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Abstract
Keywords : Reactive Powder Concrete, Highly Integrated Container, Heat

Curing, Silica Fume, Steel Fiber

In this study, the reactive powder concrete was adopted to develop a
concrete mix for highly-integrated container. The first part of the study
was to determine the proportioning parameters of reactive powder
concrete for the intended application. For various amounts of steel fiber
content, the flow of the trial mixes was kept at 15.5 cm by adding
superplasticizer for consistent workability. The vibrating table was used
and a vibration of 60 seconds helped in removing air bubbles in the mold.
In order to improve the quality of the reactive powder concrete mixes, the
specimens were cured in hot water at an elevated temperature of 90°C for
1 day. The second part of the study was to prepare concrete specimens
with varying water-to-binder ratios (w/b) of 0.22, 0.20, and 0.18, and then
assessed the mechanical and durability properties of these concrete mixes
such that potential mixes for highly integrated container can be identified.

Concrete specimens made at 3 different w/b ratios were tested for
compressive strength, splitting tensile, porosity, volume stability, and
surface resistivity. Test results show that concrete mix with a w/b ratio of
0.18 exhibits the highest mechanical properties. This indicates that
decreases in w/b ratio improve the stress-bearing capacity of the concrete
mix effectively. On the other hand, due to the dense microstructure
produced from accelerated pozzolanic reaction upon high-temperature
curing, variations in the durability properties of concrete mixes were
found to be insignificant in the range of w/b ratios investigated. In addition,
the surface resistivity of specimens was found to be correlated well with

the porosity for reactive powder concrete. This indicates that the non-
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destructive surface resistivity test shows a potential to be used as a
technique for quality control of reactive powder concrete.

The mechanical and durability properties of reactive powder concrete
in this study are compared with those obtained from previous studies on
mixture M. The reactive powder concrete is considered to show better
performance than mixture M, in terms of the compressive strength,
porosity, and volume stability. Thus, it is concluded that reactive powder

concrete has a potential to be used in making highly-integrated containers.
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INDUSTRIAL RESULTS ANDRA
(after one year operation) CRITERIA
- Specific gravity 2.4
— Compressive strength 60 to 70 MPa > 50 MPa
- Tensile strength 4.51t0 5.5 MPa > 4.5 MPa
- Shrinkage about 290 um/m < 300 pm/m
- Weight loss 0.7 %
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3022 B MEA SRR G2 2 #4245 (Hudoba, 2007)

Age [days] 7 28 90
Compressive strength 7. [MPa] 47.80 71.10 87.80
Tensile strength f.; s, [MPa] 4.05 4.59 5.28
Tensile strength f.; pens. [MPa] 6.74 7.73 8.52
Modulus of elasticity M [GPa] 32.68 39.63 40.99
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RPC 200 RPC 800
Non fibered Fibered Silica Steel
aggregates | aggregates

Portland Cement 1 1 1 1 1 1
Silica fume 0.25 0.23 0.25 0.23 0.23 0.23
Sand 150 - 600 pm 1.1 1.1 1.1 1.1 0.5 -
Crushed quartz d;;=10pwm - 0.39 - 0.39 0.39 0.39
Superplasticizer 0.016 | 0.019 0.016 | 0.019 0.019 0.019
(Polyacrylate)
Steel fiber L=12 mm - - 0.175 0.175 - -
Steel fiber L=3 mm - - - - 0.63 0.63
Steel aggregates <800 pm - - - - - 1.49
Water 0.15 0.17 0.17 0.19 0.19 0.19
Compacting pressure - - - - 50 MPa 50 MPa
Heat treatment temperature | 20°C 90°C 20°C 90°C | 250-400°C | 250-400°C
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Richard etal. (1995) 1 023025 039 1.1 (2)50 MPa
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Influence of Curing Regime - Heat-treated Mixes

[Mix Q23 : Simcoa SF : Quartz fines : 0.20 wib : 1.89% SP]
L e

200 +

150 +

100 A

Compressive Strength (MPa)
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50— - __ —=—90°C - 48 hours

