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Introduction

Cement production : 4-8% of global greenhouse gas emissions [1]

Concrete 3D printing : material reduction
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Fig 1. Example of 3D printing application (XtreeE).
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Tab 1. Different 3DP concrete mixes cement content [2].

Concrete type Study OPC [kg/m?3]
Normal ~2r5 For 1K systems (unaccelerated
Standard concrete Concrete masonry unit ~240 concrete) :
High performance ~375 _ ]
- Rheological constraints
Le et al. 2012 532 . . .
_ - Non-linear behavior with
Kazemian et al. 2017 489 increasing number of
Nerella et al. 2020 525

3DP concrete 1K

Chen et al. 2020 532
Rushing et al. 2019 437

o
Mechtcherine et al. 2019 438
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Objective

Proposition of an automated reproducible methodology for
reducing the environmental impact of 3D printing materials

- Application to a mortar with very low cement content

o OO 4
THE WORLD’S GATHERING PLACE FOR ADVANCING CONCRETE e’ CONCRETE E
CONVENTION




Introduction Objective Materials Methods Methodology Results Conclusion

Materials
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60.0 1 Limestone calcined clay cement (LC3) :
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Fig 2. Compressive strength of blends mortars at 1, 7, 28 and 90
days [3].
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Tab 2. Materials used in this study with abbreviations

Material Abbreviation Supplier Comments

Cement GUbSF Ciment Québec (223km) GU with 8% silica fume
Calcined clay CC Whitemud Resources (2900km)  80% metakaolin
Limestone filler ~LF Graymont (209km)

Water W

Sand Sa Bomix (17km)

Superplasticizer ~SP Master Builders (10km) PCE
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Methods
Large-scale ;
3D printing Physical
I * Printability
Literature Strength

Neural networks

Non-dominated
sorting algorithm
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Continuous
3D model mixing/pumping unit 6-axis robot Printing head
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Printability

Flowability Flow test
Gxitena: :

Shape retention Slump test
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Buildability  Direct shear test
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Methodology Results

Introduction Objective Materials Methods
Yield stress
(kPa)
Continuously sheared
At rest
" Direct shear YS >= 12,5 kPa
End of mixing :
Flow >= 120%
Slump = 65mm
" Direct shear YS >= 6,2 kPa
1

| .

60 Time (min)

Continuous

- [ >

meng Pumping Deposition 0,5m elevation 1m elevation \/ e Y
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Ecoinvent 3.7 (EI)

LC3 binder El adapted to CA-QC

Mixed process

=and Excluded process
Transportation Robotic system

Water l

Cement GUbSF j Printing

!
Limestone, ground Kaolin Agusti-Juan et al. [4] > Transportation
Electricit PCE
ectricity rplasticiser
Heat, natural gas superplasticise s e

Mill

Transportation

Transportation Electricity End of life

-
Limestone powder Calcined clay
BINDER LC3 MORTAR | (—\
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Based on Sergis and Ouellet-
amondon, Digital Discovery, 2022

Optimization process

o ®6%° % NSGA-II
®0 0 oto o, . . .
© % 02 %o — Ranking of non-dominated solutions
O
© o. @ o;) o " |
Flow = Slump Athix Selection — crossover — mutation
Mix 1 X % xmm  x Pals |
Mix ... _ o
| Uniformely distributed set of
_______________________ T Pareto optimal solutions
. NNFlow  NNSlump NN Athix | |
| Trained /| Evaluation Selection of 3 solutions for =
: validation
Parameterized
LCA model
lterations
HA Y
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Results : Reference material

120 %

61 -
251 kgCO,-eq/m3
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Results : Global warming potential

90% )
23% transportation
1 33% calcination Main contributors to
44% kaolin production climate change score :
1

80%

60%

50%

- Cement 53%
- Calcined clay 34%

40%

SP —
70% Sa —
w _

30%
LF J—

20%

—
10% cC —
SF —
0% GU —
Weight proportion Climate change score
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i3 e predicted flow -9 -
o measured flow
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Discussions

« Minimization of cement content
« Optimization of calcined clay content

* In the LCA model : Conservative modeling of calcined clay
— Calcination in rotary kiln with natural gas
— Electricity mix of CA-SK for the production of kaolin
— Transportation distance of 2900 km
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Discussions

« Reference material — already effective
« Restricted bounds for mixture parameters

e 6-parameter optimization with 4-6 objective functions :
— Dataset size — Expected substantial error in the first iterations
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Conclusion

* The methodology reduces the number of mixes necessary for material
optimization, especially for GWP reduction :

— Efficient way to take the environmental impact into consideration in the mix design
« Reproducible with locally sourced materials / customizable objectives

