 2 24 8.3 59.2 12.6 90.0
3 1(7:3) 3(40) 3(20) 3 50 8.0 52.7 11.9 82.8
4 2(6:4) 1(60) 2(10) 3 35 9.3 66.3 12.5 90.7
5 2(6:4) 2(50) 3(20) 1 53 8.1 57.6 10.7 84.6
6 2(6:4) 3(40) 1(0) 2 18 53 37.6 8.3 72.7
7 3(5:5) 1(60) 3(20) 2 47 9.5 65.6 11.4 87.1
8 3(5:5) 2(50) 1(0) 3 17 6.3 453 8.4 84.8
9 3(5:5) 3(40) 2(10) 1 28 6.7 47.5 11.3 79.4
Table 4 Variance analysis of each factor on cone penetration
Variance source Sum of squares Freedom F value Marginal value Significance
Ratio of slag to fly ash 46.89 2 1.6 Fo.10(2,2)=9 No
Cement proportion 4.22 2 0.1 Fo.05(2,2)=19 No
Limestone powder content 1 644.22 2 55.6 Fo.01(2,2)=99 Significant
Deviation 29.56 2
Total 1724.89 8
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cement proportion has more obvious effect. It implies
that the early compressive strength (28 d and earlier) is
mainly contributed by the cement hydration.

It can be seen from Table 5 that the ratio of slag to
fly ash has no influence on the flexural strength at 7 d,
but the influence grows obviously at 28d, which implies
that the slag has partly hydrated between 7 d and 28 d
and the slag is favorable to flexural strength develop-
ment. The cement proportion and limestone powder
content have positive effect on the concrete flexural
strength at 7 d, yet, the effect diminishes dramatically at
28 d. Limestone is favorable to flexural strength
development, and the strength is increased by 30% and
21%, respectively, when 10% and 20% limestone
powders are added accordingly. Crack resistance can be
improved by adding a proportionate limestone powder
under premise of equal compressive strength.

2.4 Hydration heat and crack resistance of multi-

powder

Hydration heat of multi-powder is tested according
to GB/T12959-2008. Under the given tested consistency,
multi-powder cementitious materials are mixed and cast.
The results of hydration heat are shown in Table 6 and
Fig.2.

The results in Table 6 and Fig.2 show that the

Table 5 Variance analysis of each factor on strength
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hydration heat is decreased by about 12% when 30% fly
ash or slag is added. The hydration heat is also decreased
by adding 20% limestone powder. The hydration heat is
decreased by only 5.6% when adding 30% multi-powder
(the ratio of limestone powder, slag and fly ash is 5:3:2)
and early activity of multi-powder is justified. The
hydration heat is decreased with proportion increase of
multi-powder in cementitious materials, when 70%
multi-powder is added the hydration heat is decreased by
38.7%.

The crack resistance performance of multi-powder
materials is tested by loop crack resistance method, in
accordance with recommended cement and cement-
based cementitious materials crack resistance test
method in appendix a in “Guide to Durable Concrete
Structure Design and construction(CECS01-2004)”
edited by Division of Civil, Hydraulic and Architecture
Engineering of China Engineering Academy[8]. Outer
diameter and inner diameter of the loop specimen with
height of 50 mm are 170 mm and 120 mm, respectively.
With W/C of 0.23, the paste is cast and cured, then
demoulded after 24 h and put under the condition of
(20+2) and relative humidity of (60+£5)%. Three
samples are cast in one group and crack time is
determined by the gap between the first crack appearance
time and demoulding time, the average of which is the

Sum of square

Age Variance source . Freedom F value Marginal value Significance
(flexural/compressive )
Ratio of slag to fly ash 0.51/29.23 2 3.04/36.43 Fo.10(2,2)=9 No/A
7d Cement proportion 7.34/474.71 2 44.04/591.7 Fo.05(2,2)=19 VAVVAVAN
Limestone powder content 7.13/233.96 2 42.76/291.6 Fo.01(2,2)=99 VAVVAVAN
Deviation 0.17/0.80 2
Total 15.14/738.70 8
Ratio of slag to fly ash 4.73/78.28 2 23.38/4.25 A/No
28d Cement proportion 3.05/250.84 2 15.08/13.63 (D) (D)
Limestone powder content 12.16/9.53 2 60.14/0.52 AA/No
Deviation 0.20/18.40 2
Total 20.14/357.06 8

A Ameans influence is very obvious; Ameans relatively obvious; (A) means obvious.

Table 6 Hydration heat and crack time of multi-powder paste

Sample Cement Limestone Slag Fly ash Standard Hydration heat/(J-g ') . :
. Crack time/min
No. content/% powder content/%  content/% content/% consistency/% 1d 3d 7d
1 100 0 0 0 24.7 186 233 269 165
2 70 0 0 30 24.5 147 196 236 992
3 80 20 0 0 24.8 164 211 234 473
4 70 0 30 0 25.6 140 188 239 905
5 70 15 9 6 25.5 153 209 254 1180
6 60 20 12 8 25.2 126 179 232 1310
7 50 25 15 10 25.2 123 170 218 1580
8 40 30 18 12 25.6 99 146 196 1695
9 30 35 21 14 25.6 77 121 165 2 035
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crack time of such group. When the difference between
average and each single data is more than 4 h, it should
be retested. The crack time of different multi-powders is
listed in Table 6 and Fig.3.