——23°C - continuous

0 T T T !
0 7 14 21 28
Elapsed Time after Casting (days)
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Ramezanianpour et al. (2011)#-% & 7 FE 5 & Poig & 33 /%
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Jussara et al. (2012)#-7 2B &7 A 7 0 U IF - 3pAHTE
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Bl 2.8 % o T LI PRk & 33 %5 283 5% 4P M 12 (Ramezanianpour et

al., 2011)
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Average surface resistivity (kohm.cm)

B 2.9 # @ T F 2 Psf 7 303 %5335 40 M M (Jussara et al., 2012)
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NPCCS50 (Water-cement ratio = 0.50)
24

07 days W28 days

20

16

12

Permeable porosity (%)

CWS BWS VAS
Saturation technique

B 2.10 7 kA&7 fr™> ;% 2 3 M & (Safiuddin et al., 2005)

(N)RFEL A

M EA A2 Nl & R 5o @ R aje gl
AN S SEN SRR IE ST A S g AN=R0 AR 3 A

Bandelj et al. (2011)4 %] ,,9]‘ 4v 0.25% ~ 0.5% ~ 0.75% ~ 1% ~
1.5%% 2%4m 8 /T KRB 5 036 s amsgd » 26 E
R 7 e d2dT op WIcHE o Aol 211 A1F o '&?iér}%ﬁ%&,;’]‘%c
B e MR R R 0 2% R D k) ih
T4 ﬁg » TN ELH 14 X pF o> J“ T he 2%k R 2o R R 2 Tk ﬁ oL
%‘},9]? Sedm g B aNR B S KK 35% 0 45 T”] Sedk R AE LR AL

EREP SR LR
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0
-0,05
-0,1
-0,15
-0,2
-0,25 7
0,3 +
-0,35
-04 T+
-0,45 +
-0,5 +
-0,55 1
-0,6 T
-0,65 -~

Autogenous shrinkage [%o]

t [days]
14 28 42 56 70 84 98 112 126 140 154 168 182 196 210 224 238 252 266 280 294 308

— MI (HPC)
—a— M8 (HP-SFRC, Vf=0.25%, IRI 50/30)
—a M9 (HP-SFRC, V= 0.50%, IRI 50/30)
—e— M10 (HP-SFRC, V= 0.75%, IRI 50/30)
— MI1 (HP-SFRC, V= 1.00%, IRI 50/30)
—— MI2 (HP-SFRC, V= 1.50%, IRI 50/30)
M1 MI2 ——MI3 (HP-SFRC, Vf = 2.00%, IRI 50/30)

M1 — M8

M =M

B 2.1 7 4 5 i oo £ 2 82 f 48 4o 45 F(Bandelj etal,, 2011)

AR

Tam et al. (2012)% 7= 7 R ¥ T hg sk e dg g o ke

= 040~0.23-0.20 2 0.17 > 4R 2.12 #775 » #7F GvK3%

1000 |

0.17 g5 R d b B 5 MR F B4R TR -
—e— w/b=0.17
—a— w/b =020
—a— w/b=0.23

Drying Shrinkage (10'6)
(o]]
S

——w/b =040

20 40 60 80 100 120 140
Age (Days)

B 2.12 7 F ok Wt 2 2 % 2 524 £ Fl(Tam et al,, 2012)
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d B 2132 B 2147 WgR > kP REZ B BRET R
PR E A AR DR BRPRIRE 2 GO ETRE A
A5h SEMRR RS LB RFRT P INFL G5 bR A8
SRR R AR R RS A < & gkt 5 R g
B 3 #if ¢z F (Hiremath and Yaragal., 2017) -

Needle shaped
Ettringite

1@ BBEGE

B 2.13 7wk Rt kP £#E2 SEM B 5 (Hiremath et al., 2017)

19



T ~
& -

s Dense structure of hydrates

A1, 56086 18 BEEE

B 2.14 Eik Rt #-k £ #E 2 SEM B 5 (Hiremath et al., 2017)

