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ABSTRACT

The fluidity and passing ability of limestone-blast furnace slag cement, which contains
both limestone and blast furnace slag as supplementary cementitious materials, were
investigated through a series of experimental evaluations. Based on the surplus water
film theory, it was inferred that the addition of limestone could increase the packing density
of powder particles within the cement paste. This increase in packing density leads to
an enhanced flowability of the paste, which is attributed to the influence of the thickness of
the surplus water film surrounding the particles. To assess the passing ability, box filling
tests and J-ring flow tests were conducted using both normal-strength and high-strength
concrete mixtures. The results demonstrated that the addition of limestone significantly
improved the passing performance, particularly when the clinker factor was low, indicating
their potential to enhance workability in practical applications. Furthermore, a
comparative analysis with the rheological parameters of mortar revealed that the
relationship between plastic viscosity and passing velocity (Vpass) may vary depending on
the strength level of the concrete. These findings suggest that the strength-dependent
rheological behavior should be considered when designing mixtures for optimal placement
performance.

Keywords : Limestone, Blast furnace slag, Blended cement, Flowability,
Passability between reinforcing bars, Rheology
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Table 1 Mix design of limestone-blast furnace blended cement

No. Cement Blast furnace slag Limestone Series
1 57.3% 40.0 % 2.7% 1,23
2 60.0 % 30.0 % 10.0 % 1
3 60.0 % 20.0 % 20.0 % 1
4 47.8 % 50.0 % 22% 1,2,3
5 50.0 % 40.0 % 10.0% 1,23
6 50.0 % 30.0 % 20.0 % 1
7 38.2% 60.0 % 1.8% 1,23
8 40.0 % 50.0 % 10.0% 1,23
9 40.0 % 40.0 % 20.0 % 1,23
10 28.6 % 70.0 % 1.4% 1
11 30.0 % 60.0 % 10.0% 1
12 30.0% 50.0 % 20.0% 1,23

Table 2 Materials
Type Symbol Material properties
Water W [Tap water

Ordinary Portland cement N

Density 3.14g/cm?, Blaine surface area 3,370cm?/g, Limestone component 4.5%,
median particle size 18.8 . m

Blast furnace slag BFS |density2.90g/cm?, Blaine specific surface area 4,510cm?/g, median particle size 12.8 u m
L1 |density2.71g/cm®, Blaine specific surface area 4,720cm?/g, median particle size 18.6 u m
Lime stone powder L2 |density2.72g/cm®, Blaine specific surface area 6,620cm?g, median particle size 7.21 u m
L3 |density2.71g/cm®, Blaine specific surface area 7,720cm?/g, median particle size 5.09 u m
Fine aggregate S |Landsand, oven-dry density2.59g/cm?3, water absorption 1.62%
Crushed stone, oven-dry density2.65g/cm3, Maximum particle size 20mm,
Coarse aggregate water absorption 0.48%

Standard AE Water-Reducing
Admixture (Typel)

AD |Composite of Lignosulfonate Compounds and Polycarboxylate Ether

Air-Entraining Admixture AE

/Anionic Surfactant Based on Maodified Rosin Acid Compounds

High-Performance AE
Water-Reducing Admixture

SP  |Polycarboxylate Ether-Based Compound with Built-In Defoamer
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Fig. 1 Particle size distribution
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Table 3 Mix design of concrete

Target fresh properties Chemical admixture
W Bulk volume of & prob (CX%)
Category Ww/C coarse aggregate Slump .
kg/m3 ’
(kg/m?) (m3/m3) slump flow Air content AD| AE SP
(%)
(cm)
Normal strength | Adjustment | Adjustment 0.62 12£1.5 4.0£1.0 |0.70/0.0035 -
High strength 30 170 0.54 60+5.0 1.5£0.5 - - Adjustment

Table 4 Experiment items of fresh properties

Category Ttem Remarks and testing standards
Slump : JISA 1101
Common Slump or Slump flow Slump flow : JISA 1150

Air content

JIS A 1128 (Air chamber pressure method)

Normal strength Vibrated box filling test

JSCE-F701-2016

Box filling test

JSCE-F511-2018

High strength

J-ring flow

JISA 1159

FNENRHM L7z, Wi Cl3dm L ¢, Fig. 21
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Fig. 3 Example of measurement using a rotational viscometer (No. 4: normal-strength cement paste)
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Table 5 Test results of cement paste in series 1

No CF Flow (mm) D, (%) 8, (um) dsy (um)

"l @ | L1 | L2 [ L3 L1 [ L2 | L3 L1 | L2 | L3 L1 L2 L3
1 233 48.43 0.183 161 | 161 | 161
2 | 60 | 246 | 225 | 246 | 5049 | 4935 | 5024 | 0228 | 0197 | 0211 | 168 | 155 | 155
3 245 | 218 | 223 | 5071 | 4962 | 4999 | 0231 | 0191 | 0190 | 175 | 144 | 143
4 240 49.62 0.197 156 | 156 | 156
5 | 50 | 237 | 220 [ 242 | 5063 | 4945 | 5033 | 0219 | 0188 | 0201 | 162 | 149 | 149
6 261 | 235 | 229 | 5115 | 4943 | 5034 | 0227 | 0177 | 0186 | 17.0 | 139 | 138
7 217 49.80 0.191 153 | 153 | 153
8 | 40 | 259 | 220 [ 225 | 5077 | 4981 | 5034 | 0210 | 0184 | 0191 | 157 | 146 | 144
9 260 | 227 | 212 | 5074 | 4945 | 4976 | 0208 | 0168 | 0166 | 15 | 134 | 133
10 218 49.86 0.183 147 | 147 | 147
11 | 30 | 233 | 215 | 231 | 5006 | 49.98 | 496 | 018 | 0178 | 0167 | 153 | 140 | 139
12 262 | 212 | 216 | 5121 | 4988 | 5042 | 0206 | 0167 | 0169 | 160 | 122 | 128

