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Effects of Mosel Additives and Initial Curing Conditions on Crack Resistance of
Blast-Furnace Slag Blended Cement Concrete
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Table 1 Experimental Parameters and Levels

Experimental

Experiment Levels
parameter
Restrained [Binder 4 levels (BB, BLS1, BLS2, OPC)
cracking Ambient temperature |3 levels (30, 20, 10 °C)
experiment | Curing condition 2 levels (water, sealed)

7 levels (30, 10, 5mm deep in
Curing condition before|water covered, wet sheet

Curing
. 7 day age covered, sheet covered, air-
experiment
cured, water cured)
Specimen height 3 levels (150, 200, 250mm)

Table 2 Parameters and Levels in Restrained
Cracking Experiments

Experimental parameters
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Experiment Specimen ] Ambient ] ..
Binder | temp. (ecy | C1fing condition 5, FHIRAERER KT 100 X 100 X 400mm €, Wi 10 L
Conducted in BLS-30W BLST 30°C Water IABOT 7 — DA (strain gauge transducer) & iR iE 35, 1
BLS-30S BLS1 Sealed
the current
BLS-20W BLS?2 20°C Wat
study BLS-10W 10°C ater Table 4 Testing Items
BB-30S 30°C Test type | Test item Measurement Specimen Test conditions
BB-20S BB 20°C Fresh Slump, air content, temperature,
In reference BB-10S 10°C Sealed property unit mass
1) N-30S 30°C cale Compressive strength (JIS A 1108) Curing: pursuant to
N-20S N 20°C Restrained |Strength  |Elastic modulus (JIS A 1149) $100x200 restrained cracking test
N-10S 10°C cracking Number of specimen: 3
experiment Split tensile strength (JIS A 1113) Loading age: 3, 7, 28 days
Table 3 Compos1t10n of Binder Rest;lined Eestrined shrinkage stress and 100x100x1100
— cracking racking age N ¢ imen: 2
i Com pOSItIOﬂ (%) Free Free shrinkage strain 100x100x400 o efspeemen
Binder type - shrinkage 9
Clmker BFS SOS C8003 Fresh Slump, air content, temperature,
BLS1 51.0 43.0 3.6 2.4 property _[unit mass
) $75x150
Moist
BLS2 48.5 42.0 4.5 5.0 Curing co(:tse:tre mass loss in 105°C heating $75x200 Number of specimen: 2
BLS3 53.2 40.0 3.8 3.0 experiment $75x250
BB 56.7 42.0 1.3 0.0 #125x150
Strength Compressive strength (JIS A 1108) |¢125x200 Number of specimen: 3
OPC 97.8 0.0 2.2 0.0 P
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Testing section Embed-type low modulus strain ~ cable
Embedment section (Unbonding between Embedment section gauge \ I 100mm
(with screw) concrete and steel bar) (with screw)
- Y > 100m
Strain gauge
50mm 400mm 300mm 400mm 50mm 200mm

Restraining steel bar: round bar ¢32mm, threading in Embedment section

Fig.1 Restrained Cracking Experiment Specimens (Left: restrained cracking specimen, Right: free shrinkage specimen)
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Table 5 Constitutive Materials in Concrete

. Density
Material Type
(g/cmd)
Binder BLS1 3.03
BLS2 |Low shrinkage BFS Cement™ 3.02
BLS3 3.04
BB |BFS blended cement type B 3.05
OPC | Ordinary Portland cement™ 3.16
Fine aggregate? S1 Crashed sand stone 2.64
S2 Land sand 2.61
Coarse aggregate G Crashed sand stone 2.65
Pol boxylate t high-|
Chemical admixture AD ycarboxylate type hign-range 1.02
water reducer

*1 BFS powder 4000 satisfying JIS A 6026 (specific surface area 4180cm?g)
was blended with OPC, CaSO;, and CaCO;

*2 Blended mass ratio S1:52=8:2

*3 satifying JIS R 5211 *4 satisfying JIS R 5210

Table 6 Properties of BFS Powder

. JIS A 6206
Quality BFS powder .
recommendation
Density (g/cm®) 2.89 228
Specific surface area (cm?%g) 4170 23000 and <5000
70 (7 days) 255 (7 days)

