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Io I Introduction

Challenge: Resource depletion

and environmental damage

O China's construction industry consumes 2 billion tons of
cement a year, accounting for 13% of its carbon emissions
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friendl ¢ China has approximately 840 hectares of mountainous land at an elevation of
riendaty cement. 500 meters are leveled each year.

Wei J, Cen K, Geng Y. Evaluation and mitigation of cement CO, emissions: projection of emission scenarios toward 2030 in China and proposal of the roadmap to a low-carbon world by 2050[J]. Mitigation and Adaptation Strategies for Global
Change, 2019,24(2):301-328. Karen Scrivener, Fernando Martiren, Shashank Bishnoi, Soumen Maity. Calcined clay limestone cements (LC3). Cement Concrete Res,114:49-56 (2018).



Io I Introduction

Opportunities: Low-Carbon Cement and Waste Utilization

Low carbon solution: Limestone Calcined Clay Cement, LC? Green aggregates : artificial aggregate by waste
Emissions of LC? are estimated to be 20-30% lower than OPC: utilization
> Reduced clinker content leads to less process emissions ® China annually produces ~2 billion tons of construction
waste

from the decarbonation of limestone and less emissions

® Recycling and reuse save ~700 billion and conserve 530

from heating limestone to form clinker; million tons of standard coal, reduces 1.39 billion tons CO2
emissions

¥ | “ ® Light aggregate products such as shale ceramsite, fly ash
& l -_— Less“ Less @ ceramsite, sludge ceramsite, and clay ceramsite
» ® “3060 CPCN Goals” : China is vigorously promoting

environmentally friendly waste utilization, prefabricated
construction, and green energy-saving buildings...

»@rinding limestone takes less energy than heating it;

Ll — - G

»Calcination of clay takes place at 800°C and uses roughly
55% of the energy needed for clinkerisation at 1450°C.

) —_— — U )
9 1450°C x 800°C Less Company: Henan Baichy Machinery Equipment Co.,Ltd

22 Scrivener K, Martirena F, Bishnoi S, et al. Calcined clay limestone cements (LC3). Cement
and Concrete Research, 2018, 114:49-56.




Io I Introduction

Limestone + Calcined Clay + Cement = LC3
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Motivation

» Raw materials for calcined clay, such as low-quality tailings or waste clay
(other solid waste), are available

» Hydration mechanism, physical and chemical properties, short-term
mechanical properties, mix design, and durability

» Structural performance of LC3-RC members is not well understood



Outline

1. Introduction

2. Development of LC3 concrete based on local resources
3. Structural behavior of reinforced LC3 concrete members

4. Durability performance of LC3-based ULCC against
chloride ingression and carbonation

5. Development and application of LC3 based lightweight
core-shell aggregate concrete

6. Conclusions



2 Development of LC3 concrete based on local resources

“Kaolin + Tailing”

3 — Raw Clay Comprehensive Utilization
o E —I-Calcmed Clay g AL "
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Tllite
Beidellite
Quartz
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C |
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The kaolin reserves in
Maoming, Guangdong are
abundant and of high quality,
accounting for 80% of kaolin
used in papermaking in China.

5 10 15 20 25 30 35 40 45 50 55 60 65 70 Calcined beﬁﬁﬁgﬁi (I'ERX3)

26 (°)
Chemical composition of each constituent in LC3 Sl
E— | GpsumOy  Limestone() clikertl) 2" o (s
52.70 0.30 2237 P gy| o OFC
— 154 0.10 R N I
_ 3.49 0.05 i : 2 60 —v— Limestone
 Fe,O5 199 0.36 0.08 3.38 z |
-~ MgO 0.28 131 0.64 243 E 40
- TO, 0.18 : - -~ E
SO, 0.12 40.87 . 2.45 S 20
GO 0.04 30.51 81.13 61.08 <
- Rb,O 0.03 - - - 0
- so : : 002 : Y B R TR T RTI
_ 4.27 23.26 17.73 2.71 Particle diameter(mm)



Ioz Development of LC3 concrete based on local resources
Workability

Binder system compositions -
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Mix proportion of mortar and concrete

Binder proportion
W/B
OPC  CC LS GYP

bortion Remark

Sand  CAgg SP (mm)

06U\ L0kl 0.50 1.000 - - - 3.00 - - 230

o L0l 045  1.000 - - - 3.00 - - 200 OPC

040 1000 - - - 3.00 - 0.0027 190  mortar
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J0)-60 050 0523 0300 0150 0027 300 - 0.0037 220
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eU0 035 0523 0300 0150 0027 300 -~  0OII5 180
DEEE 050 1000 - - - 143 221 - 190  OPC
_ _ concret
ol 040 1000 - 143 221 00032 70 e
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2 Development of LC3 concrete based on local resources

XRD plots of OPC and LC3 pastes with different curing ages
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3 t SEM images of OPC and LC3 pastes under different curing ages

(from calcined clay)

S represents amorphous silica from calcined clay, A represents alumina, C3A represents

tricalcium aluminate, and CC represents CaCO3. Huang et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2020 21(11):892-907
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> LC3 mortar: 1-3day lower early strength; 7 day strength catch up to OPC, 28day comparable strength;
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> LC3 concrete: higher splitting-compressive strength ratio(¥7/%LE), indicating a higher toughness.



