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Preface

On behalf of the PICLS 2024 Organizing Committee, | would like to extend my greetings.
PICLS has been held annually as a conference for research exchange on concrete structures and
materials among the three countries of China, Japan and Korea, sharing the family-like spirit of 'F
(Harmony)' and the bonds of friendship that began in 2007 between Prof. HAN Cheon-Goo of
Cheongju University, Korea, Prof. LI Baishou of Yanbian University, China, Prof. ZOU Chaoying of

Harbin Institute of Technology and me.

In the meantime, although the 2020 event could not be held due to the Corona Disaster,
this will be the 17th time the conference has been held. This will be the sixth time that the
conference has been held in Japan, following Muroran (2008), Asahikawa (2011), Naha (2014),
Muroran (2017)and Naha (2021: Online), and the first time in Sapporo, the central city of Hokkaido.
Each time, we are grateful for the hospitality of the host country. This time, we hope that you will

have an enjoyable and meaningful time in the northern city of Sapporo.

Atotal of 76 participants - 38 from Japan, 10 from China and 28 from Korea - are expected
to attend PICLS 2024, where 2 special lectures and 21 general papers (7 from each country) are
scheduled to be presented. The co-chair of this conference, Prof. YAMADA Yoshitomo of the
University of the Ryukyus, has been awarded this year's AlJ Prize for Best Paper and Cement

Association Prize, and a commemorative lecture is also planned.

In recent years, the summer heat has become increasingly severe worldwide, but we hope
that the participants will be able to deepen the friendship between the three countries and have
fruitful exchanges through discussions on the latest research results in Hokkaido, which is a little

cooler than usual. Finally, we would like to thank the 13 companies that sponsored PICLS 2024.

21 Aug. 2024

PICLS2024 Co-Chairman (Japan)
Prof. HAMA Yukio, Dr. Eng.

Muroran Institute of Technology / Hokkaido University, Japan
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Huayang Sun (Harbin Institute of Technology, China)
Kunyang Yu (Harbin Institute of Technology, China)
Minjie Jia (Harbin Institute of Technology, China)
Yingzi Yang (Harbin Institute of Technology, China)
*Yushi Liu (Harbin Institute of Technology, China)

14:45-14:55 Break time



Session llI: Structure/Construction

Chair : SAGAWA Takahiro (Maebashi Institute of Technology, Japan)

14:55-16:10
020. Machine Learning Model for RC Beam Subjected to Several Seismic Load and Crack

Repair

*Miki Matusubayashi

Sota Sugawara

Muroran Institute of Technology, Japan
Muroran Institute of Technology, Japan

Mizuki Nakamura Muroran Institute of Technology, Japan
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Yuya Takase (Muroran Institute of Technology, Japan)
021. Estimating the period of hot weather concreting in Republic of Korea and introducing
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Cheongju University, Korea
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Young Min, Kim (Korea National University of Transportation, Korea)
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023. Bond strength of adhesive post-installed anchor for rc cantilever beam damaged by

shear load
*Taito Shiokoshi (Muroran Institute of Technology, Japan)
Atsuto Yasui (Muroran Institute of Technology, Japan)
Yuya Takase (Muroran Institute of Technology, Japan)



024. A Bonding Performance Evaluation of Super Retarding Concrete for Cold Joint
Integration under Hot Weather Conditions

*Juntaek JEONG

Jaewoong Park

Cheongju University, Korea
Cheongju University, Korea
Gunsu Lim Cheongju University, Korea
Jong Kim Cheongju University, Korea

Mincheol Han Cheongju University, Korea

( )
( )
( )
( )
( )
( )

Cheongoo Han Cheongju University, Korea

16:10-16:20 Break time

Session IV: DURABILITY

Chair : SAKIHARA Kohei (University of the Ryukyus, Japan)

16:20-17:35

027. Study on the effect of suppressing frost damage deterioration of concrete with
hydrophobic compounds

*Yasuda Reiko (FLOWRIC CO.,LTD., Japan)
Nishi Hironobu (FLOWRIC CO.,LTD., Japan)
Hama Yukio (Muroran Institute of Technology, Japan)

028. C-S-H seeds used as accelerator for cold weather concreting

*Yingzi Yang (Harbin Institute of Technology, China)
Sile Hu (Harbin Institute of Technology, China)
Yi Jiang (Harbin Institute of Technology, China)

029. A proposal for the mass concrete hydration heat reduction by applying proper mixing

time and mixing methods

*Sungjin BAEK (Cheongju University, Korea)
Gun-su Lim (Cheongju University, Korea)
Jun-Hui, Han (Cheongju University, Korea)
Jong, Kim (Cheongju University, Korea)
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030. Microstructural changes in blast-furnace cements with different replacement ratios
under repeated drying and wetting cycles

*LUO XI (Muroran Institute of Technology, Japan)
Kim Jihoon (Muroran Institute of Technology, Japan)
Hama Yukio (Muroran Institute of Technology, Japan)

031. EFFECT OF CARBONATION CURING ON THE LOW TEMPERATURE SULFATE ATTACK
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POWDER
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17:40-17:55 Closing Remarks

(O HAMA Yukio (Muroran Institute of Technology, Japan)

18:30-20:30 Banquet

Koropokkuru
DAY 3, Aug. 23, 2024
- 08:30- Depart from hotel

-09:00-10:00 “Sapporo Olympic Museum”

-10:30-11:10 “Shiroikoibito Park”

-11:30-12:50 Lunch

- 13:40-15:30 Historical Village of Hokkaido “Kaitaku no mura”

- 16:30- Hotel sapporo garden palace
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Proceedings of 17th International Symposium on
Performance Improvement of Concrete for Long life span Structure

Background and objectives of the study

My research is being conducted to contribute to the following two backgrounds and

objectives.

1. Long life: In building a recycling- based society, the long life of reinforced
concrete structures is becoming more important. It is important to extend the
service life of structures. However, in areas such as near the coast, damage
caused by chloride ions is likely to occur. There is concern that it may deteriorate
prematurely.

2. Rationalization of design and construction: The construction industry is
facing a serious labor shortage. There is a demand for streamlining design and
construction work at construction sites through the introduction of technology,
and for improving labor productivity by reducing labor and manpower through
automation.

Therefore, in this study, we have been working on the salt damage problem and the
evaluation of the fluidity of fresh concrete using a numerical analysis approach and
machine learning . The results of these studies are intended to contribute to the
durability design of reinforced concrete structures and to the rationalization of
concrete design of mix and construction.

Salt damage -syse of numerical analysis and machine learning
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Fluidity
Evaluation
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Slump analysis by MPS method

Flow curve of paste considering thixotropy
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Estimation of rheological constants
by slump flow test

Filling analysis using BIM and MPS methods

Flow constitutive equation and equation of motion

=> Use of numerical analysis and machine learning

Model of mortar movement when

a pressure gradient occurs
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Coarse aggregate segregation model
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Maximum vibration acceleration

Rheological constant change
due to vibration

Prediction of fresh concrete properties using
machine learning (RF)
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Report on the 2024 Cement Association Paper Award

Machine learning-assisted determination of visual
material segregation and prediction of rheological
constants of high fluidity concrete

This award was jointly received by myself and my students.
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[ Research
Background ]

* Visual material segregation
determination of high
fluidity concrete

* Estimation of
rheological constants of
high fluidity concrete

[ Research
Objectives ]

It is necessary to actually
mix the high-fluidity
concrete and conduct a
slump flow test.

* Preparation and testing take time and effort.

By using machine learning, we will develop a labor-saving
method to visually determine the segregation of materials and
predict rheological constants of high fluidity concrete without

conducting slump flow tests.

[ Visual material segregation judgment ]

Prepare multiple datasets
and perform machine
learning.

(543 sets in this study )

Information on materials
and mixes used for high
flow concrete

Visual material
segregation judgment

Confusion matrix and
evaluation indexs

(precision rate, Recall, specificity,
Total Evaluation is MCC Evaluation)

Confusion matrix

Prediction Results
non
segregation segregation

Formulation using logistic
Machine Learning Predictions regression analysis —

Formulation using
highly important

features
1
Y= 1tev

n
a= Z WXk + Wy
k=1

21

. ) ™ FP
Experi SEgEEEEn (True Negative) (False Positive)
mental . ..
Results wy ~ wy,---Regression coefficients
non- EN T for each explanatory variable.
segregation (pajse Negative)  (TruePositive) | | X4... X,€aCh explanatory variable ,
wy... constant term
]

[ Machine Learning ]
MCC: 0.56 to 0.66
Precision rate: 0.88 - 0.91
Recall: 0.80 - 0.84
Specificity: 0.78 to 0.83

[ Proposal formula ]
MCC:0.33
Precision rate: 0.84
Recall: 0.57
Specificity: 0.78
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[ Prediction of rheological constants ]

Varies depending on various
Aggregate factors such as materials used,
mixture, and flow state.

Aggregate model

Substitute the Prediction using machine
apparent viscosity of N
A.ppar.ent the mortar lea rning
viscosity of \ ‘ »
concrete N @1’ -25
8- Nel=M'm|1-
Rheological ¢max
constants of 2
concrete
E 70 EZOO R2=0.830
= 300 < o0 2p- ©
§ o) 0100
; ) S 200 00 S g
~ oot F‘ = (o) ) 50 (o)
: / g g 100 g
0 100 200 300 400 500 0 50 100 150 200
*.EEM'\;) Eﬂﬁ;%f};tb‘ Evaluation by Viscosity Formula Evaluation by Viscosity Formula
E&ELZIL BMLELZL . )
Mortar adhering to Mortar that does not (a) BB{R{E (Pa) (b) BHAEE (Pa - sec)
coarse aggregate  contribute to flow Yield value - Plastic viscosity
® LFADP-FEH B
Overview of Aggregation Model Rheological constants
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Thank you for your attention
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Water absorption and desorption
characteristics of superabsorbent
polymers and their concrete properties

Xinchun Guan

Harbin Institute of Technology

| Research background

O Superabsorbent polymer (SAP) is a functional polymer material that exhibit swelling upon

contact with water, allowing them to absorb water to a level hundreds to thousands of

times their own weight.

400pm
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Research background

O The hydrophilic groups of SAPs are the key source of its water absorption capacity. When
SAP absorbs water, its hydrophilic groups bind to water molecules through hydrogen
bonding, allowing water molecules to begin entering the network. The dissociated cations
increase the osmotic pressure of the solution within the network, driving the further

expansion of SAP's network in the solution until dynamic equilibrium is reached.

T T T T T T T T e T T T 1
),

| ® e |

1
@ Vg a
» I ! I
) Absorption : |
= | ‘ ‘ b4 : |

| I
’>\- m— Hydrophilic groups I . : |
/ "= Macromolecular chains 1 I

Crosslinking points I ‘ :
Adsorbed water I _______________ I
I “;fooc .Bannawmr Irreducible water Free water I

Composition of SAP after water absorption

| Water absorption process of sodium polyacrylate. I
—_———,— e e e —a

Research background

USDA developed the first
SAPs for water conservation
in soil; (> 400g/g)

The first production of SAPs
for baby in Europe

1920

Fiber-based water absorbing
materials; (<11g/g)

1978

The worldwide first commercial
production of SAP for femine

napkins (in Japan) ’5\\,

RELEM establishes
TC-SAP chapter

2007

Global production of SAPs
was more than 10,000,00 tons

1990

The cross-linked acrylic
homopolymers (sodium
neutralized) taking up
the largest share of the
SAP market. r_—| ||

Radiation synthesis of SAPs “ncyclopedic
A 4 based on natural polymers Dictionary
(cellulose) of Polymers

J C. B, et al. Superabsorbent Polymers.. Progress in Polymer Science (2021).
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Research background

O The hygiene products are the largest application area of SAPs, accounting for the vast
majority of the market share. The proportion of SAPs in agriculture and construction is

gradually increasing.

O The research on SAPs or hydrogels is growing. The development of biodegradable

SAPs will play an increasingly important role in industry and academia.

[ disposable diapers
[Z] adult incontinence 00 Number of Number of

publications publications

[___]femine hygiene products referring to referring to
[B construction, horticulture, etc. “Hydrogel' ‘Superabsorbent

250 4 polymer'

60000 250

12%

10%

Number of publications about SAP
g

74%

4%

1985 1990 1995 2000 2005 2010 2015 2020

Global SAP consumption in 2014 Number of publications containing the words ‘hydrogel’ or ‘SAP’
JC. B, etal., 2021; Ma and Wen, 2020;

Research background

O At the beginning of the 21st century, SAPs were used as internal curing agents due to
their excellent water retention capacity to reduce the loss of internal moisture in

concrete and achieve the goal of reducing autogenous shrinkage.

100

04
0.3% (w/c 0.36) A
0.6% SAP 03 &
95 ] 0.3% SAP 02 [ SR N ecemee e, ... 0.2% (wic0.34) "
’ . o1 /
T 904 £ oo \.'
Z 851 LW
80 4 0% SA o e REF (wic 0.36)
04 St
REF (w/c 0.30)
75 T T s 24 48 72 2 120 144 168 192
0 7 14 21 Time [h]
Time (days) . e .
SAPs with additional water on the autogenous shrinkage of cement mortar
1000 { 0.6% SAP age of concrete [d]
£ [ ————— o = o 2 4 s 8
g 0 g 0.0 4 : ‘ * —=— Ref
g 7 1 Ed E o2 — —— SAP 1
€ 1000 ] = X SAP 2
2 = -04 — = -~
£ -2000] E
$ 2 o
& -3000] g °° S
0% SAP 2 os
-4000 §
Time (days) -1.0
Internal humidity and autogenous shrinkage The autogenous shrinkage of cement mortar with different types of SAPs
of cement paste with or without SAPs Jensen O M, 2001;Soliman A M,2011;Mechtcherine, 2014
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Research background

O Around 2010, the addition of SAPs to improve the frost resistance of concrete gradually

attracted the attention of many researchers.

O To explain the improvement of concrete frost resistance by SAPs, many scholars have

begun to pay attention to the voids system introduced by SAPs in concrete

|
‘T
/

o % \ ——SAP 0.0%
80 \ ~—SAP 0.05%

60 .\ SAP 0. 1%

SAP 0. 15%

«~8=—=SAP] =e=—=SAP2 - SAP4
=——SAP§ =—s=—=SAPI6 =——w—SAP32

——SAP 0.2%

AR B
3

2]
TR

40

Accumu lative total air (%)

Size (mm)

50 100 150 200 250 300

RO R
The frost resistance of concrete with different Analysis of Voids System introduced by SAPs in Cement paste
amount of extra-entrained water and different
dosage of SAPs (in Chinese) Lu D F, 2013 (in Chinese); Riyazi S, 2017

- Research background

O As early as 2010, Lee et al. already found that the addition of SAP can effectively
reduce the water permeability of mortar with cracks, and the addition of SAP

also contributes to the healing of cracks

¢ Self-sealing of concrete

SAP particles Wet face

Induced crack o
in voids

Tightening nut

Water with low ionic
concentration
permeates through
cracks causing
SAP expansion

AN
N

0@/

Development of
Rubber seal ® ®@ cracks

Hose clamp ® j
% ©
a © b

Perspex strip

Steel plate

Dry face

Lee, H. X. D., H. S. Wong, and N. R. Buenfeld. "Potential of
superabsorbent polymer for self-sealing cracks in concrete.”
Advances in Applied Ceramics 109.5 (2010): 296-302.

Conference Paper in Cement and Concrete
Research - August2010
Hai Xiang Dennis Lee, Hong Seong Wong , Nick Buenfeld
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‘ Research background

O Subsequently, Snoeck et al. studied the effect of the addition of SAP on the self-
healing of ECC cracks, and found that SAP can also improve the self-healing
effect of cracks in low humidity environment

¢ Self-healing of concrete

——e e S

i C

Snoeck D (2015) Self-healing and microstructure of cementitious materials with Snoeck, Didier, et al. Cement and Concrete
microfibres and superabsorbent polymers. PhD thesis, Ghent University Composites 65 (2016): 83-93.

Research background

O Recently, the addition of SAP has attracted attention to the transmission
performance of cement-based materials

Plastic cover

a3t
S o g
9 § r@DEEDZ Inlet Blocks
14
3 uREF 0 - 0030
E
- 12 *—R2 2!
9 mloww/( 0.025 A—SAP, o
10 =8Au
2 _ 0020} —+—SAP,, i
§. 8 E * =
& 6 < 0015 / oS
5 = :
I, i K 0010
8 4
£ 2 oos| 4 o003
0 0.000 900
7 days 14 days 28 days 42days 2 Time %)
i

Depth of the AgNO, colour change boundary for uncracked Cumulative water absorption amount of concrete with SAP

specimens after 7, 14, 28 and 42d in a chloride solution
Mullem TV, 2024; Zheng S N, 2024
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) Research contents

‘ Effect of SAP on compressive strength of concrete

@ Effect of SAP on the frost resistance of concrete

@ Effect of SAP on self-healing properties of cement

@ Bio-based SAP synthesis for concrete field

Research background Strength
/00 SAP affects strength in opposite ways I:I The overall effect is in
| Cement paste with no SAP dlspute '

. . >60%
—) —) 30%~60% @
.
0~30%

Cement paste with SAP

i 0~30% 5
‘A SAP swells SAP shrink ; ; —30%~—60% _ @ E

. u i <o0% [ E
Before mixing Around setting Hardened 0 10 20 30 40

O We need a unified theory to foresee the overall effect and design concrete with SAP
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IICofim-r—al sz m.r_az

-

SAP voids

r

cement paste

1 2

O We use Q to indicate the overall effect of SAP: positive (Q>1) or negative (Q<1)

Research contents

O How do we calculate Q, and Q;? Qe %
[ m
____________________ B S, :
) Q,—The effect of internal curing SO 2 ({rz ______ fl _)——
’ _ m.~ i LT
II QI - (-}(‘2 /fi) \\‘ i | 1: L
! \ - QII
[ 3m :
| QI :(Xz/X1) | Q,, —The effect of air voids [t
1 _ 3 1 ,/ N
: f - j;)X : II Relative strength \\I
: : 1 1 1
1 wlc =0.42 : : :
1
: m : : 0.8 y= 1-0.05a :
| L |
1 06 1 1 0.6 1
1 1 1 [}
| () N ’
| V() Vle o |
1 space
! X = g@l Vge] (a 0.72 : : y= ( 1 ) :
: 174 ( a) Lo 02 1.093 |
! space . '
: 1 1 1 0 1
' cement U P 0 5 10 15 20 25 30 |
\ / 1 Air content in concrete a [%] :L 4
\\ 0 o 1 ,/ \\ II
~ o Degree of hydration . 7’ N N Popovics S, Ujhelyi J. (2008) J Mater Civ Eng. 20(7):459-46:/3.,
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Research contents

O How well does our model work?

m Assmann (2008) Justs et al. (2015) | Kang et al. (2017) 110
Mortar Mortar Mortar
Age 90
91 91 91 91 365 365 365 28 28 28 —
[d] X 80
Measured F 109. g
117.2 96.8 974 215 186 174 186 178 166 B 60
[MPa] 8 o
§ 50
Q[%] 100 937 82.6 831 100 865 80.9 100 957 892 O 40 4Assmann
= 4 Assmann
30
Q[%] 100 90.8 82.8 828 100 925 83.1 100 96.9 92.9 Vorar | ustsetal.
20 +Kang et al.
121, 10 © The present work
(o[t e Q [%] 100 g 136.6 136.6 100 128.9 136.6 100 129.2 142.0 Concrete 4 Assmann
133. 0 10 20 30 40 50 60 70 80 90 100110120
Qu[%] 100 ™ 1650 1650 100 1393 1644 100 1332 1529 Modelled Q [%]

O All of the data points lie between the +/- 10% error lines.