Activity factor (%) 93 (28 days) 275 (28 days)
115 (91 days) 295 (91 days)

Normalized flow value (%) 99 295

MgO content (%) 5.66 <10.0
SO3 content (%) 2.03 <4.0
Loss of ignition (%) 0.93 <3.0
Chloride ion content (%) 0.004 <0.02
Basicity 1.84 21.6
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Table 7 Mix Proportion

water Unit content(kg/m®)
to Sand Binder
Exper. Mix binder | ratio Fine | Coarse
K o Water
ratio | ¥ OPC|BLS1 |BLS2|BLS3 | BB | 288 | ase
%)
BLS-30W 50 46| 175 -| 350 - - -| 807 951
BLS-30S
BLS-20W - -] 350 - -| 806 950
BLS-10W
Rest. BB-30S 50 46| 175 - - - - 350| 807 951
cracking BB-20S
exper.
BB-10S
N-30S 50 47] 175| 350 - - - - 825 949
N-20S
N-10S
Curing experiment 50 46| 175 - - - 350| - 807 952
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Water covered

depth:30mm, 10mm,5
(depth:30mm, 10mm,Smm) - t'0 15mm thick)

#6375

Wet sheet covered (water showered on
surface and then covered by plastic sheet

Sheet covered (by plastic sheet
with 0.15mm thick)

Water covered curing Wet sheet covered curing

Sheet covered curing Air cured

Fig. 2 Curing Method for Curing Experiment

Concrete cast after arranging
steel mesh at 50mm where
specimens are split at moist. test

*Representative
distance from top
curing surface

pipe *distance 25mm
e =
Upper middle:
E *distance 75mm
S| Wpe <
Aluminum| Lower middle:
tape *distance 12pmm
Bo-m === === <
Bottom:
*distance 176mm
Steel
plate 75mm

Fig. 3 An Example of Specimen for Moisture Content
Test (in case of 200mm height)
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Table 8 Combination of Experimental Factors in Curing

Experiment
Expermental parameters Curing Testing items
Specim- - Moisture Compressive
Test . " condition
en Curing condition before 7 day fter d content strength
num. after da
height age v at7 |at28| at7 |at28
(mm) age day | day | day | day
1 150 | 30mm deep in water covered
Specmen Specmen
2 Wet sheet covered size: pec
75 size: ¢125mm
mm
3 Sheet covered ¢ x150mm
K x150mm
4 Air cured
5 200 | 30mm deep in water covered
6 10mm deep in water covered
7 5mm deep in water covered | air cured Spelcmen Specmen
size:
8 Wet sheet covered in 30°C 75mm size: $125mm
0/
9 Sheet covered R x200mm *200mm
10 Air cured
11 Water cured
12 250 | 30mm deep in water covered
Specmen Specmen
13 Wet sheet covered size: size:
14 Sheet covered $75mm $125mm
N x250mm *x250mm
15 Air cured

*Ambient environmental condition is 30°C and RH60% in all curing stages
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Covered by plastic
film

PEA EOERN EEZ HD,

B SR T B vz B I O T ORI LA Fig. 6 &
Fig. 712757, Fig. 6 1% 30°COFE R T, BLS-30W OO A b
/&<, BB30-S &~ 100 A KA T 200 1 BL EIRV, Zaug, &
ELTHHIONZIROTAICEKR L THY, WU BLS #HWEHA
THUIHRAENE A BLS-30S TIEEER RS /NE <, HIRE
AR T B CREICIARICEE LTV D, 202 &0vh, BLS 04
JRICIIR DA NEE CTH L Z ENb2 s, Fig. TIXIRENE A

BORERIZOVWTRLTHEY, BLS-30W 2k~ BLS-20W &
BLS-10W O#IHIEZIEA K & V28, Ziuid 30W I2ffi il L 7= BLS1 &
Dt 10W & 20W @ BLS2 DA Z 5 L IREEA VY 7 ADFINE

: ! Sheet covered
L curing

O

Water covered curing

O

embankment

Covered by plastic
film after sparaging

]