Ioz Development of LC3 concrete based on local resources

Compression test

40 T T T T T T 40 - T T T j 60
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LC3 OPC Elastic modulus (GPa)
27 30 32

L 24 29

Ultimate strain

_ 1801x10° 1582x10° 1990x10-6
_ 1710x 106 1640x10-° 1970x10-°

> Similar failure mode, stress-strain curve and ultimate strain:

L/PCC-45  L/PCC-50  L/PCC-60
277 R A > Higher elastic modulus due to denser microstructure.



02 Development of LC3 concrete based on local resources
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Constitutive model for LC3 concrete 03 Y
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> Typical concrete constitutive model is applicable to LC3 concrete.
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Io , Structural behavior of reinforced LC3 concrete members

> 3.1 Bond behavior between reinforced bar and LC3 concrete

> 3.2 Flexural & shear behavior of reinforced LC3 concrete
beams

> 3.3 Code predictions and assessments of flexural and shear
resistance



3.1 Bond behavior between reinforced bar and LC3 concrete

Normal concreta P UII-OUT test program

Mix proportions (kg/m3)

_———
60
45 12 150 60
45 16 150 60
45 18 150 60
45 20 150 60 146.4
45 12 150 50
45 12 150 60 C50 |045 255 146.4 732 132 1080 700
45 12 150 100
= = = o C60 |035 255 146.4 73.2 132 1080 700
50 12 150 60 C45 |055 488 . . . 1080 700
60 12 150 60
45 12 110 60 C50 | 05 488 - - - 1080 700
45 12 150 60
45 12 200 60 C60 | 0.4 488 - - - 1080 700
D Rebar diameter Bond length D Concrete strength D Concrete cover
'H‘ Hliilm H |||lll'|||m'” it ERER 8 ==t 2 > Mix proportion design to obtain similar
||||giag|ggggg!ggmmgg!!;;;nggw e W\ & compressive strength: C45, C50 and C60;
/ ”“HH’H'H“ , (1 EIERER R A iR » Concrete cylinders: D150mm x300mm;
“’ J § | T (TN y, | “ o
§ B » Pull out tests: 36 specimens.




3.1 Bond behavior between reinforced bar and LC3 concrete

~ (1)Bond-slip behavior between LC? concrete and rebar : bond failure mechanism, bond-slip curve,
~ key parameters

25 | 18 1 )
——LCC-12D e LCC-50L 1 164
204F ——LCC-16D| | ——LCC-60L | - PR AR ——1ccim |
" :iggégg ——LCC-100L] 121 —o—PCC-12D
EIS ;10_
2 8 3 81
£ S . S
g7 T, e 4 e
Y 1 2lanchorage length "o 21, OPC v.s. LC3
03 & 6 8 o1z 4 o 2 4 & 5 1o 2 a4 o : 10
7B (mm) 8% (mm) /8% (mm)
251 ' ' L
ol — ——wccas 1 » Bond strength increases with
o _ —o— LCC-150S 1 1
e —Leeso ey | larger bar diameter
= - » Higher concrete strength
2‘ . .
2 - ‘ S induces to higher bond
e e X eI strength
Concrete strength i Concrete cover . ’ .
of : - 3 1 + + w1 wu »Littleimpact on bond slip
, A5 (mm) A2 (mm) behavior from concrete cover
Failure mode Parametric study

Bond-slip behavior between LC3 concrete and rebar is

with that of OPC concrete and rebar.




3.1 Bond behavior between reinforced bar and LC3 concrete

(2) Bond-slip behavior between LC? concrete and rebar : propose modified bond-slip
constitutive model