Research contents

O What does our model imply?

Qmax [%] (we/b)opt
Q [%] Q [%] 140 0.14
120 120
120 4 0.12
100 fe===\ 100
100 0.10
80 80 | 80 P ‘
80 E | i 1 0.08
60 60 P i
wib wib 60 1 ; 1 0.06
—0.15 —0.15 b !
40 0.25 40T 025 40 Pl ! 4 0.04
—0.35 —0.35 A ‘ 3
20F | 045 20 F | —o045 20 Ay i oo
< E 1
0 L ' L 0 L L L 0 \2 > .: ) | 0.00
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20 0 01 02 03 04 05
wJ/b w/b wib
Paste content = 70% Paste content = 90%
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dim) Research contents

@ Effect of SAP on compressive strength of concrete

‘ Effect of SAP on the frost resistance of concrete
@ Effect of SAP on self-healing properties of cement

@ Bio-based SAP synthesis for concrete field

i) Research content

Introducing Voids is an effective means to reduce freeze-thaw damage:

D — « < el 1 0%
. R o b

BKEND BKEN  sptox
. D jons i i * Water freezes and expands by 9% in volume . . .
More than 50% of regions in China g =P oy 27 Vo + Introducing voids can reduce the distance of unfrozen water movement and
will suffer from freeze-thaw damage « Unfozen water flowing outside the pore

. thus lower hydrostatic pressure
generates static water pressure

O SAP can stably introduce voids

I n 11| iV Btk

i N
| 1 ! s
— ¥ — : ' : > v —_— S
; - :
T T l 1 sAP—
o BRSNS BERIADL | WRPR

* SAP can absorb water hundred I:Water absorption under the TI:Water absorption balance III:Release water under the

. . . o IV: SAP completely collapses to form void
times its own weight ion concentration difference humidity difference
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Research content

k —Volume expansion ratio
psap —The density of SAP
Pw —The density of water
X —The water absorption capacity of SAP

k=1+8sa0y

» The air content obtained by using the voids analysis technology of hardened cement
paste can determine the water absorption capacity of SAP in cement paste

AM-B

A—— S The water absorption
Ve is the volume of cement paste; p,is the density of water; mgap and capacity of SAP

Vsap are the mass and volume of dry SAP; T,/T; is the air content of 5.92% 13‘3g/g
cement paste. Due to the cement paste mixed with SAP used in the void
analysis experiment was prepared by vacuum pumping, the air content
in the test results is the void content (T,/Ty), which is created by SAP.

Research content

A more concise and rapid method 'H low-field NMR was used to determine the
water absorption capacity of SAP in cement paste, and the void system was estimated

» The voids system closely related to the frost resistance of concrete was estimated based
on the water absorption capacity of SAP.

0
Cement paste hydrated ;u
for 10 minutes plastic wrap

o8 W S, @)

07 =

g Fas Wy Su
=) =D _L;“"s W is the mass of deionized water(g); W is the free water content in
EE g:j the cement paste(g); S is the signal intensity of deionized water at this
02 a . mass(au); Syr is the signal strength of the free water content in the

) i o /N cement paste(au).
Soaking the teabag ~ Measurement the weight of o / z\ /\A[A

Cement paste mixing Vacuum filtration Cement filtrate containing SAP tea- bag containing SAP Boor 041 01110 100 1060 10000 100000

Tea-bag method 'H low-field NMR

a
AM AM AM AA —
(40-80pm) | (120-160pm) | (200-300pm) | (120-160pm) i /

Tea-bag method 27g/g 27g/g 27g/g 11.5g/g —> Inaccurate
Voids system analysis 6.7g/g 17.2g/g 25.25g/g 1.14g/lg —» Time-consuming ..,
1H low-field NMR 8.8¢/g 16.3g/g 2132g/g 0.87g/g b gL

W03 Wie0.45 W6

Pre design a voids system and validate it using
void analysis based on the SAP water absorption
capacity results obtained from 'H low-field NMR

Comparison of results

34



Proceedings of 17th International Symposium on
Performance Improvement of Concrete for Long life span Structure

Research contents

» When the total water-cement ratio is the same, the addition of SAP increases the frost
resistance of concrete. And SAP with stronger water absorption capacity is more conducive to
increasing the frost resistance of concrete. This is due to SAP absorbing water, resulting in a
decrease in the actual water-cement ratio.

» The addition of SAP can also increase the frost resistance of concrete when the basic water
cement ratio is the same. But smaller particle size SAP is more pronounced. This is because
there are more SAP particles, which further reduces the void spacing coefficient.

®
8

10 80 10
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S0 - T ' . E] 7+ —E— AM-C(0.372-0.4%-20,
_§ * 0372 % —— AM-C(0.408-0.4%) E =:, ( o/g)
Es0l £ or Esop X8
oy o] 2 3
2 v 5 5
Ey .1 7 Zz £ 2
g S 4l S S 4t
Z -1 . ) & .
St . s 3[ Sar g 5[
H z . H 2 . ]
2 g2t Sl & 2 o
Sl S . £ | .,nﬁ
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L ERU) /,
S0 v . 0 = '/',./'/ o blea
0 o . . . 1 . . I I 1 o bonenenet - - - 1 . . . . .
0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600 g 100 200 300 400 500 600
Number of freeze-thaw cycles (times) Number of freeze-thaw cycles (times) Number of freeze-thaw cycles (times) Number of freeze-thaw cycles (times)
The total water-cement ratio is the same The basic water-cement ratio is the same

. Research contents

» When the total air content is the same, the smaller the particle size of SAP, the better the frost
resistance of concrete, because small particle size SAP is more conducive to reducing the void
spacing coefficient.

» SAP(AA), which does not absorb water in the cement paste environment, cannot form pores
and therefore cannot improve the frost resistance of concrete

» Due to the water absorption effect of SAP, it is difficult to determine the degree of concrete
freeze-thaw damage through quality loss.

®
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=
g
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The air content is the same SAP has different water absorption capabilities
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Research contents

@ Effect of SAP on compressive strength of concrete

@ Effect of SAP on the frost resistance of concrete

‘ Effect of SAP on self-healing properties of cement

@ Bio-based SAP synthesis for concrete field

Effect of SAP on self-healing properties of cement .

Raw
materials

Cement Sodium Polyacrylate-AA Sodium polyacrylate
acrylamide copolymer-AM

Temperature and humidity sensor

ST\
0 O )

O

O
a3
=g
‘ 52
ga

o E)ls Yeige)
o fo SRS IS) °
oooca‘}&\n o Yo
D1 LZ N d -0 0
Qy-ﬁ yi % RN
%:o’ooooooo) Sty
/ Flow
Sample stage | meters

v ‘Weighing table
Saturated salt solution

Temperature and

humidity box Air permeability

test device diagram
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Effect of SAP on self-healing properties of cement

O After 56 days in different humidity environment, AA and AM can absorb 37.0% and 34.0% of water

vapor at 59% RH, and 98.5% and 72.5% of water vapor at 86% RH. At 97% RH, it can absorb
233.2% and 210.5% of water vapor.

O With the increase of relative humidity, the hygroscopic capacity of SAP increased gradually. The
equilibrium moisture absorption of AA was higher than that of AM.

O After 12 days in the environment of 33% relative humidity, desorption basically reached
equilibrium. The desorption rates of AA and AM reached 46.67% and 59.14%, 64.17% and 70.33%,

83.32% and 90.51%, respectively, when the relative humidity was 59%, 86% and 97%. It was found
that the desorption rate of AA was slower than that of AM.

300 - .m--AA at 59% RH — ol —=— AA-97%
--@--AM at 59% RH $ < —e—AMO7%
250 - A--AAat86% RH g —A— AA-86%
Lo - v- AM at 86% RH 50 201 +AM-86:A,
0200 |- - @ -AAat97% RH PR, £ AN
2 -4--AMat97%RH -~ -7 ) —— AM-59%
s 4 2 400
S 150+ A 5
= e o 2
: =
§ 100 - *-,'f" . S 60t
§ é‘ Ao oA T =
50 AR S S ol
0 rt:t":::'-::Z.iiiiiiiiiiiiiiiii' é) »
1 1 1 1 1 100 1 1 1 1 1
0 10 20 30 40 50 60 0 10 20 30 40
Time (d) Time (d)

O The addition of SAP can improve the hydration degree of cement.

O At 97% RH, AA can increase the hydration degree of cement by 53.58%, and AM can
increase the hydration degree of cement by 20.13%.
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Effect of SAP on self-healing properties of cement

O With the increase of the number of dry wet cycles, the swelling properties of the two types of
SAP showed a downward trend.

O After six dry-et cycles, AA and am can maintain 68.45% and 61.90% of the initial swelling
properties in deionized aqueous solution.

O In the cement filtrate, the swelling properties of AA and am are 38.40% and 52.43% of the
initial swelling after one cycle, and can reach 7.30% and 26.26% after six dry-et cycles.
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Effect of SAP on self-healing properties of cement

O After soaking in cement filtrate and then in ionic water, the repeated swelling performance of SAP
increased first and then decreased.

O After six cycles, the swelling properties of AA and am can reach 57.66% and 56.23% of the initial
equilibrium of raw materials.
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Effect of SAP on self-healing properties of cement

O With the increase of drying and wetting cycles, the water release rate and water release
of SAP increased gradually at the same time.

O The water release rate and quantity of AM were higher than AA.

O AA was soaked in CF and then repeatedly absorbed water in aqueous solution, and its
water release and water release rate were higher than that of AM.
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Effect of SAP on self-healing properties of cement

OSAP improves the crack healing rate.
OThe order of self-healing effect was E3>E2>El.
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unpublished data
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Effect of SAP on self-healing properties of cement

O In the air, the specimens in the control group almost did not have much crack healing, and the

recovery rate of gas relative permeability coefficient was only 7.55%, while the healing rate of D20
could reach 18.90%.

O At 97% RH, the specimens in the control group also showed certain internal crack healing, and the
recovery rate of the relative permeability coefficient of gas could reach 17.02%, while the maximum
recovery rate of the specimens mixed with SAP mortar could reach 81.92%.

O The self-healing effect was the best in E3 environment, followed by E2 and E1.
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O1In E2 environment, the volume ratio of healing products in F45 matrix and C10

specimen was 0.85% and 1.85%, respectively.
Self-healing products
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O1In E3 environment, the volume ratio of healing products in F45 matrix and
C10 specimen was 11.35% and 47.94%, respectively.
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Effect of SAP on self-healing properties of cement

OThe addition of SAP did not change the type of hydration products.
OThe healing products at the crack are mainly calcite and a small amount of calcium

Mass loss (%)

95 |-

90

hydroxide.

——F45-E1

Calcium carbonate content (%)
IS

L L
600 800

L
400

1000 0

7

* Ca(OH), —— F45.E1 —— D20-E1
e —— F45.E2 — D20-E2
€aC0s —— F45-E3 —— D20-E3

s

x L

Intensity

JL

—

F45-E1 D20-E1 F45-E2 D20-E2 F45-E3

Temperature (. )

TG Calcium carbonate

content

41

D20-E3

L
40
2 Theta (°)

XRD

60

unpublished data



Proceedings of 17th International Symposium on
Performance Improvement of Concrete for Long life span Structure

O Needle like products and calcite exist in the cracks.

O Compared with the control group, more calcium carbonate can be observed in the cracks of
the specimens mixed with SAP mortar.

i3

unpublished data

A Research contents

@ Effect of SAP on compressive strength of concrete

@ Effect of SAP on the frost resistance of concrete
@ Effect of SAP on self-healing properties of cement

‘ Bio-based SAP synthesis for concrete field
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Poor salt resistance Mostly irregular particles

Bio-based SAP synthesis for concrete field

O Corn starch is a natural, renewable resource that is widely available and inexpensive.

Additionally, it has good biodegradability, reducing environmental pollution.

O Based on the compositions of SAPs, a starch-based superabsorbent polymer was

synthesized by aqueous solution polymerization.

e

Hydrophilic

Monomers

Aqueous solution polymerization Starch-based SAP

Guan X C, et al., Synthesis and characterization of a starch-based superabsorbent polymer..., Construction and Building Materials. 2024;415.
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Bio-based SAP synthesis for concrete field

O By using starch as the main chain and grafting stronger hydrophilic -SO;H and non-
ionic -CONH, groups, a starch-based SAP with high water-absorption and salt-

resistant was synthesised.

— (0]
",\drogTbondi CH,OH JL
— 0O H
() O \/ NH2
Initial starch o Acrylamide
HO OH
CH,OH
H 0O H 0 CHs
(0]
A Q O H2C§/U\N/‘\_§_OH
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OH OH ./ -SO3H or -CONH;
AMPS

Guan X C, et al., Synthesis and characterization of a starch-based superabsorbent polymer..., Construction and Building Materials. 2024;415.

Bio-based SAP synthesis for concrete field

O The -SO;H and -CONH, groups were grafted onto the starch chain. Starch-based SAP

has lower crystallinity.

O Starch-based SAP shows the better thermal stability compared to other SAPs.

(a) | -SOH
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Bio-based SAP synthesis for concrete field

O The starch-based SAP has a porous surface, can utilize gel films to form a network

structure, and has more space.

Conventional SAP

(2) SSP

Tiny pores

Starch-based SAP

Bio-based SAP synthesis for concrete field

O Compared to traditional SAP, the starch-based SAP has a higher water absorption,

longer water desorption time, and lower ion sensitivity.
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Bio-based SAP synthesis for concrete field

O Compared to traditional SAP, the starch-based SAP significantly reduces autogenous

shrinkage of cement paste, has minimal impact on compressive strength, and offers
better overall performance.
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Bio-based SAP synthesis for concrete field

O A spherical starch-based SAP with salt (alkaline) resistance was synthesized using
corn starch via inverse suspension polymerization.

o}

NJEN P

Monamear
NH,

+_Initiator

. Water Suspended Beads of
Acrylamide Polymer

. A Spherical starch-based SAP
Inverse suspension polymerization
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Bio-based SAP synthesis for concrete field

O By using corn starch as the raw material, two different solutions (oil phase and

aqueous phase) are pre-configured to synthesize a spherical starch-based SAP by

stirring and other operations.

Temperature  Speed Temperature  Speed

30°C 300 r/min 70C 300 r/min

Drip addition Polymerization Primary products  Grinding and drying Absorbent

Bio-based SAP synthesis for concrete field

O We have established a characterization method that can quantitatively characterize

the sphericity of particles, which is beneficial for optimizing the synthesis process."

SAP PAA PAM SSP SSSP
Particle size fum 250 ~425 212 ~425 300~ 500 212 ~425
Sphericity (s) 0.49 £0.03 0.48 £0.04 0.51+0.04 0.96=+0.02

% 28
o o°%%,
B 00.'..“
% ® . @¢

Image processing of SAP particles.
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Bio-based SAP synthesis for concrete field

O The synthesis scheme was optimized based on the sphericity of the particles, and the

optimal synthesis conditions were determined.

O The main factors affecting the water absorption of spherical starch-based SAP are the

proportion of acrylamide, initiator, and cross-linker, with their optimal contents being

0.7, 1.2%, and 0.12% of the monomer mass, respectively.
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Bio-based SAP synthesis for concrete field

O The performance of spherical starch-based SAP was improved by grafting with

stronger hydrophilic -SO;H and non-ionic -CONH, groups onto starch, with AMPS

being more readily involved in graft copolymerization.
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Bio-based SAP synthesis for concrete field

O The surface of spherical starch-based SAP particles is smooth, with a uniform size

distribution. The absorbent particles of spherical starch-based SAP are spherical gels,

capable of forming gel membranes and pores, which facilitate water entry into the

network structure.

Morphology of spherical starch-based SAP (a) dry particles (b) absorbent particles (c¢)(d) microstructure of gels in
deionized water and cement slurry filtrate.

Bio-based SAP synthesis for concrete field

O The water absorption, water storage, and salt (alkaline) resistance of starch-based

SAP are higher than those of petroleum-based SAP.

O The spherical starch-based SAP exhibits a longer water desorption time.
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Bio-based SAP synthesis for concrete field

O Compared to traditional SAPs, the spherical starch-based SAP significantly reduces
autogenous shrinkage, has minimal impact on compressive strength, and the voids left

after desorption are spherical.
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ey

O Effect of SAP on compressive strength of concrete

The addition of SAP and entrained water can either improve or impair the compressive
strength of concrete. The impact of SAP and entrained water on compressive strength is
influenced by at least three key factors: paste content, water-to-binder (w/b) ratio, and the
ratio of entrained water to binder.