Xun et al. (2020)¢ ] 2.15 ~ §2.16 * § 2.17 ¥ Fag e i 42
BV RIIR R AEEREP INEHE G D o6oonE B F
60°C ~ 80°C% 90°Cehng if & 167 M IGE 3 fE4 R A 14
RUA P IV G B ORBE o EF kR DLY > B 90°CE
Fﬁﬂﬂ’—f}i"”’vfﬁ“w“I VIBLE TN IR AR R LR -
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. . d% -5 ’ !
SEM MAG: 3.93 kx WD: 7.41 mm ‘ MAIA3 TESCA
View field: 64.7 um Det: InBeam SE 20 ym

Det: InBeam SE Date(m/dly): 11/21/17 Performance Iin nanospace

Bl 2.15 35 R 3 & 60°C4 pF2 SEM B & (Xun et al., 2020)

4

- P

; y . 2 A
SEM MAG: 3.39 kx WD: 7.92 mm [ MAIA3 TESCAN

View field: 74.8 pm Det: InBeam SE | 20 ym

Det: InBeam SE ‘ Date(ml&l;): 11/21/17 | Performance in nanospace

Bl 2.16 Fi iRt & 80°C& ;£ pF2. SEM B % (Xun et al., 2020)
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SEM MAG: 1.86 kx WD: 7.91 mm
View field: 136 um

MAIA3 TESCAN

Det: InBeam SE 20 um
Det: InBeam SE Date(m/dly): 11/21/17

B 2.17 Fi R & 90°C% EpF2 SEM R 7 (Xun et al., 2020)

Performance in nanospace

Shen et al. (2018)4% d Ty AR A TR SRR 2 #ARE K

KB LR AR ERF RS FME DL HEF S o

i‘gﬁm‘ziﬁféﬁtﬁﬁ’“& AR E TR LT Y

g ok UG A 4 o d e ]\,gﬁF'B'T?r,rf—,ut LT
u—ﬁ DH R > o] 2.18 2 B 2.19 T e
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aggregate

aEm

Cuanta 11

steel fiber. | aggregate

@ 2.19 % §8 2 4 55 B AE 5k i (Shen et al., 2018)
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N A A,

-t

WD32.9mm 15 .0kV x1.0k S0um

F122128 % d&dp 2 5 g & M2 P IS (S 35, 2014)

A~ X R ¥EHL 17 (XRD)E%

Shenetal. (2018)& 4+ 7 Fo #2 8P 38 M 2. X R Ypdf & 47 45 % 7 4v»
EPRRGL A Bkt A4 5 C-S-H A2 Ca(OH)y(4 § 11 47) >
d B 222 7 IR > C-S-H 444 1 & 1130 & 20 = 28° - 33°»
@ Ca(OH), L & e (5 5 20=17.9° 3 4 " (T4 & ppFi-¢ i) 4=
Ca(OH), > # ¥ 1235 d Ca(OH), v i F 4k 2| ¥R R 4 cvl it 42
Bo'EFAEMSFOR 4> A3 X 7% 28322 60 X pFe B0
% & Ca(OH), =% i@ -

—
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A-Ca(OH),, B-C,S, C-C,S, D-SiO, E-Ettringite
F-C-S-H, M-AFm

D % F
\\.__L..J oy | 28d

it ety A

\-—.L_a 7d

Q.J\\-J'M,.,\ RiiNidikavahiom ,l, A Kiisr e

\E‘\wu‘..,l

O

B 222 # & E&Hp 2. X k844 47 52 % (Shen et al., 2018)

Xun et al. (2020)d B] 2.23 22 X ket 472 % 7 F g £

4)5 kit 2GS ~ CoS ~Si0, 2 4 = F CaCO; o ’jﬁ’%’ﬁ‘&l] g
Fle A HERORAREAEAL LR L BEFAIZL LGS 2
CoS el fr F] 5 R R ed 2 6 KR ek i A2 R AR R A A