(U N i
I ( < ] . e g4 T TTTTTTTTTITTTTTTT sy S TS oo s S
: KIS ) S >~ S : Th e key i 2‘3: 1.=-1.34+0.0931,, PR 233 . $=0.22-0.00344f, 1 zz IS=2'81+0'1ﬁ1d,.
: ] P o7 ] 1S S Y 1 1 e2im0s0a
L | +K,(S-S,), S, <S<S, | | | parameters:concrete | vt I T TN [ RN
: : \§3.47 ././ ] ~V | '\\ 1 %4,07 ./'_
ET = Tcr +K3 (S-Scr)’ Scr < S < Su :»I Strength and i » 'fiiz: o Toue : ?,,Egz: \'\ 1 ") i
! i i I 28y 7 = B G19)] oo2]| T B S~ 3.0 RO B
: T 7K, (S—=S,), S, <S<8 | - dlameterofrebar ] oo |7 D ]
I max 4 u)’ u =~ =l 42 44 46 48 50 52 54 56 58 60 62 42 44 46 48 50 52 54 56 58 60 62 1112 13 14 15 16 17 18 19 20 21
I S S S : Seu(MPa) fou(MP2) d(mm)
1 LT ’ =0, :
fmmm e l """""""" Linear fitting (based on pull-out test data)
T . . .
Five-stage linear model [ e e e e e e e e e e e e e e e "
E;ﬁ ﬁ&ﬂ . ! 25 ' R LbC%Sﬁ%{%ﬁ 1 30 ' ' | =i |
- OA: Elastic stage; : — LOC-50uBe i S !
SR  RRARES 1 = 20 — Eggﬁgi%—‘é% ) > 25 —— LCC-20D :
AB: Slip stage; = Nov o Loc-s0 i S BT a3 o
p. . g : _‘R’ 154 ! "\\\—'— LCC*602|§3'C§§Q ] _E 20 :::;EE:;%%%EE%_ :
BC: Splitting stage; B 2 v % ]
. : . \ |
CR: Descending stage; ! * | . & 10 ,
T R T s TS -
after R: Residual T ) :
stress stage : 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 |
W (mm) N 1
| W#% (mm) I
! Test verification !
B o o o S S N N RSN BN BN S BN BN SN SN BN NN SN BN BN NN SN BN NN NN BN BN NN S BN BN NN SN BN NN BN BN BN N S R N
0 Typical bond stress-slip curve S

Huang et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2020 21(11):892-907



3.2 Flexural behavior of reinforced LC3 concrete beam

——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

(1) Reveal the failure mechanism under bending, and quantify the impact of concrete type,
. strength, and reinforcement ratio

______________________________________________________________________________________________________________________________________________________________________________________________

Parameters for flexural test InZif{38:22=%4(10 full scaled beams)

B
Design for l' RmS f/MPa  p% s/mm  ly/mm b/mm  h/mm f /MPa
flexural test J L/PCQ-45-L 45 1.07 80 2100 200 400 46/47
_ A : L/PCCi45-M 45 1.60 80 2100 200 400 46/47
§ B S CERTERaE P L/PCC-45-H 45| [232] 50 2100 200 400  46/47
P ugen Pl b n L s Dl L S L/PCC50M 50 160 80 2100 200 400  52/55
Jiafy b e B ¥ S IR L/PCC-60-M 60 1.60 80 2100 200 400 58/61
A L 500mm 200mm |, 200mm TRt - 2 Y TPt L om B RS
R - o - oomm ot - TG TR {5t = RS
Parameters of shear test InBift &2 &%4(14 full scaled beams)
CE P Ay~ =] 0,
Design for l RIws f/MPa p% A s/mm l/mm b/mm h/mm f /mm
shear test J L/PCC{45-M-1.5 45 367 |15 150 2100 200 400 46/47
HCl A He2 HC3 | L/PCCi45-M-2 45 367 |20 150 2100 200 400 46/47
-l-.v+x}fiﬁ‘i%'i’f§-_'7 b ‘{'Yf-ii‘f?lgjvaol. Sl L/PCC-45-M-2.5 45 367 |25| 150 2100 200 400  46/47
10 e 0 O o S L/PCC-45-L-2 45 367 20 [200 | 2100 200 400  46/47
'A HTBI R HTB2 . ~ umss ' |-200—'-| L/PCC-45-H-2 45 367 20 [ 100 | 2100 200 400 46/47
I 700mm T 700mm T 700mm L/PCC-50-M-2 50 367 20 | 150 | 2100 200 400 52/55
L/PCC-60-M-2 60 367 20 150 2100 200 400 58/61
Huang et al. Structural Concrete. 2023;1-23. MR g et | MEN 3 i P 4ifi % BIES L




3.2 Flexural behavior of reinforced LC3 concrete beam

——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

(1) Reveal the failure mechanism under bending, and quantify the impact of concrete type,
strength, and reinforcement ratio

______________________________________________________________________________________________________________________________________________________________________________________________