O Effect of SAP on the frost resistance of concrete

SAP has the ability to significantly improve the frost resistance of concrete. The effect
of large particle size SAP is most pronounced when the total water-cement ratio is consistent.
Conversely, the effect of small particle size SAP is most pronounced when the base water-
cement ratio or air content is consistent. Additionally, due to its superior void-forming ability,

AM demonstrates a more significant improvement in the frost resistance of concrete compared
to AA.
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N Summary

O Effect of SAP on self-healing properties of cement

AA has the ability to obtain water from the external environment. When the relative
humidity is 97%, sodium polyacrylate and polyacrylic acid acrylamide copolymer can absorb
233.2% and 210.5% of water vapor, respectively. With the increase of relative humidity, the
hygroscopic capacity of SAP increased gradually. Sodium polyacrylate and polyacrylic acid
acrylamide copolymer can increase the hydration degree of cement by 53.58% and 20.13%,
respectively. With the increase of AA particle size and content, the crack closure rate and
the recovery rate of relative coefficient of gas permeability gradually increase

O Bio-based SAP synthesis for concrete field

Two types of starch-based SAP were prepared using the aqueous solution
polymerization and the inverse suspension polymerization. Compared to traditional SAP,
the starch-based SAP prepared in this study have higher water absorption and stronger salt
resistance, effectively mitigating the autogenous shrinkage of hardened cement paste while
having a smaller impact on strength.
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Thixotropy
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Contents  hide Article  Talk Read Edit View history Tools Vv
(Top) From Wikipedia, the free encyclopedia
History

Thixotropy is a time-dependent shear thinning property. Certain gels or fluids that are thick

Natural examples or viscous under static conditions will flow (become thinner, less viscous) over time when
Applications shaken, agitated, shear-stressed, or otherwise stressed (time-dependent viscosity). They then
Uses Today take a fixed time to return to a more viscous state.l”! Some non-Newtonian pseudoplastic

Negative effects fluids show a time-dependent change in viscosity; the longer the fluid undergoes shear stress,

Thixotropy is a time-dependent shear thinning property. Certain gels or fluids that are
thick or viscous under static conditions, will flow over time when shaken, agitated,

shear-stressed, or otherwise stressed.
which exhibit this property are sometimes called rheopectic. Anti-thixotropic fluids are less well documented than thixotropic
fluids.[?]
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Why does thixotropy occur (in cementitious materials)?
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Up-curve Up-curve with higher shear stress: breaking
aggregation of particles

Shear stress

Down-curve with lower shear stress: already
broken aggregated particles

Down-curve Space between up-curve and down-curve:
stress of breaking particles: thixotropy

>
>

Shear rate Thixotropy: reversable aggregation of
particles
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Background

Two aggregations of cement particles

Reversible aggregation: colloidal forces

Irreversible aggregation: hydration
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Two aggregations of cement particles

&Io' al forces

Irreversible 2 yation: hydration

Reversible aggreg

Thixotropy of cement paste is too weak to be a beneficial property.
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Thixotropy and cement-based materials constructions
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Other methods of providing thixotropic behaviors

Mixing Backfill

bulldozer  mixing area  gyjis excavated
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Bentonite slurry: the thixotropic nature
allows to decrease in viscosity under shear
stress, facilitating easy pumping and
injection. When the shear stress is removed,
the viscosity increases, providing solid

support and sealing effects.
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IR S e P Pulverized clays (e.g. metakaolinite):

: : Metakaolin-enhanced SCC exhibits
significant thixotropic behavior, meaning it
can undergo structural rebuilding after

being disturbed by shear forces (such as

Depth of concrete
Depth of concrete

during mixing or pouring). This ability helps

D
Concrete Pressure Concrete Pressure Concrete Pressure

in reducing the lateral pressure exerted on

the formwork once the concrete is placed.
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Providing thixotropy on cement-based materials and reducing leaking
materials through the formwork gap
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Table 1. Experimental plan

Mixture conditions Test

wlc 0.3, 04
0. 10, 20, 30, ‘Table flow (with and

w Dosage of PVA without dropping)

&T; solution (g 50'181000'20]050' -Flow curve (yield

@ ’ stress, and viscosity)

— -Compressive strength . . .
Dosage of Borax %01(}0020‘138’ (3, 7, and 28 days) Cement| Low |Cement| [ oy |Cement| Medium
solution (gl 200. 250, 300 speed |paste speed |paste speed

wic 03 ’ :r;‘“"""'> . -m " -m Discharge
: ‘Table flow (with and . <o -
without cropping) Water 30 sec. PVA 30 sec. Borax 30 sec.

. -Flow curve (yield 5 solution solution

= stress, viscosity, an

o Dosage of PVA g ’

2 A thixotropy)

f\DJ %%Ig')?n solu?igg 0. L 25 3, -Compressive strength . ..

( i ' (3, 7, and 28 days) Figure 1. Mixing protocol for cement paste
Mess coment 79 -Setting time (Vicat
needle)

+ PVA soluton was 4% and the dosage of Borax soluton was
fixed 200g for dosage of PVA solution assessment
*+ Borax solution was 4% and the dosage of Borax solution was
fixed 100g for dosage of PVA solution assessment
+++ For PVA solution and Borax solution, the dosages were 4%,
and 5%, respectively.
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Research 1. Providing thixotropy T

—e— w/c 0.3 (no dropped) 300F —e— w/c 0.3 (no dropped)
I---e--- w/c 0.3 (dropped) ---o---w/c 0.3 (dropped)
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Plain O 50 100 150 200 Plain 0 50 100 150 200 250 300
4% PV A solution addition amount (g) 4% Borax solution addition amount (g)
(a) Influence of PVA solution (b) Influence of borax solution
(The borax solution was added 200g for every case.) (The PVA solution was added 100g for every case.)

Increased flow with dropping the drop table

Construction Materials Research Lab
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Research 1. Providing thixotropy e

Gyeongsang National University

250 ——wic023 2501 —e—wic03
—a—w/c 04 _ ——w/c0A4
S 200t < 200}
ol a.
N N
% 150 é 150
7 % 100l
< 100} - 100
s =
>~ 90F ‘\ '// 50}
ol PO e ce— ob, | . - . ——t——
Plain 0 50 100 150 200 Plan 0 50 100 150 200 250 300
4% PV A solution addition amount (g) 4% Borax solution addition amount (g)
(@) Influence of PVA solution (b) Influence of borax solution

Yield stresses were measured low because the values were obtained by flow curve analysis with
flowing status although the flow values without dropping were 100 (‘0’).
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Viscosities were measured low because the values were obtained by flow curve analysis with

5@5 flowing status
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Figure 9. Influence of PVA and borax solutions on yield stress Figure 10. Influence of PVA and borax solutions on viscosity
(by adding percentage) (by adding percentage)
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Conclusions

v PVA and borax can provide thixotropic properties into the cement paste (cement-based

materials).
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Table 1. Experimental plan
Mixture conditions Test
w/c* 0.35,0.40 0.45
Cement : Sand 1:1
Gap(mm) 3,5,7,9
- S st Type General Superplasticizer - Table flow(with and without dropping)
g uperplasticizer o - Thixotropy
& Dosage(% cement mass) 03 - Leaking weight and length Same SP dosage
PVA** Type Suspension - Compressive strength @ 28 days
Dosage(% cement mass) 0,2,4,6,8
Borac*** Type suspension
Dosage(% of PVA mass) 50
w/c* 0.35, 0.40, 0.45
Cement : Sand 1:1
Gap(mm) 3,5,7,9
= Superplasticizer Type General Su?erplasticizer - Tal?le flow(with and without dropping) L
E Dosage(% cement mass) 0.4, 0.55,0.7 for each w/c case - Thixotropy Sa me ﬂ ul d |ty
i Type suspension - Leaking weight and length
PVA**
Dosage(% cement mass) 0,2,4,6,8
Borax*** Type suspension
Dosage(% of PVA mass) 50

* Water-to-cement ratio
** 7% PVA suspension
*¥* 5% Borax suspension
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Paste Mortar Mortar

Cement . + +

+ ixil S is 0
e Fine . Mixing - Stop ‘ PVA ‘ Borax ‘ Discharge

ater aggregate solution solution
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Speed ! 30pee Speed Mix Speed Speed
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Figure 2. Mortar mixing protocol

%0

i3
$00

Figure 4. Formwork Leakage test set-up
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Same SP dosage

——no0 dropped

Flow (mm)
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PVA solution addition amount (% cement mass) PVA solution addition amount (% cement mass) PVA solution addition amount (% cement mass)
(b) w/c 0.40 (c) w/c 0.45

(a) w/c 0.35

couldn’t be mixed at w/c 0.35 with higher than 4% PVA
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Conclusions

v PVA and borax can provide thixotropic properties into the mortar.

v" Thixotropy provided by PVA and borax can reduce the leakage of cement-based
materials.
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Table 1. Experimental framework

Mixture conditions Test
W/C* 0.55
Unit water content Fixed 185, Adding PVA and borax
(kg/m’) Variable | 85%*** Replacing PVA and borax
S/a 045
Type Polycarboxylate

- Slump and Slump flow

*%
S o Dosage 0.5 - EIS(using data from slump and slump flow)
(% cement mass) - - - Rheology(yield stress, plastic viscosity, thixotropy)
Type Diluted solution(6.53 %) . . dl
PVA*+* Dosage - Setting time(vicat needle)
Y ; ) 0,3,4,5,6,7 - Leakage weight and length(before and after compaction)
o cement mass
Type Diluted solution(5 %)
Borax Dosage 50
(% PV A mass)

*Water-to-cement ratio
**Super plasticizer
***Polyvinyl alcohol
****Subtract water mass of the PVA and borax solutions from unit water content to keep the same unit water content

Construction Materials Research Lab

Research 3. Providing thixotropy on concrete and [T

—reducing leakage

Concrete Concrete
Cement SP
+ +
+ + + + Mixing +| Stop + + * Discharge
PVA Borax
Aggregates Water .
solution solution
Mid speed High Hand High speed High
30s speed 60s mix 40s speed 40s

Figure 1. Concrete mixing procedure
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—reducing leakage gL

Table 4. Mixture proportions of high fluidity concrete for thixotropy

No. Application of PVA and Unit weight(kg/m®)
borax w OPC S G PVA Borax SP
1 Plain(No PVA and borax) 185 336 770 868 0 0 17
2 3% 185 336 770 868 10 5 17
3 4% 185 336 770 868 13 7 17
4 B 5% 185 336 770 868 17 8 17
5 6% 185 336 770 868 20 10 17
6 7% 185 336 770 868 24 12 17
7 3% 171 336 770 868 10 5 17
8 4% 166 336 770 868 13 7 17
9 z 5% 161 336 770 868 17 8 17
10 6% 156 336 770 868 20 10 17
11 7% 152 336 770 868 24 12 17
Construction Materials Research Lab
Research 3. Providing thixotropy on concrete and [T
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Figure 4. Formwork seepage test set-up
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Conclusions

v" PVA and borax can provide thixotropic properties into the concrete and reduce the
leakage of cement-based materials.

v" When PVA and borax were replaced, thixotropy and leakage reducing performances were
enhanced rather than they were added.

v" The suggestable dosage of PVA for reducing mixtures leakage, 6% of PVA solution (with
50 % borax solution to PVA solution) replacement.

v' Because of borax, setting time of the mixtures is delayed.

%@“
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Reason of delayed setting time

Cement and Concrete Research 84 (2016) 62-75

Contents lists available at ScienceDirect

Cement and Concrete Research

journal homepage: www.elsevier.com/locate/cemconres

Effect of retarders on the early hydration of calcium-sulpho-aluminate i 1.
(CSA) type cements ABSTRACT

Maciej Zajac, Jan Skocek, Frank Bullerj|

Heidelberg Technology Center GmbH, Rohrbacher Str. 95, 69181

The retardation of calcium-sulpho-aluminate (CSA) type cements by three common retarders—sodium
ARTICLE INFO 8| gluconate, sodium-potassium tartrate and borax is investigated at a 2% addition rate. Each of the retarders has
me| a different effect on the early-age hydrate assemblage, as shown by quantitative X-ray diffraction, thermogravi-

luce . . . . . .
52,“ metric analysis, scanning electron microscopy and pore solution analysis. Regardless of the retarder used, the hy-

g:‘; dration starts with mainly the dissolution of ready soluble (calcium) alkali sulphates and ye'elimite, followed by
{ il the formation of ettringite and aluminium hydroxide, whereby the specific clinker mineral dissolution as well as
i”“y(i‘r, action (5) af ettringite-forming reaction is delayed in different ways depending on the retarder used. The results showed that
the retardation is mainly caused by preventing hydrates formation in the case of tartrate and gluconate. Contrary,
borax retards the hydration by preventing to a certain extent the dissolution of ye'elimite and lowers the initial
pH. Furthermore, the morphology of ettringite is altered depending on the type of the retarder used.

© 2016 Elsevier Ltd. All rights reserved.
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Strategy for compensating delayed setting time caused by borax

Reason: decreased pH — Increase pH by adding alkali solution

Phenomenon: delayed setting time — adding accelerator
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Conclusions e

v" PVA and borax can provide thixotropic property on the cement-based materials such as cement

paste, mortar, and concrete.

v Thanks to the thixotropic properties, the leakage of cement-based materials caused by gap of

formwork can be decreased.

v" Because of borax, setting time of the mixtures is delayed. To compensate the delaying of setting

time, alkali solutions and accelerator were used, but the results were not satisfied so far.
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NUMERICAL ANALYSIS FOR THE PREDICTION OF ADHESION
CHLORIDE IN REINFORCED CONCRETE STRUCTURES
CONSIDERING RAIN EXPOSURE
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ABSTRACT:

This study aims to quantitatively assess the adherence of chloride to pillar members considering rainfall. First, airborne
chloride concentrations were measured on each pillar of a reinforced concrete structure located in a coastal region.
Additionally, rain exposure tests were conducted using water-sensitive paper. Analysis of the diffusion and adhesion
of airborne chloride particles was performed, considering the rainfall, wind conditions, and topography surrounding
the reinforced concrete structures. A model for the chloride adherence on each pillar surface, factoring in rainfall, was
developed. The outcomes of these analyses were compared and discussed in relation to the results from the exposure
tests. The analytical results generally reflect the trends observed in the exposure test results. It was also found that the
analysis was more stable when the minimum grid spacing of the wind velocity field was reduced.

Keywords: Chloride attack, Airborne chlorine, Thin mortar specimen. Water-sensitive paper, Numerical analysis,
Lattice Boltzmann method, Moving Particle Semi-implicit method, Rain exposure

1. INTRODUCTION

In coastal regions, airborne chloride-induced salt
damage is a primary factor in the deterioration of
reinforced concrete structures. This is particularly true
in Okinawa Prefecture, where many structures feature
pilotis, raising concerns regarding diminished
durability due to chloride attack on the concrete pillars.
The amount of airborne chloride adhering to each
structural component varies with weather conditions,
surrounding topography, and structural geometry. The
Standard Specification and Commentary for Building
Works JASS 5 Reinforced Concrete Construction 2022
[1], updated in November 2022, defines deterioration
environment categories for each component. Given
these considerations, the need for detailed and
quantitative assessment of external environmental
forces and degradation rates for each component is
anticipated to grow.

Building on previous research, the authors measured
airborne chloride deposition on the surface of various
structural components using thin mortar specimens in
the coastal areas of Okinawa Prefecture, employing the
random walk method [2] to predict deposition rates
[3][4]. However, these measurements did not correlate
appropriately with exposure test results, possibly due
to the variable washing-out effects of rainfall on
different components.

81

This study involved measuring airborne chloride using
these specimens and conducting rain exposure tests
with water-sensitive paper on pillars in coastal
structures. Numerical analyses were performed to
examine chloride diffusion and deposition, considering
the structure’s geometry and surrounding topography.
These analyses aimed to model chloride deposition on
each pillar surface and to compare and discuss the
results with those of the exposure tests. Additionally,
the study explored the impact of the analytical model,
the grid spacing of the wind velocity field, and the
density of airborne chloride particles around the
structure on the chloride deposition on pillars.

2. EXPOSURE TEST

2.1 EXPOSURE TEST OVERVIEW

In this study, measurements were conducted using a
specimen (see Fig. 2) for a structure situated along the
coast of the East China Sea in Benoki, Kunigami
Village, northern mainland Okinawa Prefecture, as
illustrated in Fig. 1. The specimens were composed of
ordinary Portland cement and standard sand used for
cement strength tests as the fine aggregate, with a
water/cement ratio of 60%. The dimensions of the
specimens were 40 x 40 x 10 mm, and they were
covered with aluminum tape on all sides except for the
exposed surface. The location of the specimen and the
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Table 1 Exposure test period

Okinawa prefecture

Period Detail

D

1st period 2021.10-2021.12

2nd period 2022.1-2022.3

Y The Stucture

Al NG ; 3rd period | 2022.10-1022.12
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Adhesive Tape 4th period | 2023.1-2023.3

Fig. 1 Location of the structure  Fig. 2 Thin mortar specimen
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Fig. 3 Plan of the structure and surrounding environment

structure’s surrounding environment are depicted in
Fig. 3, which indicates a sea area to the north-west and
an estuarine area extending from the south-west to the
south. Additionally, the structure is surrounded by
approximately 2 m of fill. The exposure periods,
spanning four seasons from winter to spring, are
detailed in Table 1. The upper part of the structure
features a steel lattice roof, partially missing due to
corrosion, as shown in Fig. 3(c).

2.2 WIND CONDITIONS IN EXPOSURE TESTS
During the exposure tests with the specimens, wind
conditions were systematically recorded and are
presented in Fig. 4. The average wind speed was
calculated by averaging the wind speeds measured
every 15 min for each wind direction. The wind
direction ratio was determined by classifying the wind
directions, recorded every 15 min, into 16 categories
and subsequently dividing the number of
measurements in each category by the total number of
data points.

The analysis of average wind speeds reveals that the
north-west  and  north-north-west directions
predominated, as shown in Fig. 4(a). This pattern is
likely influenced by the monsoon during the winter and
spring seasons. Regarding the wind direction ratio, the
north-northwest and southeast directions were notably
significant (Fig. 4(b)). These findings suggest that
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(b)Wind direction
Fig. 4 Wind condition
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Fig. 6 Some results of water-sensitive paper tests

during the study’s exposure period, the dominant wind
direction was north-west, characterized by the highest
wind speed and wind direction ratio, facilitating
significant transport of airborne chloride from the sea
area located to the north-west of the structure.
However, the substantial southeast wind directional
fraction also indicates the presence of sea salt particles
in the coastal zone, highlighting the significant
influence of southeast winds on the transport of
airborne chloride.

2.3 EXPOSURE TEST RESULTS

In this study, specimens were affixed to four
orientations of pillars and exposure tests were
conducted. The sea area extends to the northwest of the
structure, and airborne chloride adhered to the
structure originates from and is transported by the sea
area. Therefore, more airborne chloride is expected to
adhere to the north and west faces of the structure's
pillars than to the south and east faces. In fact, the
specimens on the north and west faces of the pillars
adhered more airborne chloride than those on the south
and east faces. In this study, we will discuss the results
of exposure tests on the north and west faces, where
airborne chloride adhered more heavily.

Analyzing the results for the northern face of the
structure shown in Fig. 5(a), a consistent trend was
observed across all four periods, although Pillar e in
Period 1 and Pillar h in Period 4 exhibited relatively
high values. Pillars located to the north of the structure
would be expected to have the highest amount of
adhered chloride because they are closest to the sea
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Fig. 7 Percentage of washout rate

area where airborne chloride is supplied. However,
Pillars a, b, and c, positioned at the northernmost part
of the structure, registered lower levels of attached
chloride compared with those in the central part. A
possible reason for these results is that these pillars,
located at the outermost perimeter of the structure,
were more exposed to rain and had a greater washing
effect, resulting in less chloride adhesion.