« Possibility to include the compressive strength in order to switch objectives :
— Next step : Identify 40 MPa 3D printing mortar with minimized climate change score
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(wt%) GUbSF CC LF

Si0, 27.0 625 221 Sieve analysis
Al5O5 4.2 31 0.37 — —
F6203 1.6 1.1 0.14 _2.5 - ﬂﬂ J
CaO 57.5 0.4 53.6 1.25 85 - 95

MgO 1.6 0.3 0.51 0.630 70 - 86

S0, 36 0 ol s o

110, 0 0.6 0.01 0.080 0-3
NasO 0 0.16 0.02

KQO 0 1.81 0.13 Tab. Sieve analysis of Bomix sand.

g
Fig. Chemical composition of binder components.
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Yield stress

- 1L/min flowrate T =

Time (min)

(kPa)
Continuously sheared
At rest
" Direct shear YS >= 12,5 kPa
End of mixing :
Flow >= 120%
Slump = 65mm
Assumptions for yield stress
v requirement :
- 2m contour length
" Direct shear YS >= 6,2 kPa
. - 69 mm/sec TCP speed
- 0,276mm/s elevation rate
- 2,2 mortar density
0 8 30 60
Continuous
mixin . " ) )
g Pumping Deposition 0,5m elevation 1m elevation
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R*2 and RMSE Hor ALL data: [©.9454113, 13.0819289]
R*2 and RMSE for TEST data: [©.9666956, 10.664082]

TEST data predictions:
X Y
98.274605 82
128.040039 110
113.283371 88
142.720413 131
127.655396 132
123.745049 126
123.376373 116
125.034515 120
102.442924 1]
120.483849 118
1@ 90.725113 111
11 -@.391596 4]
12 -@.343865 4]
13 -@.279489 4]
14 6.924143 %]
15 -0.450232 %]
16 143.865829 152
17 153.782120 152
18 -@.431078 2]
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ANN model summary:

Best solution found:
[{'act_f': @, 'n_hidden': 4, 'lay 1': 147, 'lay 2': 356, 'lay 3': 62, ‘lay 4': 21e, 'lay 5': 392, 'lay 6': 17, 'learn_r': 0.0021192779443649145}, array([11.031])]

i

Model: "sequential 4581"
Results of ANN training singe objective optimization for flow (i5) (_\
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NSGA-II

. A inimi 1, ..., S2N : 2N solutions (Pt U Qt)
N rameter f2 (minimize) s1, ..,
Random population P, sets of parameters (1, f2, ..., fn) : cost functions
Pareto optimal front
P, selection — crossover — mutation o Non-dominated front

v

Iteration t Child population Q,

Ranking of non-dominated solutions —

I
P, selection — crossover — mutation

\ 4

Ilteration t+1 Child population Q,,,

(minimize)

»
>

fi

Uniformely distributed set of

Pareto optimal solutions Objective space -
‘@ci? cONCRETE E
> 4
THE WORLD’S GATHERING PLACE FOR ADVANCING CONCRETE
CONVENTION




Tang et al. 2018 : A Fast Method of
Constructing the Non-Dominated Set:

( START )

l P Fast nondominated sort Arena's Principle
Set the required g = MAXIMUM Yes l
parameters and GENERATION?
generation counter Crowding-distance
eg=0 assignment
Population initialization Binal;zliﬁg:ment Replacement
Objective value C g=g+1
evaluation rossover
Fast nondominated .
sort Mutation m Output Pareto-optimal ’
¢ * solutions
Crowding-distance Objective value $
assignment evaluation ( END )
i A
, ‘acl> CONCRETE
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Random population P,

Selection
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Minimize
f1, .., n

Parent :

Crossover

Crossover point

Childern : E |
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Design point outside of Design point with GHG emission reduction

rheological/mechanical characterization range

O 70 ~
o o ° 4§ o 9° / o O
o o ©9 o
O O e @) o |
0O 5\\0_9/6
e O O o O
h o 1\ 4 o 70 45 9 N
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Design point with measurable flow / slump /

Athix / compressive strength Design point with measurable physical
properties and GHG emission reduction
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6D design space

O Design point : set of 6 values
O
O o [ o O O 5
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6D design space

O O
O/ o © N O0o .
O O
o O o O Design point
o O
O O O
O O O O
oYAS
O O O
Q O 0,0
O O O
©
O O O =
O
o O O
Less cement More cement
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Round 1 : Constricted parameter bounds Round 2 : Expanded parameter bounds

iteration 1 iteration 2 iteration 3 iteration 4 iteration 5 iteration 6

[ I o [ ]

NN retraining NN retraining NN retraining NN retraining NN retraining

6% GWP reduction > 6% GWP reduction

As the experiments progress, the predictions get more reliable
- This methodology is suited for local materials
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