CF : Clinker factor, @, : Packing ratio of powder particles, 4§, : Thickness of excesswater film, ds, : median particle size
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Fig. 4 Flow behavior of cement paste without chemical admixture
Table 6 Test results of Normal strength concrete
Unit content Admixture fie f
. Vibrated box filling test 5 ! 5
No w/iC | sa (kg/m?) (Cx%) Slump | Air (N/mm?) (N/mm?)
T @) | (W (em) | () | ¢ t v
0 Y |w|nN|Brs|L2l s|c|AaD | AE V| oo | fsoo | Wpass g | s | 7q | 28d | 7d | 28d
(s) | (9 | (mmis)
1 50 44.8 |165(198| 132| 0 | 791|997 11.0 35 74 | 119 24.4 1.10/0.98| 233 | 41.3 | 240 | 3.74
4 49 445 |165|168| 168 | 0 | 783|997 12.5 35 54 | 17.2 9.32 1.14|0.91| 231 | 398 | 232 | 3.81
5 47 43.9 |166|177| 141 |35|764|997 13.0 4.0 6.2 | 18.3 9.09 1.19|0.92| 265 | 434 | 263 | 4.31
7 47 43.8 |167|142| 213 | 0 |759|997| 0.70 | 0.0035 115 4.2 11.8 | 35.8 4.58 1.22|10.89| 24.7 | 41.7 | 232 | 3.85
8 44 43.2 |167|151| 189 |38|741|997 115 4.0 85 | 245 6.88 1.21|10.90| 30.3 | 46.2 | 3.08 | 4.36
9 41 42.3 |166|162| 162 |81|714|997 10.5 35 6.6 | 21.3 7.48 1.17{0.92| 30.8 | 48.3 | 3.01 | 4.26
12| 40 42.0 |167|124| 206 | 83| 707|997 10.0 30 [134 | 350 5.09 1.19(0.92| 31.0 | 47.2 | 3.14 | 4.38
tig0 : Timetoreach 190 mm, tsq, : Timetoreach 300 mm, V., : passingvelocity , &4, 85 : Coarseaggregateratio in chamber A/B, f'.: Compressive
strength, f; : Splitting tensile strength
Table 7 Test results of High strength concrete
Unit content Slump . Vibrated box f'e fi
No| WIC | sa (kg/m®) s | Flow | Air Jring Flow filling test (Nmm?) | (N/mm?)
1 () | (%) (Cx%) | SF [Tspo| (%) s [ Tww| PJ  [Class|Bim 5
W|N [BFSL2[S|G (mm)| (s) (mm) 9 (mm) | (s)e (mm) 6§ |7TH|28H|7H|28H
1] 475 |170[340| 227 0 [768[869] 1.05 | 630 [5.00] 1.00 | 500 [813| 35 C |210] 211 107/ 728 934 [ 553 6.41
4] 474 |170/283 283| 0 |764/869] 1.05 | 645 [5.05] 140 | 520 [ 105| 32 C |262]| 282 106/ 71.9| 956 | 5.19 | 6.56
5 | 473 |170[297| 227[43]762/869]  1.05 | 670 [3.86] 1.80 | 645 | 530 | 19 B |296| 210 [102 73.4| 946 | 544 | 551
7| 30 [[47.2 |170/227[340] 0 [760/869] 1.00 | 590 |557| 1.60 | 505 | 16.7 | 42 D |272| 301 |1.02]69.1| 927 | 512 6.18
8] 472 |170/237/ 283[46(758/869] 1.00 | 650 |4.70] 200 | 560 | 914 | 35 C |238| 319 |1.05/69.8| 87.7 | 5.17 | 6.81
9| 470 |170[237] 227 [103]754/869]  1.00 | 670 [3.76] 1.70 | 585 | 582 | 29 B | 267 | 289 106 70.7 | 86.0 | 524 | 556
12 469 |170[178 283 [105750/869] 0.90 | 595 [402] 150 | 515 | 950| 35 C |236] 291 104/ 621 79.8 | 460 6.17

SF: Slumpflow, Tsoo : Timetoreach500 mm, SF;: Jring flow, Tasoo : J-ring flow timeto reach 500mm, Bi;pme

ratio after barrier passing, f’c: Compressive strength, fi : Splitting tensile strength

: filling stoptime, B, : Fillingheight, & : Coarseaggregate
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Fig. 5 Filling time to specified height in vibration
box test of normal-strength concrete
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Table 8 Rheological parameters measured by a rotational viscometer
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| %) (Cx%) Plastic viscosity (Pa - s) Platic viscosity (Pa* s)
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1 50 0.70 0.102 2.65 1.70 2.32
g 4 49 0.70 0.122 1.47 1.70 2.28
g 5 47 0.70 0.145 2.92 1.92 2.59
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% 8 30 1.00 0.404 0 3.61 3.06
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Fig. 7 Plastic viscosity of mortar and cement
paste
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Relationship between plastic viscosity
of mortar at normal strength level and
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