Turning to the west face of the structure, depicted in
Fig. 5(b), a similar pattern emerges, with exceptions
noted in certain pillars. Based on these observations,
variations in rainfall by pillar location must be
considered when forecasting the amount of salt
deposited on them. Consequently, the subsequent
section describes rain exposure tests conducted using
water-sensitive paper to quantitatively assess the
variation in rain exposure across different pillars.

2.4 RAIN EXPOSURE TEST USING WATER-
SENSITIVE PAPER

In this study, the impact of pillar position within a
structure on rainfall capture was quantified using a
water-sensitive paper. The water-sensitive paper used
in this study was a commercial product. This water-
sensitive paper turns into dark blue color when
exposed to droplets. In this study, the area of this dark
blue coloration was marked as the area washed away
by rainfall. Fig. 6 and 7 display a few of the test results
and the percentage of wash-off, respectively.

The washout percentage represents the portion of the
water-sensitive paper’s total area that was colored dark
blue due to droplet exposure. According to Fig. 7,
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Pillars a, b, ¢, d, and j on the north and west sides
experienced 40—70% rainwater exposure. In contrast,
Pillar e in the central area received approximately 10%
exposure, while Pillars k and | on the south and east
sides registered less than 6%. These findings indicate
that the pillars located on the north and west sides of
the building were subjected to the highest levels of
rainfall, whereas those on the south and east sides
received the least. Based on the above, this study
analyzed the rain exposure of the structure and
compared the results of the analysis with the results of
rain exposure tests using water-sensitive paper in order
to take into account the washout effect of rain exposure
when conducting the analysis of airborne chloride.

3. OVERVIEW OF NUMERICAL ANALYSIS

In this study, numerical analysis was employed to
simulate rain exposure conditions and the diffusion
and deposition of airborne chloride. The lattice
Boltzmann method was utilized to calculate the wind
velocity field surrounding the structure, while the
particle method was used to determine the diffusion
and deposition behavior of rainfall and airborne
chloride on the pillars. Subsequent sections provide a
detailed description of the numerical methods
implemented in this research. Additionally, the data
derived from the numerical analysis informed the
formulation of the deposited chloride amounts,
factoring in rain exposure.

3.1 ANALYSIS MODEL AND ANALYSIS
CONDITIONS

The analysis model reproduced the structure,
including the embankment, within a 30 X 30 X 15 m
square space area, as shown in Fig. 8. As detailed in
Section 2.1, an embankment is formed around the
structure, and it is possible that this topography
influences the wind flow, including airborne chloride.
In addition, the upper part of the structure is covered
by a lattice roof. To assess the impact of the lattice roof
on rain exposure, two models were utilized: one with
the lattice roof and another without it, as illustrated in
Fig. 9.

3.2 WIND VELOCITY FIELD ANALYSIS VIATHE
LATTICE BOLTZMANN METHOD

The lattice Boltzmann method (LBM) [5] is a
numerical fluid analysis technique that reproduces
macroscopic fluid behavior by statistically treating the
microscopic behavior of fluid particles. This method is
favored for its ease of parallel computation,
straightforward boundary condition settings, and its
capability to model complex fluid phenomena
relatively easily. Consequently, LBM is now
extensively utilized across various fields, not only in
engineering.

In wind field analysis using LBM, employing smaller
lattice spacing tends to stabilize the analysis. However,
in three-dimensional analysis, smaller lattice spacings
require significantly more computational time,
rendering larger lattice spacings preferable after
verifying the accuracy and stability of the analysis.

N
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30
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Fig. 8 Analysis area
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(a) Roofed model
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Fig. 9 Differences between models
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As depicted in Fig. 10, this study evaluated the impact
of two different lattice spacings (referred to as
minimum lattice spacing of 25 mm and 50 mm,
respectively) on the analysis results; 50 mm is
equivalent to the lattice spacing of a fenestrated roof,
and a larger lattice spacing would affect the wind
analysis of a lattice roof would not be properly
evaluated. Therefore, the maximum minimum lattice
spacing for the wind analysis in this study was set at
50 mm, and a half size, 25 mm, was used for
comparison.

As discussed in Section 2.2, airborne chloride particles
around the structure could influence wind velocity,
potentially causing chloride deposition from directions
other than those from which the wind originates from
the coastal area. Therefore, wind field analysis in this
study was conducted for all 16 directional patterns,
using the average wind speed recorded during the
exposure period as a constant inflow from the side of
the analysis space. The lower surface of the analysis
space and the surface of the structure were set to non-
slip conditions, whereas the sides and top of the
analysis space were set to free-slip conditions.

3.3 RAIN COVER ANALYSIS BY PARTICLE
METHOD

For rain exposure analysis, the MPS method, a particle
method, was used. An overview of the MPS method is
given below.

For the rain exposure analysis in this study, the moving
particle semi-implicit (MPS) method [6], a particle-
based numerical analysis technique, was employed.
The MPS method models fluid behavior by simulating
the fluid as individual particles and tracking their
motion. This method has advantages over lattice-based
approaches, such as easier preprocessing and the
ability to manage phenomena such as the coalescence
and breakup of droplets. It is widely applied across
various fields for its flexibility and capability in
handling complex fluid dynamics.

The wind velocity field necessary for the MPS-based
rain exposure analysis was determined via LBM,
considering the meteorological conditions recorded
during the specimen exposure test period. The
boundary conditions set for the rainfall simulation
were as follows: rainfall intensity of 10 mm/h, raindrop
diameter of 2 mm, and an inflow velocity of 6 m/s. The
particles representing the rain were introduced from
the upper surface of the analysis space, allowing for a
comprehensive simulation of rain exposure under
controlled and variable conditions.

3.4 AIRBORNE CHLORIDE ANALYSIS USING
PARTICLE METHOD
In the airborne chloride analysis conducted in this
study, the particle method, comparable to that used in
the rain exposure analysis, was employed. The
influence of the number of airborne chloride particles
on the analysis outcomes was examined by analyzing
two different particle rates: 20,000 particles per second
(20k particles/s) and 60,000 particles per second (60k
particles/s). This variation allowed for an assessment
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Table 2 Analytical condition

Mesh Particles
Name Face size
[Pcs/s]
[mm]
N-25mm- N 25 20,000
20k
N-50mm- N 50 20,000
20k
N-25mm- N 25 60,000
60k
N-50mm- N 50 60,000
60k
W-25mm- w 25 20,000
20k
W-50mm- W 50 20,000
20k
W-25mm- W 25 60,000
60k
W-50mm- W 50 60,000
60k

(a) Roofed
model model
Fig. 11 Rain exposure condition of the pillar

(b) Roofless

of how the quantity of particles impacts the results of
the analysis. Aside from the number of particles, other
analysis conditions were standardized: the particle
diameter was set at 0.6 mm, matching the dimension
used in the rain exposure analysis. The particle inflow
velocity was aligned with the wind inflow velocity
determined in the wind velocity field analysis.

3.5 FORMULATION OF THE AMOUNT OF
DEPOSITED CHLORIDE CONSIDERING
RAIN DROP

In the analysis of airborne chloride in this study, to

incorporate the effect of washout by rain exposure, the

results from the airborne chloride analysis were
adjusted. This adjustment used a correction equation
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derived from the rain exposure analysis results
presented in Section 3.3. The purpose of this
adjustment was to calculate the deposited salt while
factoring in the effects of rain exposure.

CD = PD/A x {1 — RF(a) x RP/RP(a)} (1)

CD : Number of adhered chloride particles per
unit area, considering rain  exposure
[particles/m?]

PD : Number of adhered chloride particles
obtained from diffusion and adhesion analysis
of airborne chloride [particles]

A : Area of each pillar member [m?]

RF(a) : aobtained from the rain exposure test.
RP(a) : Normalized rain drop particle counts
for pillars a obtained from rain exposure
analysis [particles]

RP : Normalized rain drop particle counts for
each pillars obtained from rain exposure
analysis [particles]

4. ANALYSIS RESULTS AND DISCUSSION

In this study, eight distinct analyses, as detailed in
Table 2, were conducted to investigate the effects of
minimum lattice spacing and the number of inflow
particles on the analytical results.

4.1 COMPARISON OF ANALYTICAL MODELS

Fig. 11 illustrates the rain exposure of the pillars as
determined through numerical analysis. In Fig. 11(a),
which depicts the model with a roof, rainfall particles
predominantly strike the roof grid, resulting in fewer
rainfall particles impacting the walls of the pillars
compared with the roofless model shown in Fig. 11(b).
Fig. 12 presents both the rain exposure test results and
the numerical analysis results for the models with and
without roofs. The results in Fig. 12 were normalized
by dividing each by the respective maximum value.
Fig. 12 reveals that for Pillars e, k, and 1, located
southeast of the center of the structure, the rain
exposure in the roofed model is less than that in the
unroofed model, aligning more closely with the rain
exposure test results. However, Fig. 12(a) indicates
that the analytical results for Pillars b and ¢ on the north
side exceed the experimental results, while those for
Pillars d and j on the west side fall below the

1.2 N S mmExposure test results
1 === ——Roofted model
- —+—Roof less model
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© 80.6
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0

a b ¢ d e f g h i j k |
XExposure test results for Pillar f, g h and i are missing

(a) North face
Fig. 12 Analysis results and rain exposure test result

Amount of rain

experimental results. This discrepancy could be
attributed to the prevailing wind conditions during the
rain exposure test, which were more westerly than the
average wind speed utilized in the analysis. In
conclusion, employing an analytical model that more
closely mirrors the actual structure enables a more
accurate replication of the rain exposure conditions.

4.2 COMPARISON WITH AND WITHOUT
CONSIDERATION OF RAINDROPS

Fig. 13 displays the results of the airborne chloride
analysis, considering both the scenarios with and
without the effects of rain exposure. This figure also
compares these analytical results to those obtained
from exposure tests conducted on the specimens. The
analysis was based on a model equipped with a roof,
employing a 25 mm grid and utilizing 20k particles in
the wind velocity field analysis. In Fig. 13, 14, and 15
(presented in the subsequent section), the exposure test
results are averaged over four periods, and each set of
analysis and exposure test results is normalized by
dividing by the maximum value.

In Fig. 13(a), for Pillars a, b, and ¢ on the north side,
the analytical results that do not consider the washout
effect of rain exposure are significantly higher than the
exposure test results. In contrast, the results that
account for rain exposure closely align with the
exposure test results. However, for Pillars k and 1 on
the south side, the analytical results, whether
considering rain exposure or not, consistently exceed
the exposure test results. This discrepancy could be
due to the indirect washout effects of rain on the roof
and beams, which subsequently affect the pillars.
Similarly, on the west face as shown in Fig. 13(b),
accounting for rain exposure yields satisfactory results
for Pillars a, d, g, and j on the west side.

4.3 Comparison by minimum grid spacing and
number of airborne chloride particles
Fig. 14 shows the results of the analysis using 50 mm
and 25 mm grid spacings. Focusing on the north face
in Fig. 14(a), the results using the 50 mm grid are
consistently satisfactory. However, for the 25 mm grid,
deviations from the exposure test results, particularly
for pillars k and 1 on the south side, are noted. On the
west face, shown in Fig. 14(b), the discrepancies with
the exposure test results tend to be greater than those
for the north face, with significant deviations noted in
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the analytical results for the 50 mm grid, particularly
for pillars b, h, and c.

Fig. 15 examines the results for 20k and 60k particles,
revealing minimal differences between the results for
the north and west faces. This indicates that, within the
scope of this study, a particle inflow rate of
approximately 20,000 particles per second is sufficient
from a computational speed perspective.

Fig. 16 shows the results of the wind velocity field
analysis across eight patterns, varying in minimum
grid spacing and number of inflow particles, alongside
a scatter plot of the exposure test results. The figure
also includes the root-mean-square-error (RMSE). The
analysis for the north face shows less variation with the
50 mm grid compared with the 25 mm grid, regardless
of the number of airborne chloride particles.
Conversely, the 25 mm grid exhibits smaller scatter on
the west face. In terms of RMSE, the 25 mm grid
achieves a smaller error range (0.16—0.20) compared
with the 50 mm grid (0.09-0.25), suggesting that a 25
mm minimum grid spacing offers greater stability.
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Amount of Chloride
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In conclusion, the analysis in this study indicates that
25mm grid spacing is more stable than 50mm grid
spacing. However, a minimum lattice spacing smaller
than 25 mm has not been studied. Therefore, the
optimal value of the minimum lattice spacing in this
analysis will be studied in the future. In addition, the
model of the structure and surrounding topography
used in this study is simplified, and it is necessary to
study the influence on the analysis results by
improving the reproducibility of the model.

Future plans include further study of the analytical
model and conditions to improve the accuracy and
stability of the results.

5. CONCLUSIONS

The key findings of this study are summarized as

follows:

(1) The trends in adhered chloride observed on the
north and west faces of the structure during each
period of exposure tests displayed similar patterns,
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Fig. 14 Differences in analysis results depending on the number of particles
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Fig. 16 Comparison of the results of each analysis

although certain variations were noted.

(2) Rain exposure tests utilizing water-sensitive paper
revealed that rain exposure conditions varied
depending on the location of the pillars and the
prevailing wind conditions. The rain exposure
analysis further confirmed that the model with a
roof more accurately captured the trend of the
exposure test results compared with the model
without a roof.

(3) In the analysis of airborne chloride, considering the
wind direction ratio and rain exposure, the results
were more consistent with the exposure test results
when rain exposure was considered. The optimal
number of inflow particles for airborne chloride
should be approximately 20,000 particles per
second.

(4) Regarding the minimum grid spacing in the wind
field analysis, the 50 mm grid performed best for
the north direction but was the least accurate for the
west direction. In contrast, the 25 mm grid
demonstrated stable analysis results with minimal
variation in both the north and west directions.

Future research will focus on refining the analytical

model and conditions to enhance both the accuracy and

stability of the results.
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ABSTRACT:

This study presents a new CCUS method, which uses potassium glycine (KG) solution to capture CO> derived from
industrial flue gases and sequesters the COz in wollastonite by mineralization-desorption, thus achieving the cyclic
regeneration of KG absorbent and the activation of wollastonite. The results confirm the favorable absorption capacity
and desorption efficiency of this method, with the COz cyclic capacity of KG absorbent up to 0.47 mol/mol. The
presence of COz-rich KG significantly improved the activity of carbonated wollastonite, resulting in decreased critical
and median pore diameters and a 25—30% increase in compressive strength of cement paste. Two mechanism were
proposed: The metastable CaCOs in wollastonite enhance the microstructure of cement matrix; The carbamate in CO»-
rich KG induced the formation of inorganic-organic composites with better mechanical performance.

Keywords: wollastonite, potassium glycine, mineralization, calcium carbonate, cement paste.

1. INTRODUCTION

It is generally believed that excessive emissions of
greenhouse gases, represented by carbon dioxide (COz),
are contributing to the growing concern about global
warming. The increase in atmospheric carbon dioxide
concentration of about 48% since the industrial
revolution has led to a global average temperature rise of
0.95—1.2 °C [1]. The CO2 absorbent is one of the most
effective CCUS methods that can be installed in the
industrial plants to eliminate or reduce CO: in flue gas.
Amine-based absorbents, such as mono-ethanolamine
(MEA), are widely utilized for this purpose [2]. However,
though possessing the advantages of low cost and ideal
absorption capacity, these alkanolamines still have
crucial problems such as the corrosivity, volatility and
toxicity, especially during their oxidative degradation
process occurring in flue gas [3]. In contrast to MEA,
amino acid salts have better environmental impact, lower
volatility, higher oxygen stability, and similar COz
absorption capacity.

Another concern with amine-based absorbents is the
energy consumption during the desorption process.
Thermal desorption is the most common method used to
regenerate amine-based absorbents. The COz-rich
solution is pumped into a desorber at temperatures above
80 °C to release the CO:z so that it can be reused for CO2
capture. This is the most energy-intensive step in CO2
capture, accounting for about 70-80% of the total energy
consumption, and the high temperature accelerates the
oxidative degradation of the absorbent. In consequence,
mineralization-desorption was proposed for both amine-
based and amino acid salt-based absorbents. In this
method, calcium or magnesium minerals were utilized to
introduce Ca?" and Mg*" into the COq-rich solution,
causing calcium and magnesium carbonates to
precipitate. The absorbent is thus regenerated chemically
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instead of thermally [4]. This technology has a great
potential as an approach for the disposal of industrial
solid wastes containing calcium and magnesium oxides,
including cement kiln dust, steel slag, and high-calcium
fly ash [5].

Wollastonite, theoretically composed of CaO-SiO: (CS),
is a natural white-colored mineral that is abundantly
available in China, India, Kazakhstan, the US, Mexico,
and other countries. In the last decade, wollastonite has
been utilized as a mineral admixture in concrete. Taking
advantage of the carbonate precipitation process, the
non-hydraulic wollastonite can be used as a low-carbon
binder in concrete via CO2 mineralization reactions.

2. EXPERIMENTS
2.1 RAW MATERIALS

The Portland Cement (P.I. 42.5) used had a density of
3.15 g/cm3 and a specific surface area of 330.1 m2/kg.
Wollastonite purchased from Yanxi Mineral Products
Company in Hubei Province of China was used. The
superplasticizer used was polycarboxylate-based with a
water reduction rate of 35%. Glycine and potassium
hydroxide (KOH) were purchased from J&K Scientific
Ltd. The KG (NH2CH2COOK) solution was prepared
with equimolar amounts of glycine and KOH in
deionized water.

2.2 ABSORPTION AND MINERALIZATION

The absorption and mineralization-desorption tests were
conducted in the reaction vessel shown in Fig. 1. The
reaction gas is a heated gas mixture containing 20% COz
in No. The reaction gas was pumped through aqueous
KG solution (3 mol/L) at a flow rate of 0.5 L/min. The
temperature of the reaction vessel was maintained at
40 °C by a water bath. The CO: concentration at the
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outlet was monitored every 10 s using a Gasboard-3100P
gas analyzer. The pumping of the reaction gas was
terminated when the CO2 concentration of outlet and
inlet was equal. During CO2 absorption, the solution
samples were extracted at selected times. Hydrochloric
acid titration was used to determine the quantity of CO2
uptake by the KG solution as a function of absorption
duration.