Water sheet covered
curing

Fig. 4 Detail in Curing Method

Seal

Air cured

Table 9 Test Results of Mechanical Properties

Compressive strength(N/mm?) Elastic modulus (kN/mm?) Splitting tensile strength(N/mm?)
Age (days) 20°C in- Age (days) 20°C in- Age (days) 20°C in-
Experi- Specimen water water water
ment curing at curing at curing at
3 7 28 91 3 7 28 91 3 7 28 91
28 day 28 day 28 day
age age age
BLS-30W | 25.2 | 35.1 | 48.2 | 50.6 46.0 25.3 [ 30.6 | 31.4 | 31.3 335 3.32 3.97 4.26 3.49
Current BLS-30S | 25.6 | 34.4 | 42.9 | 44.1 26.0 | 28.8 | 31.0 | 29.3 3.37 3.74 3.25
study BLS-20W | 17.6 | 29.5 | 48.5 | 54.9 483 21.8 [ 26.5 | 32.9 | 32.9 337 3.06 3.84 4.34 3.43
BLS-10W | 6.8 |22.3 |38.8 |46.1 ) 13.8 | 23.8 | 29.1 | 30.9 ) 241 | 317 | 3.72 '
BB-30S 24.8 | 34.6 | 43.1 | 431 25.1 | 28.0 | 30.6 | 31.0 3.08 3.62 3.61
BB-20S 19.5 | 28.0 | 39.1 | 41.2 44.4 23.7 [ 25.1 | 28.2 | 28.2 31.9 2.74 3.19 3.23 3.80
literature BB-10S 11.7 | 22.7 | 37.0 | 42.2 22.2 | 25.1 |30.7 | 30.7 - 2.03 2.73 3.72
N-30S 29.0 | 38.1 | 48.6 26.0 [ 29.6 | 30.6 - 2.83 2.99 4.39 -
N-20S 24.8 | 36.1 | 47.8 22.9 [30.4 | 29.7 2.62 3.04 4.32
N-10S 17.3 | 33.9 | 44.8 21.0 [ 26.0 | 29.6 1.80 2.67 3.66
Table 10 Summary of Restrained Shrinkage Cracking Test Results
Free shrinkage test Restraint cracking test
Free shrinkage Rstraint stress at drying initiation Rstraint stress at cracking X
s A Cracking age (days)
Exper— ) (u) (N/mm?) (N/mm?)
Specimen
ment
at drying | at 91 day | Specimen | Specimen M Specimen | Specimen M Specimen | Specimen M
initiation age #1 #2 ean #1 #2 ean #1 #2 ean
BLS-30W 59 -477 -0.35 -0.31 -0.33 2.65 2.72 2.69 46.1 57.9 52.0
BLS-30S -43 -563 0.50 0.52 0.51 2.67 2.64 2.65 41.9 33.0 374
Current
study BLS-20W 244 -350 -0.61 -0.69 -0.65 3.43 3.67 3.55 70.6 91.0 80.8
BLS-10W 203 -332 -0.65 -0.65 -0.65 2.62 2.38 2.50 53.2 41.8 475
BB-30S -130 -656 0.65 0.68 0.67 1.79 1.91 1.85 17.4 17.0 17.2
BB-20S -96 -575 0.66 0.76 0.71 1.59 2.53 2.06 16.3 36.3 26.3
literat— BB-10S -50 -488 0.20 0.18 0.19 2.23 2.48 2.36 28.1 43.1 35.6
ure N-30S -64 -659 0.32 0.39 0.36 2.66 2.51 2.59 40.8 32.8 36.8
N-20S -53 -684 0.34 0.37 0.36 3.00 2.99 3.00 42.8 41.2 42.0
N-10S -46 -669 0.32 0.33 0.33 3.06 2.32 2.69 56.1 30.9 43.5
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Fig. 5 Effect of Water Curing on Mechanical Properties (Left: compressive strength, Center: elastic modulus, and Right: tensile strength)
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Fig. 6 Free Shrinkage Profiles at 30°C in Different Temperatures
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Table 11 Summary of Curing Test Results