500 - i 700 A

——LCC-45-L m—yeorrEvil
——PCC-45-L 6001 ——PCC-45-M|]
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S = Z 5 Z
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1 ﬁ’w‘ll I . 0 ¥ ® " &
] EEmENEN] PEmEEESNE YRR (5 i 200 | 2 3004 =
| | I I O S 3 1 (-
£ B R REamandnana N i 200+
g : 100- .
100-
O T T T O T T T 0 T T T T T T T T
0 10 20 30 40 0 10 20 30 40 0 5 10 15 20 25 30 35
BE (mm) B (mm) £¥ (mm)
Typical flexural failure: steel bar yielded with vertical cracks 700 recsom] 700) : )
i i Ll =l R :l,iL* 4.7 ; 600 4 — PCC-50-M| | ] ——— PCC-60-M ]
y s A A SEEscEREESCC. 500 0
I | sl e Tl B R e e e Z 2097 5 500
{ ﬁ»yﬂf’ 4 - I ;.——4. A e i = ) T \‘.1\7“ | ] 7i 5 ] j E
T T e Y T g C 400 ~
I el ] - I i i ;Fz 4
L T T U R B
_ i 300+ 1 #= 3001
chiﬁ.%* J;t}j, H Tl J:F h 200 + 200
O i )
Bl %ﬂ“ \ ! 100 100 -
e L R i N al
EEEsaBRuEne oA o ) S —
R IS/ \ [ i 0 10 20 30 40 0 10 20 30 40
B (mm) BE (mm)

> Similar load-displacement curves and failure mode.
» Comparable stiffness and flexural resistance.



3.2 Flexural behavior of reinforced LC3 concrete beam

——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

(1) Reveal the failure mechanism under bending, and quantify the impact of concrete type,
strength, and reinforcement ratio

______________________________________________________________________________________________________________________________________________________________________________________________

Effect of concrete strength

————————————————————————— ~
T T T \
] ' | ' | 800- 1 74 ’ \
700 Load-dis 200 ] Resistance Bl Lcc ] Ductility index LCC I :
600 N 1 [_Jrce 6 |:|PCC ] [ Au |
>’ % 500+ ~ 1 : I
= 400 1 » = 00] g4 i ' TR A SR i
ig 300° ] §300- ﬁ3 ! i I i
2001 } PCC-45-M ® oo, 1 E,) | | | :
, - PCC-50-M i >
100y —-—-PCC-60-M| ] 100 11 ' &y A Ak i
%0 10 20 30 40 0- 0- \ ilitv i /
C45 C50 C60 C50 N Ductility index _’
P (mm) VRt 1 9 VR
Effect of reinforcement ratio
I ——— 800 - ' : : kel i
“ . Resistance 1 . . . .
1M Load-dis | 14 | ©¢] Ductility index 1 > Stiffness increases as increasin ]
6007 I Lcc - LCC ! :
5 w0l R 1 6004 [_]pcc -~ 1 sy PCC i the strength; !
~ .\‘ \'\_ Z i /-i 'S 1
4004 Joml - {1 2500 - =4 I . e . . . I
S a0l S iccasi]] =400 i £, 1 » Have similar increasing ratio; |
N B ——LCC-45-M % 300 i 1 1
| I 451 | s jesal ° ege 1
» rcast ] 2001 22 | > LC3 beam has higher ductility .
I
100- — - — PCC-45-M| L 1 . i
X e 100 ' behavior. |
0 10 20 30 40 50 60 70 0- 0- e et !
SR (e 1.07 1.6 232 1.07

BEZ (%) Eﬂﬁﬂ? (%)



3.2 Flexural behavior of reinforced LC3 concrete beam
(2) Reveal the failure mechanism under shear, and quantify the impact of concrete type,
strength, stirrup ratio and shear-span ratio

______________________________________________________________________________________________________________________________________________________________________________________________

Shear-compression failure: longitudinal bar not yielded with
diagonal cracks

: 200 ] 700-
. I = - TERCNT ——LCC-45-M-1.5 ——LCC-45-M-2| |
LC ;ﬁ- ‘:1 [ | 711 A e —— PCC-45-M-1.5 600+ —— PCC-45-M-2
S i a0 ; [ e il 600 500
= e G T T RS
R / N, QR ER NN Fji! BRI B EEEC ~ ~ 400
3O O i e N O T T O 5 0 Y I = s #4004 &® 7]
z i z 3003 C45
i _~Diagonal crack ' s
200- ] 2001 S=150
BT LE1.5 100 BT 62,0
0’ T T T T T T T T 0 T T T T T T
0 2 4 6 8 10 12 14 16 18 0 5 10 15 20 25 30
P (nm) B (mm)
5001 ——Lcc4sm2s] 1 7007 8001 T 3007 ——LCC45-L2] ]
— PCC-45-M-2.5 600 _I};g(cjggxg 1 700475 ——LCC-60-M-2] {  7009% 24 1% _Il;ggjggg - OOt 2
400 1 500 -50-M- 6001 v ——PCC-60-M-2| | ¢00lv : -45-H-21 1 4004 — ]
< 300 1 < 400- 20 1. 5007 1< 3001
® 1 a2 8 22 4004 1 22 4004, log
= 2003 i 30g € 300% 14 300 15 2001 45
100 2093 1 | 100 S=200
) =1t 1 St S =
BIEsLE2.5 100 €50 1 100; CO0 1 o] 4R EIFES=100mm
0 T T T T 0 | . . . . . . . . 0 T T T T T T 0 : . . . i i i 0 : r r r . .
0 10 20 30 40 0 5 10 15 20 25 30 35 40 o 5 10 15 20 25 30 0 5 10 15 20 25 30 35 o s 1o 15 20025 30
B (mm ) PIE (mm) B (mm) RE (nm) P (nm)

> Similar load-displacement curves: shear-compression failure; longitudinal bar not yielded,
> Higher stirrup ratio and concrete strength group has 24.1% and 22.7% higher shear resistance.