M AAERBRTS

X o

26



1-C3S 2-C5S 3-Si0y 4-CaCOj

4
1 1
1

2 1
a 3 24 424 44 \
90°C
80°C
“M‘ Sooc

20 30 40 50

20/(°)
B 223 7 F &EER T 2. X LYK L 7.2 % (Xun et al., 2020)
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At
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i
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EEBQOA)EREREL 3 APF LT LG R
R A R R

T\,
e

B 224 F R Si0r 2 A B IVE S L N FER
Moo @ B4R Y E F RPEE AR R end § AT T g
Xk Est A 47 KRR 1Y BR4T(C-S-H)¥E 3 § it 47 (Ca(OH)y) sk

R T AT 1 RN IR AR

27



W/B =0.30 Silica fume: 0.02

1 Cured for 28 days
1. S10,
2. C-S-H
2
RZ)
=
3
s Curing 80 degree

25, 111, 2 11

Regular curing

L d: 3 . A A A A
10 20 30 40 50 60 70
20

Bl 2.24 X % $if A 45 & % (35 £ 32 5 2014)

Maddalena etal. (2019)2. 7 7 f* ¥ i* 47 % - 5 (L 4r2 - 5 it
i g % C-S-H WA 1% B 2w v (C/S)2 R 7 & 908
h X Sk Beit e 173E5% 0 d B 2.25 7 4w C-S-H "N F #4  ch 4
Hug Eg B €5 4ocnd®d > B C-S-H W isay ¢ 4 ix

Breng 4o @ BB E i (5 29°% 33°FF o
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700 T I T T T T T T

--- C/S0.81 at | day

600 - CSH — C/S0.81 at 3 days
5
« C/S 0.81 at 28 days
500 - : .
S, 400
hoy
w
=
£ 300
B
200

100

20 [deg]

B 2.25 7 & # T C-S-H %} 48 X sk ¥55¢ 4 475 % (Maddalena et al.,
2019)
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(=) #®Rpet
PR R R Pa AT g TR i h LI I s B ) A 2 3

FHEEME GF Mo dok 2.7 977 0 R 0.26 0 38 7R

R AR BRI > kiR 2 N R R GE AR
£355) 0 REMFILICY LT B EEPR A A

2. Gptelmpl o HERERHZ A4
I N S R L L E Y

4. GrsFao e G- A&

427 RS fert M(H = kg/md)

g 1Ak Water(SSD)
W/B #HEh mE A R wR mERR
o Kk (5 &)  FoR ok
M 026 6034 - 200.8 155.2 - 1094.3 - 253.0 10.9

Pt M Z&* £ LRk E 22 0.8%

|l

*P LK S et ¢ watertwater(SSD)-2 &) £
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% 3.1 KR - B =k

[ S0 W% (%)
- § v (Si0y) 20.42
§ 1 48(ALO3) 4.95
Z 3 it Z i (Fer05) 3.09
3 1~ 41(Ca0) 61.96
Z 5§ 1V 51(S0s) 2.40
3 1~ 4 MgO) 3.29
7 Pa = 47 (C3S) 49.00
7 fe = 4T (CoS) 21.00
4B = 4T (C:A) 7.90
4E48 s v 4T (C4AF) 9.40
s g 1.75
4F R 1L 2.92
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232 PR BELTERICE AL

iR R
(%)

F FE s

3 it # (Si0y) 95.43 92.41
it 48(ALO3) 0.11 -

Iy

oy

§ 1 Z #(Fe05) 0.07 0.09
it 41 (Ca0O) 0.50 0.11
¥ 1“4 MgO) 0.62 0.82
it 47(K,0) 1.38 0.02
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3 Particle Size Distribution
1
6

g 4

s 1
)
|
%,l)l 0.1 | 10 100 1000 3000

Particle Size (um)

B 3.1 7 &S A T d RE

33



(=) F&EF)

AT R AHFEFT NP A A2 PR BRIRE I N
Fol > AIBLE 350 PUTFE R S 150 um F) 600 pm > v £ G 2.65
Bk F G 0.7% 0 4B 3.2 41T e

y -y
100 @ o —0 ‘
= 90
g
%80
"7 70

\
\
. 60 \
\
\
\

% 50

= 40
-
10 \\
10 1 0.1 0.01
F A (mm)