For the mineralization-desorption  experiment,
wollastonite was added in the KG solution that had
absorbed CO2 with a liquid-solid ratio of 6 mL/g and
continuously mixed by the stirrer. Then, the solid and
liquid phases were separated using a vacuum filter. In
addition, as a comparison, the conventional carbonated
wollastonite was also prepared: wollastonite aqueous
solution at a liquid-solid ratio of 0.1 mL/g was spread
into a very thin layer and placed in a carbonation
chamber to be CO2 exposed for 24 h. The CO:
concentration was kept at 20%. More details of the
conventional carbonation regime can be found in
previous works [Q].

lyzer water inlet

Gas anal

Thermal probe

g

Water bath

Fig. 1 Schematic diagram of CO, absorption

Gas humidification

2.3 SPECIMENS PREPARATION

The cement paste specimens were prepared in three
groups, including the control group, the group
incorporating conventional carbonated wollastonite
(PC-WC), and the group incorporating KG-carbonated
wollastonite (PC-WKC). The mix proportions are shown
in Table 1. The pastes were molded into the 4040 X
160 mm3 molds and then cured at 20 ° C for 24 hours.
Afterwards, the specimens were demolded and cured at
standard curing environment (201 ° C, RH>95%)).

Table 1 Mix proportion of cement paste
PC We Wke

Mixture (%) (%) (%) Water/Binder
Cg‘;gggl 100 0 0

PC-We 80 20 0 0.35
PC-Wixc 80 0 20

2.3 TESTING METHODS

The *C NMR of the KG solution was performed using
an Advance III NMR spectrometer (Bruker). The sample
solutions were spiked with 5 vol% D20 in quartz tubes
to obtain a signal lock. The NMR spectra were collected
at the frequency of 100.62 MHz for *C, with the pulse
program of zgig30. The acquisition time and the
relaxation delay were 1.36 s and 50 s, respectively.

The FTIR tests of wollastonite samples adopted wave
number ranges of 4000-500 cm-1 with the resolution of

2 cm-1. An averaging 64 scans for each measurement
was adopted. The wollastonite samples were collected
after different durations of mineralization-desorption in
KG solution.

The XRD test samples were scanned using the a Bruker
D8 Advanced X-ray diffractometer in the 20 angle range
of 5°— 60° with Cu-Ka radiation. The scan speed and
step were 5°/min and 0.02°, respectively. 10 wt% of
corundum as an internal standard was mixed with the
dried wollastonite samples. Peak functions based on
XRD patterns and the crystal structure parameters were
used to identify the contents of different crystals. 67

TG test was conducted to determine the CO2 uptake and
mineralization efficiency of wollastonite using a TA
Discovery SDT 650 simultaneous thermal analyzer
under nitrogen atmosphere. The resolution and the
heating rate were 0.1 pg and 10 °C/min, respectively. For
a portion of samples, a NETZSCH STA 449 F3 Jupiter
Synchro Thermal Analyzer was used to combine the TG
with a mass spectrometer (MS).

The pore structure of paste samples was measured with
a mercury intrusion porosimeter (AutoPore IV 9510).
The pressures ranged from 0 to 60,000 psi. 3 to 5 mm-
size granular samples were cored from the center of the
cement paste specimens and soaked in pure ethanol.
Flexural and compressive strength tests were determined
in accordance with ASTM C78 and ASTM C109. Three
prism specimens were prepared for three-point bending
test at a loading rate of 1.2 MPa/min and the average
value was recorded. Compressive strength was measured
on six samples produced from the fractured flexural
specimens at a loading rate of 1.8 kN/s and the average
value was recorded.

3. RESULTS
3.1 ABSORPTION AND DESORPTION
BEHAVIOR OF KG SOLUTION

The concentration of dissolved coz in the KG solution
versus pH value is shown in Fig. 2. The initial
equilibrium in the aqueous KG solution can be described
by Eq. (1). At this point, the pH of the KG solution is
equal to 13.8. As the introduction of CO2, the pH
decreases, whereas the CO:> absorbed in solution
increases rapidly during the first 30 min. Then, the
absorption rate starts to slow down. Eventually, the
equilibrium is reached at a CO2 concentration of 0.76
mol/mol and the pH value of 10.88. It can be concluded
that the solubility of COzin KG solution is close to the
current major amine-based CO: absorbents, such as
MEA [7].

NH,CH,COOK~+H,0 «— NH;CH,COOK +OH )
During the mineralization-desorption experiment, the
introduction of wollastonite lead to a decrease of CO2
absorbed in the KG solution. The CO3 and HCO; in
COz-rich KG solution react with Ca*" dissolved from
wollastonite to form CaCOs. The mineralization-
desorption process reaches equilibrium at a COs
concentration of 0.29 mol/mol and the pH of 10.88. The
COz cyclic capacity, i.e. the difference in COz loading
before and after desorption, is equal to 0.47 mol/mol.
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Fig. 2 CO, uptake versus pH value for absorption and
mineralization-desorption process

The state of carbon nuclei in the KG solution during CO»
absorption and mineralization-desorption is
quantitatively measured by '*C NMR spectroscopy. In
COz-rich KG solution, three chemical species can be
recognized by !*C NMR, including KG/KGH'
(corresponding to NH,CH,COOK and
NH;CH,COOK), carbamate (NHCO,CH,COOK), and
carbonate/bicarbonate (CO%' and HCO3). The peaks Ci,
Cs, and Cs correspond to different carbon signals of the
carbamate, so they should have the same integration area
in theory. The same applies to the peaks C: and Cs
(corresponding to the carbon signals of KG/KGHY).
Based on stoichiometry, the sum of C: and C: is equal to
the initial content of KG, and we can obtain the relative
content of the following chemical species (mol/mol
KG):

Carbamate content=C/(C,+C,) 2)

CO%/HCO; content=C4/(C,+Cy) (3)
Combined with the absorbed CO: measured by the
titration, the relative contents of carbamate and
CO} / HCO; during the mineralization-desorption
process can be calculated, as shown in Fig. 3. At the
beginning of mineralization-desorption, carbamate and
CO%’/HCO; coexist in the COz-rich KG solution with the
concentrations of 0.36 mol/mol and 0.4 mol/mol,
respectively. With the introduction of wollastonite, the
content of CO3/HCO; decreases significantly, while the
content of carbamate increases in the first 30 min. Then,
with a continuous increase in pH, the decrease in content
of CO%'/HCO; slows down, while the carbamate reaches
the maximum and then begins to decrease. After about
120 min of mineralization-desorption, the content of
CO%’/HCO; decreases to almost zero, and the content of
carbamate gradually stabilizes at about 0.29 mol/mol.
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Fig. 3 Carbamate, CO3 /HCO3, and pH versus time during
mineralization desorption

The reaction mechanics of COz-rich amino acid salt
absorbents and calcium ions has been discussed in
several literatures. The mineralization-desorption
process is characterized by three stages. First, Stage I
corresponds to the first 30 min during which the pH
value increases from 8.5 to 10.1. The introduction of
wollastonite leads to a significant reduction of
CO3/HCO; as a result of the following reactions:
CaSi0;+CO3+H,0 —> CaCO;+Si0, xH,0+OH" “)
HCO;+OH — CO3 +H,0 Q)

At the same time, the content of carbamate increases. Li
et al. [8] proposed a mechanism to explain this
phenomenon:

NH;CH,COOK+HCO3+0H™ - NHCOO CH,COOK +H,0  (6)
The decrease in CO3 /HCO; is about three times of the
increase in carbamate. It indicates that about two-thirds
of CO%' /HCOj5 consumed in this stage reacts with
wollastonite to form CaCOs, while the other third is
involved in the formation of carbamate.

Stage II is corresponding to 30—120 min, during which
the pH increases from 10.1 to 10.77. The CO%’/HCO;
concentration continues to decline, but apparently at a
slower rate. The carbamate concentration also begins to
decrease after reaching the maximum value. During this
period, the reaction mechanism in Eq (6) stopped. Due
to the increase in pH, the following reaction begins to
take place in the system. The reduction of carbamate can
be attributed to its reaction with Ca?* to form the same
moles of KG and CaCOs.

KO,CCH,NHCOO +Ca**+OH" - KO,CCH,NH,+CaCO;  (7)
In stage III, the pH increases from 10.77 to 10.98. The
CO%’/HCO; concentration becomes stabilized and the
reduction of carbamate slows down. After 180 min of
mineralization-desorption, the final concentrations of
CO%'/HCO; and carbamate are 0.01 mol/mol and 0.28
mol/mol, respectively. It indicates that the CO2 absorbed
in CO3 /HCO; is more easily released than that in
carbamate. The CO: cyclic capacity of the KG solution
is dominated by the reduction of CO%'/HCO;.

3.2 CARBONATION
WOLLASTONITE

BEHAVIOR OF

FTIR tests were conducted to determine the
polycrystalline of the calcite carbonates generated in
the KG-carbonated wollastonite composites. As seen
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in the FTIR spectra of KG-carbonated wollastonite
with different mineralization-desorption durations in
Fig. 4, in which aragonite, vaterite and calcite, are
abbreviated as, A, V and C, respectively. The
asymmetrical stretching vibration of the Si-O bond
(v3) appears as a broad absorption band between 900
cm” and 1100 cm™! [9]. The medium intensity band
around 800 cm™' responds to the symmetric stretching
vibrations of Si-O bond (v2 and v4), and the signal at
about 960 cm™ is attributed to stretching vibrations of
the Si-OH group [10]. As mineralization-desorption
progresses, the intensity of the v increases and shifts
to a higher wavenumber, indicating that the
progressive decalcification of wollastonite facilitates
the polymerization of silicate. The absorption bands
of CaCOs are as follow: The symmetric stretching (vi)
of carbonate at around 1080 cm™, the in-plane and
out-plane bending (v> and v4) at around 870 cm™ and
720 cm’!, and the stretching vibration (v3) located at
around 1450 cm™.

It can be observed from Fig. 4 that the v4 peak at 712 cm’
! is absent or minimal during the first 20 min. This
characteristic in-plane bending for calcite appears after
30 min of mineralization-desorption. The presence of the
peak at 876 cm™! is an indicative of vaterite formation in
the system from the beginning of desorption. The split
peak at around 1420—1480 cm! indicates the presence
of ACC. This split vs peak is arise from the lack of
symmetry around the carbonates. The presence of the
aragonite characteristic peak is not significant in the
spectra throughout the desorption process. Therefore, it
can be concluded that vaterite and ACC are the primary
CaCOs polymorphs in the KG-wollastonite system
during the early stage. After 30 min of desorption, the
characteristic calcite peak at 712 cm™! begins to increase
significantly. A number of literatures prove that in the
absence of amino acid salts, either in gas-solid or liquid-
solid systems, the polymorphs CaCOs produced by
calcium silicates and CO: are primarily calcite. KG
resulted in a reduction of the calcite content and stabilize
the metastable vaterite and ACC, especially in the early
stage.
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Fig. 4 FTIR spectra of wollastonite undergone different
duration of mineralization-desorption

XRD patterns of KG-carbonated wollastonite are shown
in Fig. 5 (a). XRD patterns present similar phenomena to
FTIR, that is, the calcite content is relatively low in the
early mineralization-desorption. The presence of vaterite

in the system is also verified. XRD Rietveld refinement
is conducted to determine the quantitative proportion of
different CaCOs polymorphs, as seen in Fig. 5 (b). In
addition to unreacted wollastonite, the calcite, aragonite,
vaterite, and some amorphous phases are detected. The
amorphous phases mainly contain C-S-H, silica gel, and
ACC. During the first 30 min of mineralization
desorption, the proportion of vaterite is significantly
higher than the other two crystalline CaCOs3 polymorphs,
reaching 10.3%. At this moment, the content of calcite is
just 4.9%. After 30 min, the rate of vaterite formation
declined, meanwhile, the content of calcite keeps
increasing. At the end of the desorption, the calcite
content outweighs the vaterite, being 14.5% and 12.7%,
respectively. The content of aragonite is consistently
kept at a low level, less than 5%, which is also consistent
with the FTIR results. In such a KG-wollastonite system,
more than 60% of wollastonite is consumed within 180

min.
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Fig. 5 XRD patterns and phase proportions of wollastonite

The derivative weight loss curves of wollastonite after
different durations of KG-carbonation are presented in
Fig. 6. There are three apparent peaks in the ranges of
220—400 °C, 640—720 °C, and 800—950 °C,
respectively. Among them, the peak at 640—720 °C can
be observed commonly in the derivative weight loss
curve of carbonated calcium silicate minerals,
corresponding to the calcite. However, the other two
peaks are less common in the carbonation of
cementitious materials. TG equipped mass spectrometry
(MS) is applied to 20 min KG-carbonated wollastonite
as shown at the bottom of Fig. 6. The MS result indicates
that the weight loss in the range from 220 °C to 400 °C
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is mainly due to the decomposition of chemically bound
water. Generally, the C-S-H or Ca-modified silica gel
without aluminum would remove the bound water below
200 °C. Therefore, we surmise this peak of bound water
is induced by dehydration of ACC. It has been reported
that water is clearly involved in most of the stable phases
of ACC [11]. The presence of water in ACC located in
the coordination sphere round calcium ions prevents the
reorganization into stable crystalline anhydrous phases.
In addition, this weight loss between 220 °C and 400 °C
may also be partly due to the decomposition of residual
organics [12]. The decomposition of CO> causes a
gradual decline and two sharp decline of weight, located
at 400—600 °C, 600—700 °C, and 850—950 °C. The
gradual weight loss between 400—600 °C can be
identified as decomposition of ACC and vaterite,
because these CaCO3 polymorphs are less crystalline.
The first sharp weight loss peak between 600—700 °C
can be attributed to the decomposition of recrystallized
calcite. The less than perfect crystalline state and higher
dispersion of this kind of the calcite make it less
thermally stable. [13]. The second sharp weight loss
occurs between 850—950 °C, with peaking at
approximately 900 °C, which is corresponding to well-
crystallized calcite decomposing. In previous studies on
the production of calcite by carbonation of various
calcium silicates without amino acid salt, the
decomposition temperatures of calcite were mostly
around 800 °C [14], which is much lower than the
findings in this research. On the one hand, it may be due
to the fact that the presence of the organic compounds
modifies the crystal structure of calcite, resulting in
better thermostability. Kim et al. [15] have proved that
polar amino acids can participate the precipitation of
calcite to form an inorganic-organic composite
biomineral-like mineral, possessing significantly
enhanced hardness and covalent bonds strength. On the
other hand, with the presence of KG, significantly more
COz is dissolved in the solid-liquid reaction system
compared to pure water, which may accelerate the
carbonation rate of wollastonite and improve the crystal
structure.
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Fig. 6 Derivative weight loss curves of wollastonite after
different durations of desorption

3.3 PORE STRUCTURE AND STRENGTH OF
CEMENT PASTE CONTAINING WOLLASTONITE

The MIP results shows the pore structure of the cement
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paste samples, as seen in Fig. 7. The porosity of PC-WC
increases by 5.74% compared to the control group. The
proportion of large capillary pores, the critical pore
diameter, and the median pore diameter of PC-WC are
also higher. As for the cement paste containing 20% KG-
carbonated wollastonite, the porosity increases by 2.68%
compared to the control group, but the critical pore
diameter and the median pore diameter are close to the
control group. The fraction of large pores is even slightly

lower.

25 400
[ d<50 nm [ 50 nm=d<200 nm [ ¢2200 nm
[—=— Critical pore diameter —®— Median pore diameter

Porosity (%)
Pore diameter (nm)

Control batch PC-W,
Fig. 7 Pore structure of cement paste containing carbonated
wollastonite

PC-W,

The flexural and compressive strengths of the control
group, PC-WC, and PC-WKC are shown in Fig. 8. As
shown in Fig. 8 (a), addition of WC reduces the
compressive strength of the cement paste at all ages, in
contrast to the control group. This reduction varies from
23% to 12.4% with increasing age. The 3-d compressive
strength of PC-WKC is lowest of the three groups,
decreasing by 26.1% compared to the control group.
However, the compressive strength of PC-WKC
specimens increases more rapidly after 3 d. The 7 d
compressive strength of PC-WKC —is significantly
higher than PC-WC and is similar to the control group.
At 28 d and 56 d, the compressive strength of PC-WKC
becomes the highest of the three groups, being 9.2% and
10.7% higher than the control group. For the flexural
strength of the specimens shown in Fig. 8 (b), the
scenario is somewhat similar. At the early age, the PC-
WC and the PC-WKC have comparable flexural
strengths, both lower than the control group. When the
age exceeds 7 d, the flexural strength of PC-WKC
becomes higher than that of PC-WC, though still lower
than that of the control group.
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Fig. 8 The compressive and flexural strengths of cement paste
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4. DISSCUSION

As can be seen in Section 3, the KG-carbonated
wollastonite contains considerable amounts of
metastable CaCOs, mainly in the forms of ACC and
vaterite. The formation of these metastable CaCOs
polymorphs has similarities to the biomineralization
process. Amino acids can be bound to the nucleus
surface by interactions between their negatively-charged
carboxyl groups and Ca' ions, thereby retarding the
crystallization kinetics of calcite. [16]. In the KG-
wollastonite system, this role of calcite inhibitor is taken
over by the carbamate ( NHCO,CH,COOK). It is
indicated in Fig.3, nearly half of the CO2 is immobilized
in the form of carboxyl group in carbamate during the
COz absorption process. As mentioned above in Eq. (8),
the mineralization of carbamate with Ca?" requires the
participation of OH". In the early stage of desorption,
because of the relatively low pH of the solution, this
mineralization reaction between carbamate and Ca?'
would not occur. Instead, carbamate is adsorbed onto the
surface of these metastable CaCOs polymorphs,
retarding the dissolution-recrystallization of metastable
CaCOs into calcite [17], as shown in Fig. 9 (a). As
mineralization-desorption progresses, the pH value
increases from 8.5 to 10.1. The carbamate content
reaches its maximum through the mechanism in Eq. (7)
while the CO%’/ HCO5 content decreases dramatically.
After that, the carbamate begins to react with calcium
ions and the inhibition of calcite precipitation decreases,
resulting in a rapid increase in calcite content.

Compared to the conventional carbonated wollastonite,
the addition of KG-carbonated wollastonite results in
higher strength and improved pore structure of cement
paste. Two possible reasons are proposed for this
phenomenon. Firstly, higher pH of the cement paste may
lead to further consumption of the carbamate adsorbed
on the surface of the metastable CaCOs, so that the
metastable CaCOs begins to transform into calcite. This
process may have filling and binding effects on the
defects in cement matrix, as shown in Fig. 9 (b).
Secondly, the inorganic-organic nanocomposites possess
remarkable mechanical performance [18]. The hardness
of the inorganic-organic nanocomposites is almost twice
that of pure calcite, which consequently increases the

strength of the cement paste.
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5. CONCLUSION

In this study, the wollastonite was used for the
mineralization-desorption of potassium glycine (KG)
COz absorbent and also as a mineral admixture capable
of sequestering CO». According to the results of this
research, the conclusions can be derived as follows:

(1) 3 mol/L KG as the CO: absorbent possesses the
equilibrium CO2 concentration of (.76 mol/mol,
including 0.4 mol/mol in carbonate/bicarbonate and 0.36
mol/mol in carbamate. At atmospheric pressure and
40 °C, the CO: cyclic capacity of the KG absorbent is up
to 0.47 mol/mol. It is comparable to the absorption and
desorption efficiencies of the widely used MEA
absorbent combined with thermal desorption.