3.2 Flexural behavior of reinforced LC3 concrete beam

_____________________________________________________________________________________________________________________________________________________________________________________________

(2) Reveal the failure mechanism under shear, and quantify the impact of concrete type,
. strength, stirrup ratio and shear span ratio

______________________________________________________________________________________________________________________________________________________________________________________________

Concrete
strength

Shear span ratio

AT (KN)

RS (KN)

7RI (KN)

9001 LCC-45-M2] ]
800 1 ——LCC-50-M-2| |
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200
100
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1.Shear-span ratio
reduces significantly
the shear stiffness;

2.Stirrup ratio and

shear span ratio have a
more significant impact
on the shear resistance.



3.3 Code predictions and assessments of flexural and shear resistance

LC3 concrete: GB, EC 2 and ACI 318
LCCA45-L

Calculation modes in different design codes

: 1432 1138 126 0L 142 1138 126
Codes Calculation formulae WCC45MI 2095 1708 | 123 | 1505 139 1708 1.23
Y R LCC45:HT 2322 2000 | 116 748 133 2000 | 116
GB50010 S b= f A~ S + Ty (005, ) 4, NCC50M: 2110 1720 | 123 1518 139 1720 | 123
35 + ' ' ; ' ! ' 5 5 o 5 J 5 -
R I s R Al B B B T B
| - - - - 0.04 - 0.03 - 0.04
Af =085fab+ Af —
ACI 318 Sy =083Labv &7,
(ZEMB) M, <OM,=0 n.as;;ab(d—E)JrAs;;. (d—d) Normal concrete: GB, EC 2 and ACI 318
1x)o= A fu— A0 S e o [e] s, Me oy [
EC 2 1/(Ax)b= 4.7, A WPCCHASL] 489 1124 1.32 99.7 149 1124 1.32
T s _ CAxN, (g PCC45M 2130 1674 | 127 | 1469 145 167.4 127
(BOMASE ) My, ‘—‘-’-Mm—??f.,d(ix)b(ﬂ’ 5 )J““ﬁs(d d) PCC45H 2389 1945 | 123 | 1689 1.41 1945 | 123
PCCBOMI 201 1685 1.25 148.] 142 1685 1.25
PCCHOM| 2174 1749 | 124 155.1 140 175.1 124
CMen B 126 i 144 3 126
0.03 0.03 0.03

Note: M =testresults; Mgz=GB results; M, =ACl results; Mpy=EC 2 results .

GB 50010, EC 2 predictions are closer to the flexural resistance of

reinforced-LC3concrete members.




3.3 Code predictions and assessments of flexural and shear resistance

__________________________________________________________________________________________________________________________________________________________________________________________________

Shear resistance models in different design codes

Codes Calculation model and formulae
I”v” = V, =V +V,+V,+V,;+V,
GB50010 /><+"“ V,=V,_+08f,A4,sing,
(FEREE) L L 75 y
77’%’ ) V.=—" fbh+ f, =h,
Va o a “ A+1 ! s
=\ V,<QV,=3(V,+V,)
ACIl 318 \\\ \ g
o \ V. =0.166+{f.b d
(%%)I_IUIB) L — Af ﬂr\/_ .
e Ve=— <0.665 £ 5,d
TEELZ
- : A z
i - = o0/ ua (cot 8+cot & )sin &
EC?2 . f 8 l | s
(E(’M‘l‘Pﬁ-)nuj@) : cot @+cot o
// R VR&’:}M :a‘mvl m‘bwz 1+Cﬂt1 ﬁ




3.3 Code predictions and assessments of flexural and shear resistance

__________________________________________________________________________________________________________________________________________________________________________________________________

LC3: GB, EC 2 and ACI 318

| Specimens | Vo (N) | Vo (N) | Vo/Vaa | Vag(®N) | Ve/Voa | VeukN) | Vi/ Ve

GB 50010 predictions are more

LCC-45-M-1.5 389.4 271.5 143 139.4 2.79 128.3 3.03 .

LCC-45-M-2 304.3 238.1 1.28 139.4 2.18 128.3 2.37 SRS than othe.r codes.
LCC-45-M-2.5 VAL 214.3 104 139.4 1.60 128.3 1.74 ACI and EC 2 provide more
LCC-45-L-2 251.9 220.3 1.14 121.6 207 96.2 262 conservative perditions.