B] 3.2 s o wd 4

(I) 4w
e AR F LT AT A2 B B 33977 0 &
GARAFRIET E KRR BRI L4 BV ELZ T8 Ba

ERAZ13mm> 2 &% 02mm e

34



W33 4y ok s

(=) & thae ok A
i+ BT ot g ]\iﬁ"%pf_.% RN TR Sl e

*9&ﬁﬁ@ﬁéﬂﬁﬁ%iﬁ%ﬁ&ﬁ%’%%w?$i v

N R AR e (F o

ﬁgwhwq-hrnﬁ-kﬁlv‘/b ASTM C 494 2

3% Aok

FHod SHEHTTRIE I BRREESFE LG BRSPS
B4 5 £ 5 Gk 40% 0 kA K 1B 60% > H ka5 B 15%1

WHWFEETEBRALZAFL L AT R ATRS

B £ RS AL R RS vt 2
R IE MRS RN PR AT B2 R A oA &
HALe 30 s B3R Fde 0 BHEF) B S e
G R S R R RSk~ el 4

HAMERR R EY AR R R By o %Y

Y

S
Z A

b4 #3‘?"'4],,9]‘ 4r



B h2 R A B ER) B R R B R R &
Fpo prd ST hpet E D LB TR R Y 2 b A R
ANTERE FEROR TG RES FRERLE S0 b
%‘%ﬁ—fﬁwfﬁ‘fﬁ“’ﬁﬁ?'ﬁéq’fﬁ‘%“’m;":é% Fehs A AR S R
SR A e ¥ $%$%§ﬁﬁ@?wwgﬁ@%o

M3 A4 2 BGE R/ g AR P A TATRE Y 2L 2 BRI
S TR ﬁ%m%%? @ BRI R G R T S R
F TP e AT o R B0 S R R R D e B -6

e R s T SRS A R L B g L T
RS RS G AR e T O SRR R
e F’J’J,’]‘ 4 ﬁ-ﬂ-g EOGR EE D i R R }\’*’?'JF’f”/T AR BE
PRV B e B I T B FE LR doied N A e AR T 4
B S B AR G F AT R AR e e
& * fe SR m,T%c B fRAR SN B R RORR B p.;,l BT
Rk L ST RER DR
faapﬁﬁ%fﬁ»%éﬁé%ﬁﬁw%*ﬁ4iﬁg PERRL &

T AR I 6 AT S L e A R Y

-3

HF FRECRETETNAARAI FWAEFTFRE2ER &
Hd 90°CH BAREMERARED RIARR > J1* T 2 #E 2 45

B RBI R%RFEF A RFERE S ZHRAIH AL HED
2 EF LIRS ERE G S EIUS TN IHRET R
4B 3.4 o

36



) ) )

!
I

( L2F&ER™ & ) ( 2.0FHF ] ) ( L2F&E®™ o] ) 20FEm )

i

13
%

x2em
Sem

R
07| [oa 12| |09 20| [15] | 10 15| [10] |05 aul | ¥
% | | % % | | % % | |w]| | % % | |w||% 30

[

#ok

I

2%

=
w
_/
=
_
=
bt
_

WES

Y

iﬁ:gi“ﬁ%?ﬁiﬂﬁigﬂ

Sxy

®l 3.4

15 3 AR S S A TR T 2 2 3R AR
FORERRRER G 0 NRED 24 ) BAH BT DL R
WoE R Y 3R 90°CHECR R 1 X o F B R ARERRIH
TR B R R Bk R R N (S FRMA TR
o A fe T Aok R FRIETE R S BB R A B
FEURS AR ~ B 5% R )2 ol A sk (£
B3) > Befe A MR B R AR RAL AT H B 2