300
269
250 239 24
P 236 234 2. A 232
- \ e 218
= 200+ N b
< NN
= AN 165
o AW SOO0)
21501 R0 (RS
= AN X
8
= 100F AN
5 AN
= oy
50F
NVAASA
0
| 2 3 4 5 6 7 8 9
Paste No.

Fig.2 Hydration heat of different multi-powder pastes: 1—
Cement; 2—Cement+30% fly ash; 3—Cement+20% limestone
powder; 4 — Cement+30% slag; 5 — Cement+30% multi-
powder; 6 —Cement+40% multi-powder; 7— Cement+50%
multi-powder; 8—Cement+60% multi-powder; 9—Cement+
70% multi-powder
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Fig.3 Crack starting time of different multi-powder pastes: 1—
Cement; 2—Cement+30% fly ash; 3—Cement+20% limestone
powder; 4 — Cement+30% slag; 5 — Cement+30% multi-
powder; 6 —Cement+40% multi-powder; 7— Cement+50%
multi-powder; 8—Cement+60% multi-powder; 9—Cement+

70% multi-powder

Table 7 Mixing proportion of concrete
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The results in Fig.3 show that when the slag, fly ash
and limestone powder are added singly the crack time of
fly ash paste is the longest, 16 h and 32 min, followed by
slag paste and limestone powder paste. And the crack
time of paste with some powder materials surpasses the
cement paste. It can be deduced that the powder
materials are favorable to the crack resistance
performance of cementitious materials. Under 30%
multi-powder content, the crack time of multi-powder
paste is 19 h and 40 min, longer than fly ash paste, which
demonstrates that the multi-powder consisting of slag,
fly ash and limestone powder, has better crack resistance
performance, and the crack time is delayed in line with
multi-powder content.

3 Properties of multi-powder concrete

According to the result of the optimization of
multi-powder, the specific surface area of limestone
powder is 1 000 m?/kg, the ratio of the limestone powder
to the slag and fly ash is 5:3:2. The paste mixed by
multi-powder and cement is featured by deeper cone
penetration, lower hydration heat and delayed cracking
time. Dam concrete, made from PMH cement +50%
multi-powder and PMH cement +35% fly ash, which is
currently used in high arch dams, is tested in terms of
mechanical, deformation and thermal properties. And the
aggregate with maximum size of 150 mm is used in this

paper.

3.1 Mixing proportion

Slump is controlled between 3 ¢cm and 5 cm and the
air content is between 4% and 6%. The mixing
proportion of the concrete is listed in Table 7.

It can be seen from Table 7 that PMH cement +50%
multi-powder concrete can reduce the unit water
consumption under given mixing proportion and
decrease the cement consumption despite the increment
of the total amount of cementitious materials. This is
caused by less water/cementitious material ratio.
Compared with PMH cement +35% fly ash convention
concrete, the unit cement consumption of PMH cement
+50% multi-powder is approximately reduced by 17.1 kg
in concrete of C;5,40.

. Ratio of . Water Water . Cementitious Cement
Sample Designed . Admixture ] . Air agent ) )

waterto  Admixture consumption/ reducing 4 material density/

No. strength ) content/% 5 content/10 . 3 3
binder (kgm ™) agent/% density/(kgm ) (kgm”)

A Ci3030 0.41 Multi-powder 50 81 0.6 0.6 197.6 98.8

B Ci5040 0.35 Multi-powder 50 79 0.6 0.6 225.7 112.9

Al Ci5030 0.50 Fly ash 35 81 0.6 04 162.0 105.3

B1 Ci3040 0.41 Fly ash 35 82 0.6 0.6 200.0 130.0




s732

3.2 Mechanical properties

The compressive and splitting tensile strength,
ultimate tensile strain and compressive elastic modulus
of concrete at different ages are listed in Table 8.

It can be seen from Table 8, the compressive
strength of multi-powder concrete at 28 d is higher than
that of the concrete with conventional cementitious
materials, and the increments of Cigp40 and C;5,30 are
2.5 MPa and 6.3 MPa, respectively, which is probably
closely related with ultra-fine limestone powder
improving hydration of cementitious materials at early
stage. The splitting tensile strength at 28 d is relatively
higher too, yet there is little difference in the
tensile/compressive strength ratio. The
tensile/compressive strength ratios of C4040 concrete are
0.079 and 0.077 with C;g,30 concretes of 0.081 and
0.084 at 28 d. The compressive strength of concrete with
multi-powder at 180 d is higher than that of conventional
concrete, with increments of Cig40 and C;530 by 4.7
MPa and 11.7 MPa, respectively. With regard to higher
increment at 180 d, it is due to more cementitious
materials used and activity development of slag and fly
ash at later stage. At 180 d, the tensile/compressive
strength ratios of C;4,40 are 0.069 and 0.072, while those
of C5030 are 0.080 and 0.084.