(2) Carbonation of wollastonite in COz-rich KG solution
results in the stabilization of metastable CaCOs in the
early stage, generating amorphous calcium carbonate
(ACC) and vaterite. In the later stage of mineralization-
desorption, calcite is no longer inhibited to precipitate
and its content increases rapidly.

(3) The KG-carbonated wollastonite contains a portion
of calcite with higher thermal stability, with the
decomposition temperature of 850—950 °C. It may be
attributed to the improvement of the calcite crystal
structure by COz-rich KG solution, forming an
inorganic-organic composite mineral with higher
thermal stability and favorable mechanical properties.
(4) As a result of the presence of wollastonite, the
porosity of the cement paste increases. But KG-
carbonated wollastonite can also decrease the critical
and median pore sizes as well as reduce the fraction of
large pores.

(5) Addition of KG-carbonated wollastonite decreases 3
d compressive and flexural strengths of the cement paste.
However, the strength of cement paste incorporating
KG-carbonated wollastonite exceeds or approaches that
of the plain cement paste after 7 d. It may be due to the
dissolution-recrystallization of the metastable CaCOs
occurs in cement paste, filling and repairing the defects.
In conclusion, this study demonstrated through
experimental results that KG absorbent combined with
mineralization-desorption using wollastonite can be a
potential method for COz capture and storage, and the
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KG-carbonated wollastonite can be an ideal mineral
admixture. Nevertheless, further studies are needed to
further elaborate on the mechanism of stabilization of
metastable CaCOs and its enhancement on strength and
pore structure.
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ABSTRACT:

The objective of this study was to evaluate the physical properties of precast concrete using stainless steel slag,
combined heat and power plant fly ash, and return dust, which are industrial by-products. Furthermore, the optimal
utilization of these industrial by-products within the context of this study was evaluated based on the results of
physical characteristics. The strength development at an early age was found to be particularly noteworthy at 10% of
the amount of industrial by-products utilized. XRD and SEM analysis indicate that the incorporation of industrial
by-products facilitates the generation of hydration products that affect concrete strength through steam curing.
Consequently, in consideration of the characteristics and workability of precast concrete, which necessitates rapid
strength development, the optimal usage of industrial by-products is believed to be approximately 10%.

Keywords: industrial by-product, precast concrete, physical properties, optimal usage

1. INTRODUCTION

reduction is anticipated to assume a pivotal role in the
future of the construction industry [6—10]. It has been

In recent years, the carbon neutrality movement has
been actively implemented worldwide with the
objective of reducing carbon dioxide (CO2) emissions,
which constitute the primary cause of global warming
[1]. In South Korea, considerable efforts have been
made to reduce greenhouse gas (GHG) emissions,
including an increase in the 2030 Nationally
Determined Contribution (NDC) to 30% [2,3]. GHG
reduction is a response to climate change. However, the
impact and damage of climate change caused by GHG
emissions in the past are expected to last for the next
50-200 years [4]. In particular, the construction
industry, which accounts for approximately 40% of all
CO: gas emissions, is closely related to climate change,
including global warming [5]. Consequently, GHG

reported that carbon dioxide emissions from the
production and manufacture of Ordinary Portland
Cement, the main component of concrete, account for
approximately 5% of global carbon dioxide emissions.
At present, the reduction of carbon dioxide emissions
from the production and manufacture of cement is a
matter of urgent priority. This is a matter of significant
concern within the construction industry [11].

As part of a plan to reduce carbon dioxide emissions,
research is being conducted on the use of industrial by-
products as substitutes for cement. These by-products
include ground granulated blast furnace slag and fly ash,
and their application to actual sites is achieving
significant results in reducing carbon dioxide emissions.
The annual volume of blast furnace slag is about
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Table 1. Mix proportion
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a) Polycarbonate superplasticizer, b) Ground granulated blast furnace slag

c¢) Stainless steel slag, d) Combined heat power plant ash

12 million tons, while the annual volume of fly ash is
approximately 8 million tons. Given the considerable
quantity of materials generated, numerous related
studies have been conducted. However, the industrial
by-products to be utilized in this study are not materials
that have received significant attention in the literature.

It is generally understood that the production of one
ton of stainless steel products generates one ton of
Combined heat power plant ash has an annual
production volume of approximately 600,000 to 1
million tons, representing approximately 8 to 15% of
fly ash production. Return dust is an industrial
byproduct generated during the manufacturing process
of cement-based products. The amount generated is
relatively small, which has resulted in a shortage of
refining facilities. Consequently, most of them are
disposed of through subcontractors, which has led to
disposal problems such as illegal disposal. Therefore, it
is imperative to prepare alternatives.

Furthermore, a considerable quantity of carbon
dioxide is produced not only during the production of
cement but also throughout the process of constructing
and demolishing buildings. It has been reported that
approximately 14% of carbon dioxide is generated
during the installation and dismantling of formwork for
pouring concrete. Consequently, the generation of
carbon dioxide emissions in the field is also regarded as
a significant concern that cannot be disregarded [12].
Consequently, the manufacturing of concrete
components, such as columns, beams, slabs, and walls,
in advance at a factory and subsequent transportation to
the construction site, followed by assembly and
installation, is attracting attention. The use of precast
concrete has the advantage of reducing the construction
period and associated costs when compared to the
existing method of manufacturing formwork on site,
pouring concrete, and then curing it. The research and
development of precast concrete is currently being
actively pursued due to the potential for reducing the
environmental impact of the construction process. This
can be achieved by reducing on-site waste and carbon
dioxide emissions.

The objective of this study is to utilize industrial by-
products as a cement substitute to address the
aforementioned issues. Accordingly, we present basic
data on the application of industrial by-products,
specifically the optimal usage amount of STS slag,
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Figure 1. Steam curing process

2

combined heat power plant ash, and return dust in
cementless precast concrete based on ground granulated
blast furnace slag and natural gypsum. In order to
achieve this objective, the physical properties of precast
concrete were evaluated according to changes in the
mixing ratio of each material (stainless steel slag,
combined heat power plant ash, and return dust) in
order to ascertain the optimal usage amount.

2. EXPERIMENTAL PLAN AND MATERIALS
2.1 MIX PROPORTION

Table 1 presents the mix proportion table of this
study. Following several mixing experiments and an
analysis of existing research, the water/binder ratio
(W/B) was set at 35.0% and the fine aggregate ratio
(S/a) was set at 46.5% [13-14]. The ratio of natural
gypsum was set at 40% for the binder, with the
amounts of stainless steel slag, combined heat power
plant ash, and return dust set at 0%, 10%, and 20%,
respectively. The ratio of ground granulated blast
furnace slag was then adjusted accordingly.

2.2 CURING CONDITIONS

Following the casting process, all specimens were
subjected to steam curing in accordance with the
conditions depicted in Figure 1. The specimen was
cured at 40°C for 2 hours, and the temperature
gradually increased at a rate of 5~10°C/h. The
specimens were kept at a constant temperature of 55°C
for 4 hours. The specimens were then cooled at a rate of
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Table 2. Chemical compositions and physical properties of the used materials

T Chemical compositions (%) Density Blaine
ype Ca0 S0,  ALO;  MgO SOs  MnO F Fe0s  (gem®)  (cm¥g)
STS slag? 57.5 29.0 1.99 4.73 0.33 0.93 243 - 3.06 2261
CHPPAY 28.2 27.0 14.0 4.98 9.42 0.19 - 13.3 2.75 5651
Return dust 63.8 22.1 6.76 0.92 433 - 0.59 0.36 2.67 6824
a) Stainless steel slag, b) Combined heat power plant ash
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Figure 2. Slump test

15°C/h. Following demolding, the specimens were
subjected to standard curing conditions (20 + 2°C, RH
95%) for 1, 7, and 14 days.

2.3 MATERIALS USED

The density and fineness of the stainless steel slag,
combined heat power plant ash, and return dust utilized
in the experiment are presented in Table 2. Additionally,
the XRF (X-ray fluorescence analysis) analysis
outcomes are displayed. As a consequence of the
chemical composition analysis of stainless steel slag,
the CaO content was identified to be higher than that of
the commonly utilized ground granulated blast furnace
slag. Consequently, difficulties have been reported in
using concrete due to volume expansion problems [15-
17]. The combined heat power plant ash was found to
have a higher CaO content than the chemical
composition of commonly used fly ash. According to
existing research, it is known that the CaO content is
high due to the desulfurization reaction. Furthermore, it
has been reported that the SiO: content is relatively low
compared to that of fly ash, indicating both latent
hydraulic and pozzolanic reactivity [18-19]. The return
dust was found to have a significantly higher CaO
content. Consequently, it can be reasonably assumed
that reactivity with SOs can be expected. The industrial
by-products contain chemical components that
constitute cement, including SiO2, AlOs, and Fe20s.
Consequently, they are anticipated to function as a
binder that can substitute for cement. Consequently, in
this study, ground granulated blast furnace slag and
natural  gypsum, in  conjunction with  the
aforementioned industrial by-products, were employed
as binders. The aggregate was free of dust, dirt, and
impurities, and contained 0.9% of a polycarboxylate
superplasticizer. The experiment was conducted using
purified water that was free of oil, acid, alkali, and
other organic impurities.

Figure 3. Air content test
2.4 TEST METHOD

The basic properties of concrete were evaluated by
measuring slump and air content, in accordance with
the specifications of KS F 2402 and KS F 2421,
respectively. The target slump was set at 170mm, and
the target air content was set at 1.0% on the assumption
that no air-entraining agent was used in the concrete.

Compressive strength was measured according to KS
F 2405. The size of the specimen was @ 100 mm X 200
mm. Given the characteristics of precast concrete,
which is manufactured in a factory and requires rapid
strength development at an early age, measurements
were taken at 1, 7, and 14 days of age.

In addition, given the importance of early strength
development, scanning electron microscopy (SEM) and
X-ray diffraction (XRD) were performed at 1 and 7
days of age for microstructural analysis. The objective
was to examine the hydration products of STS slag,
combined heat power plant ash, and return dust, as well
as to assess the strength development characteristics in
relation to the amount of usage.

3. EXPERIMENTAL RESULTS AND DISCUSSION
3.1 SLUMP

Figure 2 presents the results of the slump test
conducted with the incorporation of stainless steel slag,
combined heat power plant ash, and return dust. The
slump test result of a mixture of blast furnace slag and
natural gypsum alone was 170mm. Both 10% and 20%
stainless steel slag usage were found to be 160mm. The
combined heat power plant ash was found to have a
slump value of 160mm and 100mm at 10% and 20%
usage, respectively. The return dust usage of 10% and
20% was measured at 170mm and 150mm, respectively.
With the exception of stainless steel slag, the slump
exhibited a downward trend as the usage of other
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Figure 5. XRD analysis

industrial by-products increased. Nevertheless, the
observed difference is not deemed to be significant. In
the case of combined heat power plant ash, a reduction
in slump of over 40% was observed at a usage level of
20%. Previous research suggests that this phenomenon
may be attributed to the observed increase in viscosity
and material separation resistance as the quantity of
combined heat power plant ash utilized in the mixture
is augmented [18]. Through this, it is judged that 10%
usage is the most appropriate regardless of the type of
industrial by-product.

3.2 AIR CONTENT

Figure 3 depicts the results of the air content test,
stratified according to the utilization of stainless steel
slag, combined heat power plant ash, and return dust.
The air content of the mixture comprising solely blast
furnace slag and natural gypsum was found to be within
the target range of 1.0%. The air content was found to
be 1.1% and 1.2% at 10% and 20% usage of stainless
steel slag, respectively. The combined heat power plant
ash was found to be 1.0% at both 10% and 20% usage.
The return dust was measured at 1.1% and 1.0% at
usage rates of 10% and 20%, respectively. No
significant differences were observed in the air content
in relation to the quantity of stainless steel slag,
combined heat power plant ash, and return dust utilized.
The air content when industrial by-products were
applied was found to be generally lower than the air
content measurement results obtained when mixing
only existing blast furnace slag and natural gypsum. It
is postulated that the fine powder of the industrial by-
products in question, which have an eclevated Blaine
value, absorbs entrained air, thus reducing the air
content.
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3.3 COMPREESIVE STRENGTH

Figure 4 presents the compressive strength test
results according to the usage amount and age of the
materials in question: stainless steel slag, combined
heat power plant ash, and return dust. The compressive
strength measurement results indicated that the strength
exhibited a tendency to increase as the aging period
increased. It was demonstrated that the compressive
strength of the specimen produced by the addition of
industrial by-products was superior to that of the
existing blast furnace slag and natural gypsum-based
specimens. Regardless of the type of industrial by-
product, the intensity at 1 and 7 days of age was found
to be relatively high at a usage of 10%. However, at 14
days of age, it was found to have slightly better strength
development performance in the range of stainless steel
slag and combined heat power plant ash usage of 20%,
although no significant difference was observed.
Regardless of the type of industrial by-product, a usage
rate of 10% is deemed appropriate, exhibiting a slight
decline in slump and remarkable strength development
performance regardless of age.

Accordingly, within the scope of this study, it is
determined that the most appropriate amount of
industrial by-products is 10%, taking into account
workability and the characteristics of precast concrete
that must be manufactured in a factory and rapidly
develop strength.

3.4 XRD(X-Ray Diffraction)

X-ray diffraction (XRD) analysis was conducted to
validate the hydration products generated within the
manufactured specimen. The XRD analysis results at 1
day and 7 days of age are presented in Figure 5.
Regardless of the industrial by-product utilized,
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Figure 6. SEM analysis (x 5,000)

components such as belite (y-C2S), calcite (CaCQOs),
and gehlenite (Ca:Al2SiO7) were observed to be
prominent peaks in all specimens. As evidenced by
existing studies, gehlenite (Ca2Al2Si07) plays a pivotal
role in the generation of hydration products, including
C-S-H gel, which is instrumental in the development of
concrete strength. This process involves the utilization
of industrial by-products, such as stainless steel slag,
combined heat power plant ash, and return dust, which
were previously difficult to employ as a concrete binder
due to issues such as volume expansion. These by-
products undergo steam curing to produce C-S-H gel,
Belite (y-C2S), and Calcite (CaCOs3). It is believed that
hydration products, such as gehlenite (Ca:ALSiOv),
could be generated as a result of this process.
Consequently, it is postulated that the generation of
hydration products that affect the strength of concrete
more efficiently has led to the achievement of excellent
results in strength development performance. However,
for a more quantitative evaluation, it is recommended
that additional QXRD analysis, such as Rietveld
analysis, be conducted.

3.5 SEM(Scanning Electron Microscope)

Figure 6 presents the results of the scanning electron
microscopy (SEM) analysis of the samples of stainless
steel slag, combined heat and power plant ash, and
return dust at the ages of one and seven days. In the
case of stainless steel slag, it contained a considerable
quantity of calcium oxide, which renders it unsuitable
for use in concrete due to the potential for volume
changes. However, when applied to precast concrete
manufactured in a factory through steam curing, it is
believed to have contributed to the development of
early-age strength by efficiently generating hydration
products at an early age. It is postulated that the

replacement of stainless steel slag in concrete will
result in a reduction of strength due to the generation of
voids resulting from the excessive production of
calcium carbonate and ettringite, expansive hydrates. In
the case of combined heat power plant ash, it is
hypothesized that the use of natural gypsum as a binder
through steam curing served to stimulate the
destruction of the passive film of blast furnace slag and
combined heat power plant ash. Consequently, it is
postulated that the internal hydration reaction was
facilitated, resulting in the production of hydrates such
as C-S-H and ettringite. Given that combined heat
power plant ash is known to exhibit both latent
hydraulic reactivity and pozzolanic reactivity, it is
postulated that the silicate material produced by the
pozzolanic reaction acts as a catalyst, facilitating the
bonding of combined heat power plant ash and thereby
promoting high strength development performance. In
the case of return dust, the calcium oxide content is
notably elevated, approaching that of stainless steel slag.
Consequently, it is postulated that when applied to
precast concrete undergoing steam curing, it facilitates
the hydration reaction and generates hydration products
with greater efficiency. It is postulated that the material
has contributed to the intensity of the initial age by
suppressing volume expansion.

4. CONCLUSIONS

The objective of this study was to assess the potential
of incorporating stainless steel slag, combined heat and
power plant ash, and return dust into cement-free
precast concrete based on blast furnace slag and natural
gypsum. To this end, we sought to evaluate the optimal
usage amount of each industrial by-product through
analysis of physical properties and microstructure. The
conclusion is as follows.
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(1) The results of the slump and air content tests
demonstrated excellent performance at 10% usage,
regardless of the type of industrial byproduct. The
compressive strength test results indicated that the
initial aging strength was relatively high at 10% usage.

(2) The XRD analysis revealed that industrial by-
products exhibited high strength development
performance, resulting in the generation of hydration
products that affect the strength of concrete, including
C-S-H gel and C2S, through steam curing.

(3) The results of the SEM analysis indicated that the
hydration products formed through steam curing of
stainless steel slag and return dust resolved the volume
expansion issue and contributed to the strength
development performance at an early age. The
combined heat and power plant ash has been
demonstrated to exhibit high strength development
performance, which is believed to be a consequence of
its ability to promote the creation of hydrates in
conjunction with natural gypsum, which acts as a
stimulant.

Accordingly, within the scope of this study, it is
deemed appropriate to utilize a 10% proportion of
industrial by-products in order to facilitate workability
and strength development performance at an early age.
Should further data be accumulated through additional
experiments under various conditions in the future, it is
anticipated that this data will serve as the basis for
determining the applicability of industrial by-products
to precast concrete.
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ABSTRACT: In this study, the effect of seawater on hardened cement pastes subjected to enforced carbonation was
investigated. The results showed that Friedel's salt (F-salt) was clearly observed in the non-carbonated specimens
after seawater immersion, but it was only slightly observed in the carbonated specimens.The reason for this
difference is the formation of F-salt in the non-carbonated sample due to ion exchange between monosulfate (Ms)
and CI" in seawater. In the carbonated samples, on the other hand, carbonation decomposed Ms into CaCO3 and
Al O3 gels. As a result, no F-salt was formed by ion exchange with Cl". The CaCOs crystalline phases observed in the
carbonated samples were calcite and vaterite, which remained stable after seawater immersion. Furthermore, the CO»
fixation rate did not change and no COs?* release was observed after seawater immersion.