Parameters Moisture content (%) Compressive sirength
Test (N/mm?)
no. | Specimen . . . 1 day 7 day 28 day 7 day
. Curing condition Location 28 day age
height (mm) age age age age
) Top 5.94 5.28
1 30mm deep in Middie 565 | 558 | 550 | 536 | 41.0 56.9
water covered Bottom 514 o
Top 5.91 .42
2 \Wet sheet Middle 560 | 559 [5.72 | 5.46 | 40.4 57.4
covered Bottom 5.24 5.26
1 ™° Top 703 716
3 Sheet covered Middle | 4.87 [4.59 |4.74 | 4.54 34.4 40.4
Bottom 4.87 4.72
| Top 3.90 3.54
4 Air cured Middle 4.66 | 4.46 | 4.69 | 4.34 | 319 41.0
Bottom 183 (280 |
Top 5.79 559
30mm deep in Top-middle 5.68 |.5.92 |
5 water covered | Bottom-middle 5.31 546 5.85 5.59 400 535
Bottom 5.04 4.98
| Top 6.01 5.26
10mm deep in Top-middle 5.92 5.67
6 water covered | Bottom-middle 5.74 57 5.26 5.35 403 591
Bottom 5.16 5.20
| Top 5.64 4.92
5mm deepin | _Top-middle 5.59 5.54
7 water covered | Bottom-middle 5.34 543 5.29 5.24 38.0 521
Bottom 5.16 5.20
| Top 5.08 4.88
Wet sheet Top-middle 5.40 5.32
8 200 covered | Bottom-middle 208 | % [Ba0 | ¥1 | 64 542
Bottom 4.85 5.06
Top 4.18 3,63
Top-middle 4.65 4.73
9 Sheet covered [ Toa 46 [Tee] 444 | 363 451
Bottom 4.69 4.71
Top 3.91 3.67
10 Air cured Top-middie 487 | 454 | 482 ) 46g | 322 37.4
Bottom-middle 4.64 4.94
Bottom - 4.75 4.90
Top 6.47 6.33 -
1 In-water Topmiddie {642 {6 571220 1 5.90 |-ird 396 53.4
Bottom-middle | 6.12 5.84 -
Bottom 6.06 5.51 -
Top - 553 5.42
. Top-middle 5.97 5.78
12 i()a':‘e':‘c‘levee’:;z Middle 5.96 | 552 562 | 544 | 401 526
Bottom-middle 5.24 5.31
Bottom 4.90 5.05
| Top 5.69 515
Top-middle 5.64 521
13 MLIRICES Middie 550 | 541 [526 | 517 | 39.9 547
covered | o middie 538 530
Bottom 4.86 4.95
250 Top 3.96 3.2
Top-middle 4.65 4.93
14 Sheet covered Middle 465 | 459 | 489 | 466 | 358 45.0
Bottom-middle 5.08 4.77
| Bottom 4.60 4.78
Top 3.72 3.82
Top-middle 4.84 5.13
15 Air cured Middle 521 | 4.71 4.76 | 352 44.9
Bottom-middle 4.75 3
Bottom 5.01 4.92
90
80
= 70
®©
= 60
(]
&
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£
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o
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20 : . '
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Fig. 11 Effect of Experimental Parameters on Cracking Age
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Effects of Mosel Additives and Initial Curing Conditions on Crack Resistance of
Blast-Furnace Slag Blended Cement Concrete

Tetsushi Kanda, Haruki Momose?, Kohsuke Ishizeki, Keiichi Imamoto? and Chizuru Kiyohara?

Medium volume blast furnace slag concrete has been highly expected to contribute to reducing
carbon foot print of concrete. However, it was found that this concrete appeared to be prone to
shrinkage cracking specifically under hot climate. To improve this negative performance, this study
focused to utilize morsel additives and water curing. The morsel additives are gypsum and calcium
carbonate, with which binder is called low shrinkage BFS. Furthermore, to reduce prominent
autogenous shrinkage, initial effect of water curing was investigated. As a result, combining low
shrinkage BFS and water curing was found to significantly improve shrinkage cracking resistance,
which was expressed by cracking age resulted in restrained shrinkage cracking tests. Furthermore,
curing experiments showed that water curing was substituted by water covered curing on element
surface in construction site as a simple and economical measure to supply water to concrete at initial

stage of hardening.
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