A2 B Bl B BRI D2 R el

“

ERC R IR Tk = A

PR A B R YRR DI A B B R

SERBER E IR Y8 Rk S/ SR SEEE L e SEY T E R R
37



iR -

PO BIEMRIREY R AT 2 At B A
AEERA LS ARV E BT A S C-S-H MAE ERED PN
PV F i B OB R B TR JF X R MM A 1T (XRD) 2 TS A
B (SEM) T RN 28 E § 14T e 2 C-S-H A4 2 p

3

WEH DR FAR > AL AR 4oB) 3.5 9757 o

VLR RS R GRS BT T S
PRET ER e

1

e
FEE AL T l
PR R SN
A L e vt B BESE >

90°C B &&= dic
k| ’T 40 B

D IR

Skt (W/B) 1 0.22 ~ 0.20 ~ 0.18 < FHET > {4 010X20cm

l % 43 L28.5cm*W7.5cm*H7.5cm

90C & BA& -k HHELX R

T
AR T W R

[ [ v

v oo v 4 o
o R b . N X SEM
S JE-A T S-S sl |3
; @ i " i# i# 2 i
e . g = * # 5

- \
v

v

REEFBEE STty

<7

sk
Bl 3.5 @Ek AL AR

38



I

A -2 %S
APPSR R R T A & AHE R RS B2 et
ZHFAR S R EFELY T H AT A A L B AR .
LR b HP S GREERRS 1P RS KIRER 2
025 F&H 5 RIFEE£2 030 5 T I TR R * 2 2 EFFEA

RIS LN ERTELNRGREAS T a TERW GR35k
S

FEEL 122 200 3 BRI FAREE FREG R T A2
RS FM AR BSOS R AR R S MRS

0.5% ~ 1.0% ~ 1.5%% 2.0% » fj kA chddic? & w3k 25
F0.5% >~ 1.0% ~ 1.5%2 2.0% > 533 1 FRRHHEES TV E
BEG ST BRI CRANSG A BB LFE B iR
T AT R RR REpAIE R 2 okm o

- TR FHMEATORA T R 2R ERR iR
AR AR R 4 ARUREDS B NGE

FRITEMOI N ARG HBRET RS SRS 30

Yeds o Bd 60 % dRd o BH 90 Fy o Bots 4 90°CH AL
RFHBERRFRI ST RILL e AIORICARR LT R
FEAEARARBH AL RLT EHRRL SR
A4F Ly XA A B LI N2X % 3% o

R et 2Rk (W/B)A 5] 4 022~ 0.20 2 0.18 » 3548
BT E T 010x20cm 2R 52 4 Fl4L % 7.5%7.5%28.5 cm 2 iR 3% 2
b LMY e F BT et A B R% A RS A
PlRE AR R en B R T BRI 2 ok et 2

F L AR aEmEmp o

39



1. 2% S
AR FEBOKEL KB Sliho 33 97T -
£33 AETHRT 2ot RELE KWL

ﬁja Ll flq %‘fw 7]( };g Ll
RPC22 0.22
RPC20 0.20
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F 3.4 R Fert (H = kg/md)

fie vt 1% |
W/B PR ORER Pl e Pk EBH LK
LA kiR

RPC22 0.22 7783 194.6 233.5 934.0 78.0 209.0 84 214.04
RPC20 0.20 793.8 1985 238.1 952.6 78.0 191.8  11.1 198.46
RPC18 0.18 810.1 202.5 243.0 972.1 78.0 169.5 213 182.27
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2. EFA R RSk
199 ASTM C496 £ CNS3801 = j# 2. %> # ¥ @10%x20 cm
2 R LM > SHKEE0°C) 2 2o F Ak R H 0 hdtll
7% ~28 % %2 91 X M FURREZK W 40 1.4 MPa/min i F B T R
ROEF B B > MR PR B2 E N e
2P
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T= EF% $sk % & > MPa [kgf/cm?]

P= %87 2 b £ £ 0 N[kgf]

L= & > cm

D= ® & > cm

3. EPERPER

g p ~ 2 2 ¢ (JSCE)#73# % ¢ Concrete Engineering Series
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