It also demonstrates that the ultimate tensile strain
of Ci4930 at 28 d and 180 d are higher than 90> 10% and
110><1076, respectively, while that of C;g40 at 28d and
180 d are higher than 100> 10 and 120 > 10°°,
respectively. Higher compressive elastic modulus of
concrete with multi-powder is closely related with high
compressive strength.

Overall, both multi-powder and conventional
materials of PMH cement and fly ash are able to get high
strength concrete, and a little more cementitious
materials are used in multi-powder concrete yet less
cement used.

3.3 Adiabatic temperature rise

Test results show that, at 28 d, the adiabatic
temperature rise of conventional concrete C;g40 is about
20.0  while that of the multi-powder concrete C;5p40 is
about 18.0 . The reduction is attributed to less cement
and less active materials used. In the light of

Table 8 Mechanical performances of concrete at different ages
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multi-powder concrete Cig40, the cement amount is
approximately 113 kg and active cementitious materials
amount, including cement, fly ash and slag, is 168 kg. As
for conventional concrete, cement amount is 130 kg and
active materials amount including cement and fly ash is
200 kg. The test results show that lower adiabatic
temperature rise can be obtained with multi-powder used
in concrete. In comparison, because of less cement and
other active materials used in multi-powder concrete,
adiabatic temperature rise is lower, yet the fact that more
heat is released from hydration of fly ash and slag after
28 d calls more attention to avoid thermal crack.

4 Discussion

Multi-powder is composed of slag, fly ash,
limestone powder and PMH cement. Limestone powder
can improves the gradation of multi-powder. Fly ash with
particle effect and slag with low early hydration heat and
strength development effect are favorable to synergy
effect of cement and multi-powder. In this way, the
concrete of high strength and low adiabatic temperature
rise can be produced which can meet the requirements of
high arch dams concrete. However, autogenous volume
deformation of multi-powder concrete is greater than that
of the conventional concrete made by PMH cement and
fly ash.

Because of higher stress levels and lower capability
of adjustment to concrete cracks, high arch dams require
their dam concrete with higher crack resistance. A lot of
numerical analysis on thermal stress of high arch dams
shows that slower early hydration heat and lower
adiabatic temperature rise benefit to the concrete
temperature control for high arch dams but autogenous
shrinkage is unfavorable. Multi-powder concrete has
larger autogenous shrinkage that does not reduce with
increasing concrete age. It is very unfavorable to
concrete temperature control for high arch dams. Larger
autogenous shrinkage of multi-powder concrete may be
contribute to limestone powder accelerate cement early
hydration, so that the shrinkage is produced ahead of
schedule. While in the latter of hydration, multi-powder
concrete has higher strength and elastic modulus and
stronger constraint that leads to concrete has little

. . Splitting tensile Ultimate tensile Compressive elastic
Sample Designed Compressive strength/MPa . 6
strength/MPa strain/10 modulus/GPa
No. strength
7d 28d 90d 180d 28 d 180 d 28d 180 d 28 d 180 d
A Ci5030 185 342 456 51.1 2.77 4.08 93 118 29.8 36.0
B Cis040 247 415 536 60.3 3.28 4.15 102 120 30.7 37.1
Al Ci5030 122 250 327 39.4 2.09 3.33 94 114 25.5 332
Bl Cis040 222 387 51.0 55.6 2.99 4.02 106 121 26.0 33.7
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expansion from the maximum shrinkage.

Whether multi-powder concrete has larger
autogenous volume deformation is a result of limestone
powder to accelerate the early hydration of cement? How
to optimize the components of multi-powder so as to
reduce the autogenous deformation of
multi-powder concrete? These problems are worthy of
further study to meet the requirements of high arch dams
on concrete.

volume

5 Conclusions

1) The fineness and content of limestone powder
have obvious effect on fluidity of multi-powder paste.
When the specific surface area of limestone powder is
about 1 000 m*/kg and content ranges between 20% and
25%, the fluidity of multi-powder paste is relatively
high.

2) Multi-powder paste has better toughness and
crack resistance performance. Under premise of equal
compressive  strength, the flexural strength of
multi-powder paste compared with conventional cement
and fly ash paste is increased by approximately 20% and
the circle cracking time is obviously delayed.

3) Featured by lower unit cement consumption and
lower adiabatic temperature rise, multi-powder concrete
is able to produce HPC for high arch dams. In
comparison with conventional concrete produced by
PMH cement and fly ash, unit water consumption is little

reduced yet the cement is reduced by 6.5-17.1 kg.
Adiabatic temperature rise at 28 d can be reduced by
about 2 and less heat is released in the later period.
And it is easier to control the temperature rise of mass
concrete for high arch dams.
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