LCC-45-H-2 361.5 273.8 1.32 175.1 2.06 192.5 1.88
LCC-50-M-2 280.5 256.7 1.09 141.6 1.98 128.3 2.19
LCC-60-M-2 359.3 291.4 1.23 154.0 2.33 128.3 2.80
122 2.15 2.38
[ Sd. 0.14 0.36 0.48 Highlights:
Normal concrete: GB, EC 2 and ACI 318 1.GB 50010 uses £, to represent the
PCC-45-M-1.5 389.9 954 4 134.3 concrete contribution while EC 2 and
PCC-45-M-2 283.1 224.1 1.26 134.3 2.11 128.3 2.21 ACI both use f..
PCC-45-M-2.5 252.6 202.2 1.25 134.3 1.88 128.3 1.97 . e . .
TEer A 2366 2063 115 1165 203 96.2 POVRN 2. Shear-span effect is ignored in EC 2
PCC-45-H-2 291.4 259.7 1.12 1700 1.71 192.5 1.51 3.Most codes/research use f. rather
PCC-50-M-2 315.0 2410 1.31 135.8 2.32 128.3 245 than f,, f, to represent shear/tensile
PCC60-M=2 I VX By Y 107 148.3 198 128.3 %3l rcsistance (indirect way), which may
1.24 213 2.27 o
— Std. | 015 0.39 0.47 cause prediction errors.

1.75 A cot +cotr
.= = R A O s
“ '};"L 5 o V.=0.166y7.b, . lfdb 1+cot’ @

Huang et al. Structural Concrete. 2023;1-23.
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qu Durability performance of LC3-based ULCC against
chloride ingression and carbonation

Ultra-lightweight cement composite (ULCC) {8iZRKiREE ST 100 -
density less than 1550kg/m3 with structural strength(40-85MPa)

90 -

80 -

70 -

=)
o

h
<

40 .

W
=]

S TR R E (MPa)
I&)

._.
=]

0
500 700 900 1100 1300 1500 1700 1900 2100

X158 188rmm

F - R ? & R
Microstructure of ULCC Fly ash cenospheres FNEE (cg/m?)
Mixture proportions of ULCC with water/binder ratio of 0.33. e e e e e L
Mix ID Fibre type Fibre Mixture proportion of matrix by mass of total binder . I | Ll m |tatlon S.
content (vol’s) Binder Cenosphere/b e |
(= Gmem Isliafume  FyAn %Y volume | 1.High cement content: high
ULCC-N - 0 i____(]._9_2_____= 0.08 0 0.42
ULCC-02PP PP 02 | carbon footprint
ULCC-05PP PP 0.5 I
ULCC-1PP PP 1.0 ° ° .
ULCC-02PPOSS PP + Steel 02+038 | 2.H 10 h pPo rOSIty : lower elastic
ULCC-1S Steel 1.0
ULCC-02PP15FA PP 0.2 0.78 0.14
ULCC-02PP30FA PP 02 0.64 0.28 | mOd ul us, easy to crack
‘PP = polypropylene fibre, SRA = Shrinkage reduced admixture; S = Steel fibre, FA = fly ash, SP = superplasticizer. SO EEEERE === == 3 __________
Zhenyu Huang, J.Y.Richard Liew, Wei Li. Evaluation of compressive behavior of ultra-lightweight cement composite Low ca rbon Lc3_based ULCC

after elevated temperature exposure. Construction and Building Materials, 2017, 148: 579-589.
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50-2:1=50%cement, calcined clay/limestone=2:1

rability performance of LC3-based ULCC against

chloride ingression and carbonation

OPC

Calcined clay

Limestone

Gypsum

Mix design of ULCC-LC3

Cenosphere Water

Silica fume

Superplasticizer

-

=
(@)
(@)

50-

| ULCC1 |
| 50-€:1 |
| 5021 |
| 5031 |
| 45201 |
| 65-2:1-1

Cement

(kg/m3)

873.9
464.0
464.0
464.0

(kg/m?)

Cenosphere‘

(kg/m?)

Calcined cIay'”

(kg/m?)

0]
16.6
16.6
16.6
18.4
114

0]
16.6
16.6
16.6
18.4
114

(kg/m?)

287.6
287.6
287.6
287.6
287.6
287.6
287.6
287.6
287.6
287.6
287.6
287.6

Limestone

(kg/m?)

97.1
97.1
97.1
97.1
97.1
97.1
97.1
97.1
97.1
97.1
97.1
97.1

Gypsum

(kg/m?)

264.9
264.9
264.9
264.9
264.9
264.9
264.9
264.9
264.9
264.9
264.9
264.9

Silica fume

4.3
6.5
8.3
8.5
9.0
6.7
4.6
6.9
8.7
9.1
9.6
70

(kg/m?)