Keywords: carbonation, seawater immersion, effects of seawater, friedel's salt, brucite, monocarboaluminate

1. INTRODUCTION

Global warming caused by greenhouse gases has
become a worldwide environmental issue, prompting
various industries globally to make efforts in greenhouse
gas reduction [1]. In 2020, the Japanese government set
a goal to achieve "carbon neutrality" by 2050, aiming to
reduce overall greenhouse gas emissions to zero [2].
Since then, numerous Japanese industries have been
actively researching methods to achieve carbon
neutrality.

The cement industry alone emits 40 million tons of CO,
annually, accounting for 4% of Japan's total CO»
emissions [3]. Reducing CO, emissions in the cement
sector is thus an urgent priority in achieving carbon
neutrality, driving ongoing research into CO» reduction
strategies. One approach involves reducing clinker usage
by substituting it with blended materials such as finely
ground blast furnace slag and limestone. Moreover,
technologies have been developed to enable concrete to
absorb and fix CO, [4].

In this study, our focus was on technologies capable of
absorbing and immobilizing CO,. CO, immobilized in
cement is fixed through chemical reactions with cement
hydrates. One issue with immobilizing CO; in cement is
that it lowers the pH of the cement, leading to
neutralization. However, since unreinforced precast
products have no steel bars, deterioration due to steel bar

corrosion will not occur despite neutralization. This
makes them promising candidates for innovative carbon-
negative concrete, and carbonation of precast products is
under consideration.

Among precast products, enforced carbonation products
are being considered for use in wave-dissipating blocks
in marine environments [5]. When cementitious
materials are used in marine environments, cement
hydrates are known to be chemically affected by ions
derived from seawater (Na*, Mg?*, CI, SO.%, etc.) [6].
There is insufficient understanding regarding the
chemical stability of immobilized CO, and its impact on
concrete durability when subjected to enforced
carbonation in a marine environment.

In this study, we immersed enforced carbonated paste
specimens in seawater to investigate the effect of
seawater on the chemical alterations of constituent
compounds.

2. EXPERIMENTAL METHOD

2.1 Materials

Ordinary Portland cement (OPC) was used to produce
thin hardened cement sheets (20 mm X 20 mm X 3 mm)
with a water to powder ratio of 0.50. Table 1 presents the
chemical composition of OPC. The sheets were cured for
14 days in water followed by 7 days of drying in small
desiccators maintained at 11% relative humidity (RH).

Table 1 Chemical composition of OPC

Chemical composition (%)

Si02

AlLO3

Fe O3

CaO

MgO

SO3

21.41

4.81

3.20

65.01

1.08

2.02
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Subsequently, the cured material was transferred to a
small desiccator set to 95% RH, where enforced
carbonation was conducted by introducing 100% CO,
gas at a flow rate of 200 mL/min for 30 minutes per day
(referred to as OPC_Carbo).

Two additional samples were also prepared for
comparison: one without enforced carbonation
(OPC_Non-Carbo), using the same cement as
OPC_Carbo, and the other without enforced carbonation
but incorporating 30% limestone powder (LSP) as a
replacement for OPC  (OPC+LSP_Non-Carbo).
OPC+LSP_Non-Carbo represents a typical low-carbon
cement characterized by the pre-existence of CO3% in the
system.

For each condition, 6 hardened specimens were
immersed in seawater (1 L) at 20°C for specified
durations (7, 14, 56, and 91 days). The seawater used for
immersion was collected from the coast of Matsue City,
Shimane Prefecture, facing the Sea of Japan.

Table 2 Chemical composition of LSP

Chemical composition (%)

AlLO3 Fe,0s CaO MgO

0.03 0.02 56.01 0.2

2.2 Analysis method

(1) Analysis by TG-DTA

Calcium hydroxide (Ca(OH),, CH) in cement paste and
brucite (Mg(OH),, MH), formed by the reaction of CH
in cement with Mg?" in seawater, were determined by
TG-DTA (Thermo Gravimetry-Differential Thermal
Analysis). The quantities of CH and MH in the cement
were calculated based on the amount of water
decomposed from CH and MH. The water content was
determined using a thermogravimetric differential
thermal analyzer (TG-DTA, NETZSCH STA2500) with
a temperature increase rate of 10°C/min. The
dehydration temperature range for CH was 450-500°C
[7], and for MH it was 340-410°C [8]. The onset and
completion temperatures of mass loss were identified.
The amount of water decomposed from CH was
calculated from the mass loss observed between the
onset and completion temperatures on the TG curve.
Using these values, the contents of CH and MH were
calculated according to equations (1) and (2).

Amey 5608 100 (1)

My = Mo—Migoo  18.02

Mcn: Reaction rate of CH (%)

A mcy: Amount of water produced by the
decomposition of CH (mg)

mo: Amount of sample for measurement (mg)

mioo0: Amount of sample heated to 1000°C (mg)

56.08: Material amount of CaO

18.02: Amount of H,O

AmMH X 40.30 X 100 (2)

M =
MH = i ~mig0o  18.02

Mwmn: Reaction rate of CH (%)
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A myy: Amount of water produced by the
decomposition of CH (mg)

mo: Amount of sample for measurement (mg)

migoo: Amount of sample heated to 1000°C (mg)

40.30: Material amount of MgO

18.02: Amount of H,O

(2) Analysis by IC

A TOC (Total Organic Carbon) meter (Shimadzu
Corporation, TOC-L and SSM-5000A models) equipped
with a solid sample fuel apparatus was used to measure
CO2 liberated by adding phosphoric acid to the sample
to make it acidic (pH 3 or lower) and heating it at 200°C.
The CO; fixation rate was calculated from the amount of
carbon obtained by the measurement using the non-
dispersive infrared absorption. The CO, fixation rate was
calculated from the amount of carbon obtained from the
measurements using Equation (3).

Xt 1
1000 " M
a= ¢ %100
100-L A 1 ®)

100 * 100 * Mygq

X

« : Carbon oxidation rate (%)

X: Amount of carbon (mg/g)

Mc: Molecular weight of carbon (C)

A: Percentage of CaO in the sample (%)

Mcao: Molecular weight of calcium oxide (CaO)

L: Loss on intense heat when sample is held at 1000°C
(%)

(3) Analysis by XRD

XRD (X-Ray Diffraction) (Bluker, D2, PHASER tube
Cu, source: CuKa, tube voltage 30 kV, current 10 mA)
was used to analyze the hydration products.

(4) Analysis by FT-IR

FT-IR (Fourier Transform Infrared Spectroscopy)
measurements were performed using the KBr method
with an infrared spectrophotometer (FT/IR-4600 model
manufactured by Japan Spectroscopic Corporation). The
measurement conditions included 64 scans and a spectral
range from 400 to 4000 cm™.

3. RESULTS AND DISCUSSION

3.1 Analysis of OPC before and after carbonation

The XRD analysis result, the FT-IR anarysis results and
the TG-DTA results of OPC Non-Carbo and
OPC_Carbo are shown in Fig. 1, Fig. 2 and Fig. 3,
respectively. As shown in Fig. 1, monosulfate (Ms),
which was identified in OPC Non-Carbo, was not
detected in OPC_Carbo after enforced carbonation. This
absence is attributed to the decomposition of Ms into
CaCOs and Al>Os gels during enforced carbonation [9],
leading to the disappearance of AFm in OPC Carbo.
Calcite and vaterite are the crystalline phase carbonation
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Fig.1 XRD pattern
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products formed during this process.

As shown in Fig. 2, the absorption band around 970 cm”
! attributed to the stretching vibration of the Si-O bond
in C-S-H, observed in OPC_Non-Carbo [10], was absent
in OPC Carbo after enforced carbonation. Instead,
absorption bands at 875 c¢m™!, corresponding to the
inverse symmetric external angular vibration of CO3% in
CaCO; [11], and at 1080 cm’', associated with the
stretching vibration of the Si-O bond in silica gel [10],
were detected in this sample. These findings indicate that
C-S-H decomposes into CaCO; and SiO, gel under
enforced carbonation.

As shown in Fig. 3, in OPC Non-Carbo, the CH
pyrolysis reaction occurred at 450°C and 500°C. In
OPC _Carbo, a less pronounced pyrolysis reaction was
observed, and a small amount of CH was detected. This
is thought to be due to the reaction of the CH in the
cement reacted with CO, through forced carbonation to
form CaCOs3, which formed a protective layer. This layer
inhibits the diffusion of CO, and prevents the complete
reaction [12].

3.2 Analysis results of OPC+LSP_Non-Carbo

Fig. 4 shows the XRD analysis results before and after
seawater immersion for OPC+LSP_Non-Carbo.

In general, it is known that in cement exposed to
seawater, Cl ions from seawater undergo ion exchange
with anions in the AFm interlayer to produce Friedel's
salt [13].

In OPC+LSP_Non-Carbo, as shown in Fig. 4,
monocarbonate (Mc) forms, and during seawater
immersion, CO;% is released from the interlayer and
exchanges ions with CI, resulting in the formation of
Friedel's salt. The peak ettringite content increased after
immersion due to the reaction of SO4* in seawater with

Si-O ( SiOsgel ) COs
— OPC_Non-
g Si-0 (C-S-H ) /\ Carbo
g \/ OPC_Carbo
£ N i
s |
2 i
< H
1200 1100 1000 900 800 700

Wavenumber [ cm ™! ]

Fig. 2 FT-IR [cm'=700~1200]
(OPC_Non-Carbo & OPC_Carbo)

CH

o

£

i OPC_Non-
= Carbo

<

[a)]

OPC_Carbo

200 250 300 350 400 450 500 550 600 650 700 750 800
Temparature [ °C ]
Fig. 3 Pyrolysis reaction of CH by DTA
(OPC_Non-Carbo & OPC_Carbo)

Ett:ettringite,Mc:monocarboaluminate,
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Intensity [ a.u. ]
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Fig. 4 XRD pattern
(OPC+LSP_Non-Carobo)

the calcium aluminate components of the solid-liquid
phase in the cement. This finding is consistent with
previous reports [14].

3.3. Analysis results of OPC_ Non-Carbo samples
after seawater immersion

(1) Changes in the AFm phase after seawater
immersion

Fig. 5 shows the results of the XRD analysis of the OPC _

Non-Carbo sample.

AFm (monosulfate (Ms)) was observed in the sample

before seawater immersion. However, after immersion

in seawater, Cl- ions from seawater and SO4* ions from

Ms underwent ion exchange, resulting in the formation

of Friedel's salt.

Additionally, an increase in the ettringite (Ett) peak and

a gypsum (CaSO4:2H,0O) peak were observed after

seawater immersion. This is because the sulfates in

seawater (Na;SO4, CaSO4, MgSO4) reacted with the

calcium aluminate hydrates in the solid-liquid phase of
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the cement, leading to an increase in the Ett peak.
Additionally, the sulfates in seawater react with calcium
hydroxide in cement to form gypsum [6].

(2) Changes in CH after seawater immersion

Fig. 6 shows the results of DTA analysis before and after
seawater immersion, and Fig. 7 shows the results of
hydroxide content in cement before and after seawater
immersion calculated from the TG analysis results.

As shown in Fig. 6, before seawater immersion, the
pyrolysis reaction of calcium hydroxide (CH) was
observed at 450-500°C. At 7 and 14 days of seawater
immersion, pyrolysis reactions were observed at 450-
500°C and 340-410°C. At 56 and 91 days of seawater
immersion, only the pyrolysis reaction at 450-500°C was
observed. This can be attributed to the reaction of
magnesium salts (MgSO4, MgCly) in seawater with CH
in cement, forming magnesium hydroxide (MH) [15].
The weight loss observed at 340-410°C is due to brucite.
However, as shown in Fig. 7, not all CH reacts to form

Ett:ettringite,Ms:monosulfate,gyp:gypsum
C ,AF:ferrite,F:friedel’s salt

C.AF
Ett Ms F *
gyp
0 da;
N imnersion
/ 7 da
\V\/\—*-—'- imm}érsion

N A 14 da
\“""“""‘imme}rfsion

L A 56 day |
Nt h e immaision

e\ 91 day .
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10 11 12 13
20 [ dgree J[CuKa]

o
o

Fig. 5 XRD patterns before and after seawater
immersion (OPC_Non-Carbo)
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MH. It is hypothesized that this occurs because some CH
dissolves into the seawater after immersion.

3.4 Analysis results of OPC_ Carbo samples after
seawater immersion
(1) Changes in AFm phase after seawater
immersion
Fig. 8 shows the results of XRD analysis of OPC_Carbo.
A trace amount of Friedel's salt was observed on day 7
of seawater immersion. However, due to the
decomposition of monosulfate (Ms) by enforced
carbonation in the OPC_Carbo sample, it was inferred
that Friedel's salt formation was not due to ion exchange
between Ms and Cl" in seawater. Instead, it was formed
through the reaction between calcium aluminate hydrate
and CI" in seawater.
No gypsum was observed after seawater immersion. The
reason for this is assumed to be that the CH in the cement
reacted with CO, to form CaCO; through enforced
carbonation, and the remaining unreacted CH was
covered by CaCOs by the protective layer, which acted
as a barrier and did not react with the sulfate in the
seawater [12].
In addition, ettringite formation was observed at very
low amounts compared with the OPC_ Non-Carbo
sample. We speculated that this was due to a decrease in
calcium aluminate hydrate reacting with CO, by
carbonation.
(2) Changes in CH after seawater immersion
Fig. 9 shows the results of DTA analysis before and after
seawater immersion, and Fig. 10 shows the results of
hydroxide content in cement before and after seawater
immersion calculated by TG analysis results.
Fig. 9 shows that even though the pyrolysis reaction of
CH was observed at 450-500°C before seawater
immersion and at 7, 14, and 56 days of seawater
immersion, no MH was observed. The reason that MH
was not observed was inferred to be that magnesium salts
in seawater did not react due to the barrier function of
the protective layer on the surface of CH as well as the
reason that gypsum was not formed.
As depicted in Fig. 10, no calcium hydroxide (CH) was
observed after 91 days of seawater immersion. It was
concluded that all CH present after enforced carbonation
had dissolved into the seawater.
(3) Stability of CaCOs produced by enforced
carbonation
Fig. 11 shows the results of XRD analysis of OPC_Carbo
of CaCOj after immersion in seawater.
Vaterite and calcite remained stable after seawater
immersion, and no significant change in peak intensity
was observed. The CaCO; covering CH as a protective
layer is thought to have leached into seawater after
seawater immersion, but since the amount of CH is
small, the amount of CaCOs covering CH is also
considered to be small, and no significant change in peak
intensity was observed.
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(4) CO, fixation rates before and after seawater
immersion

Fig. 12 shows the results of CO; fixation rates before and
after seawater immersion in OPC_Carbo samples.

No significant change in CO; fixation rate was observed
from before seawater immersion to 91 days of seawater
immersion. This may be due to the fact that no Mc was
formed in the enforced carbonation sample in the AFm

phase, no release of carbonate ions by ion exchange
between Cl° and COs;* occurred, and the physical
dissolution of the protective layer (CaCO3) due to CH
dissolution was only a trace amount.

These results suggest that the immobilized CO,
remained stable during the initial stages of seawater
immersion, and there was no substantial leaching of
carbonate ions.

100
80
60

40
0
0 7 14 56 91

Immersion time [day]

CO:, fixation rate [ % ]

Fig. 12 CO: fixation rate calculated by IC
(OPC_Carbo)

4. CONCLUSIONS

In this study, enforced carbonated OPC was immersed in
seawater for 91 days, and the following results were
obtained.

(1) The enforced carbonation of OPC did not produce
monocarboaluminate, which resulted in no leaching
of COs* by AFm ion exchange after seawater
immersion.

(2) In the non-carbonated sample, CH in the cement
reacted with the ions in seawater after seawater
immersion, producing gypsum and brucite.
However, in the carbonated samples soaked in
seawater, CH was covered by CaCOs and did not
react with the ions present in seawater, and neither
gypsum nor brucite was observed.

(3) Calcite and vaterite formed by enforced carbonation
remained stable after 91 days of seawater
immersion.

(4) After 91 days of seawater immersion, CO;
immobilized by enforced carbonation was stable
and no significant leaching of CO3> was observed.

Future studies will include sulfate degradation [16] due
to the formation of thaumasite in the presence of
carbonate ions and the formation of M-S-H [17] due to
magnesium salts in seawater. Additionally, we intend to
continue long-term immersion in seawater to clarify the
stability and chemical changes of immobilized COs..
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ABSTRACT:

The early hydration and microstructure of cement paste with nanocellulose (CNC) was investigated coupled with
isothermal calorimetry (IC), scanning electron microscopy (SEM), and X-ray diffraction (XRD). IC results showed
that at both water-cement ratios, CNC prolonged the ending time of the induction period and acceleration period and
reduced the main exothermic peak to inhibit early hydration. The inhibition effect became more significant with the
increase of CNC dosage. XRD results showed that CNC inhibited the formation of ettringite and portlandite, and SEM
images also confirmed that CNC delayed the formation and deposition of early hydration products. In the presence of
CNC, porous microstructures were formed later, and the appearance of needle-like C-S-H gels was also delayed. After
24 h of hydrating, the needle-like C-S-H gels appeared first in CNC-cement paste, and the early-formed structure was

also denser than pure cement paste.

Keywords: nanocellulose; cement; early hydration; microstructure

1. INTRODUCTION

Nanocellulose, as a new type of nanomaterial
extracted from natural plants, can generally be divided
into three categories: bacterial nanocellulose (BNC),
cellulose nanofibril (CNF), and cellulose nanocrystal
(CNC) [9]. Compared with other nanomaterials, it has
the advantages of high mechanical properties,
lightweight, and large specific surface area. The elastic
modulus and crystallinity of nanocellulose can reach 220
GPa [10] and 84~89% [11], respectively. It makes
nanocellulose comparable to existing nanomaterials in
improving the properties of cement and concrete
materials. Academics have found that lightweight and
tough nanocellulose can limit cracking in cement-based
material, effectively enhance mechanical properties such
as compressive strength [12], flexural strength [13,14],
elastic modulus [15,16] and toughness [17,18], and
improve the durability such as autogenous shrinkage
[19], sulfate corrosion [20], carbonation [21,22,23] and
freeze-thaw [24,25]. It is not difficult to see that
nanocellulose has shown great potential in improving the
performance of concrete. In addition, nanocellulose
derived from wood or plants is intrinsically green,
renewable, and sustainable. The large-scale application
of nanocellulose in cement and concrete materials will
be valuable and meaningful for environmental, energy,
and resource conservation [9,26].