PE fiber

9.3
9.3
9.3
9.3
9.3
9.3
9.3
9.3
9.3
9.3
9.3
9.3

(k:/R:;:‘) PE fiber (%)
0

Superplasticizer

Zhenyu HUANG, Tingting LIANG, Lijie CHEN.Experimental studies on durability performances of ultra-lightweight low-carbon LC3 cement composites against

chloride ingression and carbonation. Construction and Building Materials. 2023,395,132340.



Compressive strength

» Good workability:181-205mm

25 1a
58.7 — [ 3d
55.0 74
= [ 284
49.3
45.1
42.3
26.4| 25.9| 22
19.2
16.3] |
13.0f
ULCC 50-1:1 50-2:1 50-3:1 45-2:1 65-2:1

> Density range:1510.6-1567.0kg/m3, much lower than (&&+HE

R PR ARARE JGJ/T 122019) -1950 kg/m3

» Strength: Comparable compressive strength, but lower elastic

modulus

PUEREE (MPa)

PUESEEE (MPa)

o‘l Durability performance of LC3-based ULCC against
chloride ingression and carbonation
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With fiber
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qu Durability performance of LC3-based ULCC against
chloride ingression and carbonation

Life Cycle Assessment (LCA) 4anEIHEITE(L
Take case 50-2:1 as example

l . 1o Package
-»L

Transportation

RFBHR: N "FFR" 3 “X[J" —— “from cradle to gate”

» CO2 emission and energy consumption is largely
from cement;

» Compared to ULCC, the use of LC3 effectively

reduce CO2 (41.9%) and energy consumption
(26.7%)

——————————————————————————————————————————————————————————————

,‘————————————_\
-

LCA was performed using the GaBi software, in accordance with the ISO 74040 and ISO 714044.

900 [ Wk
- EEE%
800 Il e Fehah
£ 704 | = et
g
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S
A e S
<
400 - [N . ...
]
£ 300 (IR S
=
1 T s I
o
©w{ | 0 |
0 : .
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4000 WA
ZKAM
/004 Fi
FIRATRY
ke g+
~304 | | | K
E 26.7%
=250 | |
Z
20001 SN N
B
AT RS R E—— T
e
@004 | |
sof ! 1 |
ULCC 50-2:1



o‘l Durability performance of LC3-based ULCC against
chloride ingression and carbonation

A — A N

RIESEFEISREE(GB/T 50082) RCM test results S ,
: : : : ID Tem Thickness BEZEE Tme (h) =E @|EFIBRE | F8a5Fy |
Rapid Chloride Migration Method (RCM) o Thidness PEAN Tme(h) B R Ty |
1 24.40 51.3 9.6 24 60 2.2(7FR) [ |
ULCC 2 24.35 51.3 53 24 60 1.2 | 1.2 I
3 2440 51.5 5.2 24 60 1.1 | I
1 25.35 50.0 1.4 24 60 0.9 1 |
50-1:1 2 2540 50.3 4.0 24 60 0.8 | 0.8 |
3 25.35 50.7 29 24 60 0.6 | |
1 24.60 51.8 2.6 24 60 0.5 | I
50-2:1 2 24.40 51.9 33 24 60 0.7 | 0.6 I
3 24.15 50.1 35 24 60 0.7 I |
1 24.50 51.7 2.1 24 60 0.4 I |
50-3:1 2 2445 51.5 29 24 60 0.6 I 0.5 I
L 3 2450 512 2.2 24 60 0.4 I I
Test setup 1 2505 50 6.1 24 6 13 , |
$50mm X ¢ 100mm samples 452:1 2 2500 503 4.5 24 60 10 I 10 !
3 2475 50.7 37 24 60 0.8 I I
) ) ) ) o 1 25.10 51.8 2.6 24 60 0.5 I I
Chloride ion migration coefficient : 6>2:1 2 2490 516 29 #e 06 %
3 2490 517 60 : :

0.0239x(273+T)L 273+T)LX,
LT T P u TLTTL

(U -2)t
ULCC - 50-2:1 45-2:1

50-1:1 50-3:1 l652‘1 .

Comparison of chloride penetration depth for test samples
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INiEpx{Liti i€ Accelerated carbonation tests (GB/T 50082)

—i— ULCC
—8—50-1:1
e 5()-2:1
—¥—50-3:1
—0—45-2:1
—ad— 65-2:1
—p— Fi bl 1Y

S T —

0 B i L L |
TId 2EII|] StIS(I SA;d lll2d
BALKREL (d)
B e ~

» Use of LC3 reduces the carbonation resistance, resulting in an
increased carbonation depth.

> Still better than normal lightweight aggregate concrete.

\-—————————

————————————————————————————————————————————————————————————————————

rability performance of LC3-based ULCC against
chloride ingression and carbonation

ULCC 50-1:1 50-2:1

50-3:1 45-2:1 65-2:1

Carbonation depth at 7 day

ULCC 50-1:1 50-2:1

50-3:1 45-2:1 65-2:1

Carbonation depth at 28 day
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Io 5 Development and application of LC3 based lightweight core-
shell aggregate concrete

CBM,2018,170:757-775

Ingredients

it 5 86072025 § OFcA0)

‘%%*ULEEJFB

OB M AR R R R R R T

Specification |

f / Specification I

Ball Milling /

Speaﬁmhon 1]

Cooling Calcining

Sintering method §&4E5i% Expanded clay/shale aggregate
High carbon emission & energy demand (Rotary kiln temperature up to1200°C)

_____________________________________________________________________________________________________

T N N N N A N N e BEAEH: 2022404 4 12 H JEH 4 % By OV 112194400 B

OB W R RYE SR G Rk, B TR
ki
& # % ZL 2020 1 1299624.X

HEHEWH: 2020115190
£ F OB A IR

i} Hk: 518060 I #HR A M B L B R O 688 S5

B AR RE T EARAAEFFESTT &, AR T AL MR EF
EHHFESHSRELTofE. Fagithadatedn. FHRMRYTF, §
Pk A &L,

Core-shell aggregate
EPS

S AHE R F AR R e R, F A A RAT. Rk, Sk, RE RS
FRANEL A L4, B, TS FaadedqaEr,

e ¥ £

» Bond

1M 2D

: ﬁ?}&j—u#, ,q#E,HIJ%@i%W%%H&H%U%
F3i5& FERBAER: ZL 202011299624.X

Cold- bond method 2%k Cementitious material
Low carbon emission & energy demand (Room temperature production)

____________________________________________________________________________________________________



Io 5 Development and application of LC3 based lightweight core-
shell aggregate concrete

Core-shell lightweight

: » Non-structural partition wall
aggregates production

—————————————————————————————————————————————————————————————————————————————————————

Initial curing
Y 5 ;i 90°C water for 3 days Foiani
I Core material SurfaE | Granulation \
| treatment MM  machine coated EPS Sieving
Surface

Il | ; 14-20mm

Cold bond process li Sieving & Curing

LC3 binder

Atomizing|spray

1
___________________________________________________________



Development and application of LC3 based lightweight core-
shell aggregate concrete

LC3 binder proportion

Shell material
ID Core
material OPC (%) CC(%) LIS(%) GY (%)
_ 8-10mm
LC3-50-2:1 EPS 50 30 15 3
Physical properties of core-shell lightweight aggregate
D s APPASC Bulcdensity WEEE MEAE 24nBkE
3 () 0
(mm) ( ke/m3 ) ( kg/m? ) (MPa) (%) (%)
LC3-50-2:1 14-20 1546 843 8.7 4.85 5.68

Calcined clay: limestone=2:1, speed/angle/water..., to achieve the highest
compressive strength



o 5 Development and application of LC3 based lightweight core-
shell aggregate concrete

> |ITZ is difficult to discern.

» Core-shell material closely
resembles the cement matrix,
resulting in good contact
between aggregate and paste.

» Aggregate surface undergoes
secondary hydration to
produce hydration products to
form a denser ITZ.




Io 5 Development and application of LC3 based lightweight core-

shell aggregate concrete

.‘
Granulation machine

Granulation process

Core-shell
lightweight
aggregate






Io 5 Development and application of LC3 based lightweight core-
shell aggregate concrete
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Production of Core-shell lightweight panel



Io 5 Development and application of LC3 based lightweight core-
shell aggregate concrete
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IOb Conclusions
I

For normal concrete:

(1) Develop a new type of green cement concrete using LC3

(2) Conduct tests of compression, splitting, bond behavior, flexural and shear behavior as
compared to convectional RC beams.

(3) Assessment of current flexural and shear design formulae.

(4) LC3 concrete has higher splitting-compression ratio (#f/EEL) : fc or ft?

For lightweight ULCC:

(1) Develop low-carbon LC3-based ULCC with low density (1500 kg/m3) and high strength.
(2) The use of LC3 significantly decreases the carbon emission and energy consumption.

(3) The chloride resistance of ULCC-LC3 is significantly improved as compared with ULCC and

normal concrete which is due to the refined pore structure and increased chloride binding
capacity.

(4) LC3 can effectively densify the porosity, reduce the chloride migration coefficient. In
accelerated carbonation tests, LC3 lowers the carbonation resistance.



IOb Conclusions
I

Further research:
(1) Improve early strength of LC3 concrete;
(2) Evaluate long term (durability) structural behavior for marine civil engineering;
(3) LC3 standards;

(4) Resources, Superplasticizers...
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