In order to maximize the utilization of
nanocellulose to regulate the properties of concrete, it is
necessary to focus on the micro-mechanism of
nanocellulose, especially cement hydration. Fu et al. [27]
studied the influence of CNC on cement hydration by
isothermal calorimetry and thermogravimetric analysis.
They found that CNC delayed early-age hydration but
increased the 7-day and 28-day total heat release and
Ca(OH)2 content. Cao et al. [28] believed that two

mechanisms could explain the acceleration effect of
CNC on cement hydration. First, the steric stabilization
between CNCs and cement particles is similar to the
dispersion mechanism of superplasticizers, and second,
CNCs provide the paths for water diffusion through the
hydration product shell to the unhydrated cement
particles. Flores et al. [29] noted that CNC delayed early
hydration due to its adsorption onto cement particle
surfaces. However, the steric stabilization between CNC
and cement particles could promote later hydration. The
study by Vanin et al. [30] indicated that CNC effectively
improved the 7-day hydration degree of cement paste
with the increase of CNC dosage from 0% to 1.0%.
Furthermore, Lee and Kim [31] also reported that in the
presence of CNC, the amount of C-S-H of fiber-
reinforced ECC increased by up to 18%, and the
hydration of unhydrated areas in the cement was
enhanced. Although the positive effect of CNC on
cement hydration has been confirmed, relevant studies
are still in the initial stage. For example, the influence of
dosage and dispersibility and the influence of CNC at
different water-cement ratios and hydration temperatures
still need to be further studied.

Therefore, this paper investigated the early
hydration of cement paste with CNC at low and high
water-cement ratios, and the influence of CNC dosage
and water-cement ratio was highlighted. Isothermal
calorimetry, SEM, and XRD analysis were carried out to
study the hydration heat evolution, hydration products,
and microstructure of cement paste containing CNC.
Based on the above analysis results, the influence
mechanism of CNC on the early hydration process was
explained.

2. EXPERIMENTS
2.1 Raw materials
Portland cement (P-O 42.5) contains 21.14% SiOa,
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5.72% ALOs3, 3.62% Fe203, 64.84% CaO, 1.53% MgO,
0.45% Na20eq, and 1.33% f-CaO, which conforms to the
Chinese  standard GB175-2007. The cellulose
nanocrystal (CNC) was purchased by Guilin Qihong
Technology Co., Ltd., and the properties of CNC are
given in Table 1.

Table 1. Properties of cellulose nanocrystal.
Zeta

Type /82) 12(3;15: )h P/l(f/lt)y Fun;:;;onal potential State
) group (mV)
100- > -COONa/-
CNC 4-10 500 99.6 OH -17.7 Powder

2.2 Sample preparation

Cellulose nanocrystal (CNC) was added to Portland
cement as additive incorporation. The water-cement
ratios of 0.3 and 0.5 was chosen. To minimize possible
agglomeration of CNC in fresh paste, CNC powders
were dispersed into water ultrasonically for 30 min in
advance. All cement pastes with and without CNC were
prepared according to the Chinese standard GB/T 17671-
1999 [32] and cured at 25°C for different hydration ages.
3. RESULTS
3.1 Hydration exotherm and hydration kinetics of

CNC-cement paste

Cumulative exothermic curves of CNC-cement
pastes are displayed in Fig. 3. At a water-cement ratio of
0.3, cumulative exothermic curves of cement pastes
containing different dosages of CNC are lower than that
of pure cement paste, especially at 0.4% CNC. At a
water-cement ratio of 0.5, cumulative exothermic curves
of CNC-cement pastes can be divided into two stages of
hydration. In the first stage, cumulative exothermic
curves of cement pastes containing different dosages of
CNC are lower than that of pure cement paste, while the
opposite phenomenon occurs in the second stage. From
0.05% to 0.4% CNC dosages, the turning points of the
first and second stages are 50h, 45h, 55h, and 80h,
respectively. The above results show that at a higher
water-cement ratio, CNC can have a pronounced
acceleration effect at least after hydration for 45h, and
excessive CNC dosage results in a significant extension
of the required hydration time. Moreover, exothermic
rate curves of CNC-cement pastes are also displayed in
Fig. 4. Unlike the cumulative exotherm, the changing
trend of the exothermic rate is the same at both water-
cement ratios. All curves move toward the X-axis's
positive direction and the Y-axis's negative direction
with increasing CNC dosage.
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Fig. 3. Cumulative exothermic curves of CNC-cement pastes
at water-cement ratios of 0.3 and 0.5.
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Fig. 4. Exothermic rate curves of CNC-cement pastes at
water-cement ratios of 0.3 and 0.5.

3.2 Induction period and acceleration period of

CNC-cement paste

Referring to the method (Fig. 5) in the literature
[33], the ending time of the induction period (T1), the
ending time of the acceleration period (T2), and the
acceleration period duration (T2-T1) were determined
and further shown in Fig. 6. At both water-cement ratios,
the addition of CNC leads to a longer induction ending
time and the T1 value gradually increases with CNC
dosage increasing. The ending time of the acceleration
period and acceleration period duration also increase
with the increase of CNC dosage. Differently, after
incorporating the CNC, the cumulative exotherm of the
acceleration period increases at a water-cement ratio of
0.3, while the cumulative exotherm of the acceleration
period decreases at a water-cement ratio of 0.5 (shown
in Fig. 6). Moreover, the main exothermic peak value
decreases with the increase of CNC dosage. The above
results indicate that CNC prolongs the ending time of the
induction period and inhibits the main exothermic peak.
Although CNC prolongs the acceleration period, it still
inhibits the cumulative exotherm during the acceleration
period in case of a low water-cement ratio (0.3).

15

Exothermic rate (J/gh)
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TTi T.
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Fig. 5. Typical schematic representation of critical points
(T1 and T2) for cement hydration.
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Fig. 6. Cumulative exotherm of acceleration period of
CNC-cement pastes at water-cement ratios of 0.3 and 0.5.

The hydration parameters of CNC-cement pastes
are shown in Fig. 7. Overall, the parameter values under
the water-cement ratio of 0.5 are higher than those under
the water-cement ratio of 0.3. For the induction ending
time (Fig. 7a), the T1 values of both water-cement ratios
are relatively close at CNC dosages of 0%~0.2%. As the
CNC dosage is up to 0.4%, the gap between T1 values of
both water-cement ratios increases suddenly. For the
acceleration ending time (Fig. 7b), there is an apparent
gap between the T2 values of both water-cement ratios,
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and this gap increases with the increase of CNC dosage.
For the acceleration period duration (Fig. 7c), the gap e
. . A P A
between the T2-T1 values of both water-cement ratios is - ‘: alw koo HoL
relatively stable. For the main exothermic peak (Fig. 7d), B B Mo A -
the gap between peak values of both water-cement ratios _ I Lo | i
. G NI © | 4
is large at a CNC dosage of 0.4%. The above results M M e A
indicate that the COnditiOnS Of hlgh CNC dosage and 10W ST R T E TR TS T TS TR s T T e e TR TR T T e
. . 2theta (°; 2theta (°)
water-cement ratio aggravate the retarding effect of CNC e o
orsloearly hydration. ; (c) 10h (d) 13h
5.5|. —8 Induction ending time-0.3 15| 8 Acceleration ending time-0.3 P 1
Induction ending time-0.5 = Acceleration ending time-0.5 AB
=50 < A AB
° 2 " € | N %.P\ |
‘E :: g” " Kw‘:ﬁ/\i _ E_ | &4 A . \(2;50) Al Pl‘ P
£ 21 e e s M AU
S35 g " | T oam
225 2 i | |
£ §o N i pew | l -~
0 005 o1 02 04 S 005 01 02 04 e ety o]
SRR TR RS S e e e e,
CNC .dosages (%) . . CNC do?ages (%) i . 2theta (°) 2theta (°)
(a) Induction ending time (b) Acceleration ending time
100 0.0038
g5 —8Acceleration time-0.3 0.0036 —&-Poak value-0.3 (e) 15h (f) 24h

Acceleration time-0.5 Peak value-0.5

0.0034

©
°

0.0032

o
o
lue

S 0.0030

=
$ 00028
a

~
)

0.0026

Acceleration time (h)
®
S

~
)

0.0024

®
Py

0.0022
o 0.05 01 02 04 0 0.05 01 02 04

CNC dosages (%) CNC dosages (%)

(c) Acceleration period durati  (d) Exothermic peak

Fig. 7. Hydration parameters of CNC-cement pastes at
water-cement ratios of 0.3 and 0.5.
3.3 Phase evolution and microstructure of CNC-

cement paste

The pure cement pastes (Reference) and 0.2%
CNC-cement pastes (CNC-0.2) with a water-cement
ratio of 0.5 were selected for XRD analysis to investigate
the effect of CNC on partial hydration products in the
early hydration stage. The evolution of various mineral
phases involved in hydrating cement pastes is marked in
Fig. 8. For ettringite [34], a significant peak (~9.07 nm)
for ettringite can be observed after 10h, and the peak
intensity of pure cement paste is higher than that of
CNC-cement paste, even up to 24h. For portlandite [35],
it is observed that the prominent peak intensities of pure
cement paste are much higher than those of CNC-cement
pastes after 5.5h. As the hydration proceeds to 24h, the
prominent peak intensities of both cement pastes
gradually approached. For C3S and C2S [36], it is seen
that the peak intensities of pure cement pastes are
consistently lower than those of CNC-cement pastes.
The above observation indicates that the presence of
CNC slows down the depletion of C3S and C2S and
simultaneously retards the formation of ettringite and
portlandite, which also confirms the retarding effect of
CNC on early cement hydration.
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Fig. 8. XRD patterns of pure cement pastes and 0.2% CNC-
cement pastes at a water-cement ratio of 0.5. (A: C3S, B:
C2S, E: ettringite, and P: portlandite)

Moreover, the SEM images of pure cement pastes
(Reference) and 0.2% CNC-cement pastes (CNC-0.2) at
different hydration ages are displayed in Fig. 9. After 2h
of hydration, it is found that hydration degrees of both
pastes are extremely low, mainly composed of
unhydrated cement particles. However, obvious
hydration products can be observed on the surface of
cement particles in pure cement paste but not on the
surface of CNC-cement paste. As the hydration reaction
proceeds to 5.5h, hydration products are gradually
formed and accumulated. Comparing Figs. 9¢c and 9d, it
is observed that hydration products generated on the
surface of the cement particles in pure cement paste are
significantly more than those of CNC-cement paste. It
was further found that when the hydration reaction lasted
for 10h, cement particles were basically completely
covered by hydration products in pure cement paste,
while only a tiny part of hydration products were
deposited on the surface of cement particles in CNC-
cement paste. The above observation suggests that the
incorporation of CNC inhibits early hydration, which is
consistent with the results of early hydration heat
evolution. After 24h of hydration, it is observed that a
large number of needle-like C-S-H gels appeared in
CNC-cement paste, and the early formed structure was
also denser compared with pure cement paste. This
phenomenon shows that the positive effect of CNC on
cement hydration gradually appears as the hydration

reaction continues.
S

. n o
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Fig. 9. SEM images of pure cement pastes and 0.2% CNC-
cement pastes at a water-cement ratio of 0.5.
4. CONCLUSIONS

Early hydration of cement paste with different
dosages of CNC at low and high water-cement ratios was
investigated, and the mechanism of CNC on early
hydration was attempted to be explained. The following
conclusions can be drawn:

(1) CNC had an inhibition effect on the early
hydration of cement, mainly including the delay of the
ending time of the induction period and acceleration
period and the decrease of the main exothermic peak.
However, the effects of CNC at low and high water-
cement ratios were not the same. At a water-cement ratio
of 0.3, the cumulative exotherms of CNC-cement pastes
were inhibited before 120 h. At a water-cement ratio of
0.5, the cumulative exotherms of CNC-cement pastes
were inhibited at the initial stage, but the inhibition effect
of CNC gradually disappeared with the increase of
hydration time (as early as 45h).

(2) In the presence of CNC, the formation of
ettringite and portlandite was significantly inhibited
before 24 h of hydrating. SEM images also prove that
CNC inhibited the formation and deposition of early
hydration products. After 24 h of hydrating, the needle-
like C-S-H gels were first observed in the CNC-cement
paste, and hydration products were smaller in size and
more uniform in distribution.

(3) The mechanism of CNC on early hydration was
different under high and low water-cement ratios. At a
high water-cement ratio (0.5), CNC with a negative
charge could adsorb on the surface of C3A with a
positive charge, thereby reducing the contact area
between C3A and free water to inhibit the hydration
reaction. Meanwhile, the hydrophilic CNC also provided
free water transport channels for internal unhydrated
clinkers, effectively promoting cement hydration.
Therefore, the cumulative exothermic curve of CNC-
cement paste showed the evolution characteristics of low
first and then high. At a low water-cement ratio (0.3), the
low free water content, together with the water
absorption and charge absorption of CNC, resulted in the
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decrease of free water reacting with clinkers, which
aggravated the inhibition of early hydration. Thus, the
CNC-cement paste exhibited a lower cumulative
exothermic curve.
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ABSTRACT:

The Concrete is a complex mixture composed of various materials, and its fluidity is treated as an important
physical property because it has a high relationship with other properties of concrete.The slump flow test is
commonly used to evaluate the fluidity of concrete. However, due to the limitations of being qualitative and
subjective, a quantitative and scientific method for assessing the fluidity of concrete using rheological
constants was proposed. Therefore this study aims to develop a predicting model for concrete rheological
parameters based on the conventional test results of concrete slump flow using a machine learning algorithm. In this
study, to achieve the research purpose, the prediction model's performance was analyzed according to the
preprocessing, quality, and number of training data. As a result of the analysis, data preprocessing using
both data cleaning and normalization was effective. The higher the quality and more extensive the number
of training data, the better the performance of the prediction model. This study can contribute to developing

a rheology parameters prediction model based on fresh concrete slump flow data.
Keywords: concrete, rheology, machine learning, artificial neural network, slump flow

1. INTRODUCTION

Concrete is a complex mixture composed of various
materials and exhibits different physical properties
depending on the material ratios and interactions of the
binders that constitute it[1.2]. Among these properties,
the fluidity of fresh concrete is known to be related to
other characteristics such as ease of construction,
resistance to material separation, and pumpability,
making it one of the critical physical properties of
concrete. Typically, methods such as slump and slump
flow measurements are used to evaluate the fluidity of
concrete at construction sites[3,4]. These methods are
widely used due to their ease and simplicity; however,
the results can vary based on the experience and skill of
the experimenter. Additionally, there are limitations in
accurately assessing the fluidity of concrete through
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these methods[5,6]. In this context, the need for a
method to quantitatively and scientifically evaluate the
fluidity of fresh concrete has emerged, leading to the
proposal of a method using rheology to meet these
technical requirements[7,8,9].

Rheology is the study of the flow and deformation of
materials, focusing on the behavior of suspensions and
other substances with both solid and fluid properties [9].
Fresh concrete can be viewed as a suspension where
coarse aggregates are mixed with mortar, or aggregates
are mixed with cement paste[10]. The fluidity of this
cement-based suspension is assumed to behave as a non-
Newtonian fluid and is often described using the
Bingham model[8,11,12,13]. Concrete, considered as a
Bingham fluid, can have its fluidity quantitatively
assessed by measuring rheological constants such as
yield stress and plastic viscosity using a rheometer
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[14,15,16]. However, while the measurement of
rheological constants can  quantitatively and
scientifically define and evaluate the flow performance
of concrete, it requires expensive equipment and large
quantities of concrete samples. Additionally, the
complex testing methods make it challenging to apply
directly on construction sites [17,18,19]. Consequently,
much research has been conducted to investigate the
correlation between qualitative fluidity evaluation
methods like slump and slump flow tests and the
quantitative evaluation provided by rheological
constants. It has been established that the yield stress, a
rheological constant, is related to the results of slump
and slump flow tests of concrete [20,21,22,23].

As the construction industry recently entered the era of
the Fourth Industrial Revolution, efforts are being made
to adopt and apply new technologies. With the advent of
the Fourth Industrial Revolution, the construction
industry can enhance productivity through advanced
technologies such as the Internet of Things (IoT), Al
(Artificial Intelligence), 3D printing, and BIM (Building
Information Modeling). These technologies enable
effective project management, ensuring high quality and
safety[24]. Among these advancements, research is
being conducted to efficiently manage and evaluate the
quality of concrete by predicting its physical properties
using various artificial intelligence techniques such as
machine learning and artificial neural networks (ANN).
Machine learning, a subset of artificial intelligence,
involves using algorithms to endow computers with
human-like learning capabilities. It analyzes data based
on artificial intelligence neural networks and includes
methodologies like deep learning, which involves self-
learning from analysis results to make judgments or
predictions[25,26,27]. However, current studies related
to predicting the physical properties of concrete using
artificial intelligence techniques primarily focus on
hardened concrete [28,29,30,31,32]. Research on
predicting the physical properties of fresh concrete based
on machine learning is relatively scarce.

The most widely used machine learning algorithm aims
to automate the decision-making process by creating a
generalized model learned from known cases[33,34].
When the user provides the model with the desired input
and output values, the algorithm learns to produce the
desired output. This learned algorithm can then generate
appropriate output when given new input values. The
algorithm learned in this way can produce appropriate
output when given new input values. What is important
when trying to predict data based on a machine learning
algorithm is that a large amount of data is needed for
sufficient learning and that it is necessary to analyze
whether the various learning parameters of the
prediction model are suitable for the data used.
Therefore, in order to more easily and efficiently utilize
rheological constants, a scientific and quantitative
fluidity evaluation method for fresh concrete based on a
machine learning algorithm, rheology analysis was
conducted wusing concrete slump flow data, a
conventional method of fluidity evaluation data. The
goal was to predict integers, and we would like to
analyze the impact of the data preprocessing process and

the number and quality of data used for learning on the
performance of the prediction model. The development
of this prediction model is expected to contribute to the
quantitative fluidity evaluation of fresh concrete without
direct rheological constant measurement at future
construction sites.

2. THEORETICAL CONSIDERATIONS
2.1 MACHINE LEARNING

Machine Learning is shown as schematized in Figure 1,
it is a field of artificial intelligence that develops systems
that allow computers to improve and solve problems by
learning from data without the user being explicitly
programmed. Machines learn data, identify patterns, and
carry out the corresponding learning. It is an artificial
intelligence technology that aims to make predictions or
decisions based on artificial intelligence [42]. Machine
learning can be applied to solve various problems by
converting large amounts of data into data with
meaningful information, so many algorithms are used in
various fields such as image and voice recognition,
natural language processing, recommendation systems,
and predictive analysis. This machine learning process
largely progresses through data collection, appropriate
model parameter selection, model learning and testing,
and performance evaluation. Data collection and
appropriate model parameter selection are steps that
greatly affect the performance of the machine learning
algorithm