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A robust 3D CONCRETERINTINGorocessconsistsin optimizing the MATERIAL
compatibilitywith the PRINTINGYSTEM
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Rheological and mechanical properties of 3D printed materials exhibit dualitie
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Demonstrateneedin a Standard procedurefor 3D printable concretemix:
experimentalresultscomparedby varyingtesting proceduresjnvestigatingthe
effect of suchvariationson mechanicalproperties
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Testing campaign on fresh concrete
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[3] CASAGRANDE, Lorenzo, et al. Effect of testing
procedures on buildability properties of 3D-printable concrete.
Construction and Building Materials, 2020, 245: 118286.
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3D Concrete Printing

What about construction industry?
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POTENTIALS:

V reduction in construction time
and cost

V increase in worker safety

V potential of freeform
architectures, better quality an
reliability

V environmental benefits due to
the saving of material waste

d.

Potentials and Challenges

CHALLENGES:

larger machines required
control of phase transition
Implementation of
reinforcement

optimization of specific early ac
mechanical and rheological
properties (Workability,
Extrudability, Buildability)

¥

Experimental exploration of FRES
3D printable cementitious materialg§
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Demonstrateneedin a Standard procedurefor 3D printable concretemix:
experimentalresultscomparedby varyingtesting proceduresjnvestigatingthe
effect of suchvariationson mechanicaproperties

STEPS

design a 3D printable concrete mix

define the testingorogramme

develop a standard procedure for uniaxial unconfined compression test
provide an analytical failure predictive model

(-) define a standard method for creep test

() provide a standard procedure for rheological test

€000
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niPV 3D printable concrete mix

Meet specific performance requirements in bddRESIANndHARDENED STATE

FRESH STATptimisedbalance betweenvorkability, extrudability and buildability
HARDENED STATEked to materialstrength andstiffnessproperties

1. Workability 2. Extrudability 3. Buildability
mixing andpumping extrusionwith a remain stacked in layers
throughout a reasonable = continuous material flow after extrusion and
time interval sustain the weight

Lorenzo Casagrande
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CEM type | 42.5N o ;2
Low W/b = 0.35 = o 5 i
limestone fillers CaC® S o) 5 £
Polypropylendibres [ ) 7 5 g

% 301 E E g
Slump class, S14+2 mm s ; —2
Cubic strengthRem, 53.5 MPa 2 200 %0 1000 2500

Cylindrical strengthfcm, 44.4Mpa

SuperPlasticizefSP) 0.1% of cement weight

Variations used to determine changes in
material consistency during the printing process

[4] ASPRONE, Domenico, et al. 3D printing of reinforced
concrete elements: Technology and design approach. A
Construction and Building Materials, 2018, 165: 218-231. X
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niPV Testing programme

Workability, extrudability, buildabilityare related to physical properties of
fresh mortars by:

Time-dependent

A layer cycletime, time required to === Compressive strengthndstiffness
complete one build layer COMPRESSIVE TEEI;TS

A deformation of material as — selfweightandcreep strain
successive layers are added CREEP TEST|S

A open time time during whicha === plastic viscosityandyield stress
material may be used in 3D printing RHEOLOGICAL TESTS

[1] BUSWELL, Richard A., et al. 3D printing using concrete
extrusion: A roadmap for research. Cement and Concrete
Research, 2018, 112: 37-49.
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Influence of:
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Influence of:; Influence of:

A Sample Age A Sample Age

A SuperPlasticizer A SuperPlasticizer
A Membrane A Displacement rate A Shear Rate

A Displacement rate A Duration
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We performed a sensitivity analysis considering:

A Evolution over time strength and stiffness of
early-age concrete changes during the printing
process

A Materials and sample preparationduring 3D
printing process, it is possible to experience
variations in the workabllity of the material

A Compressive test saip: 3D printable concrete
behaves as giscoplastic Bingham material,
response is affected by sample size/loading rate

Lorenzo Casagrande
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SAMPLE PREPARATION

Challenges during specimen preparation due to very early age of the material (i
casting, compactiorgemoulding

To overcome this issue, we designeplastic 3Dprinted openablemould to
reproduce cylindrical specimens with good shape retention.

? ?
[3] CASAGRANDE, Lorenzo, et al. Effect of testing

procedures on buildability properties of 3D-printable concrete.
Construction and Building Materials, 2020, 245: 118286.

h=120mm
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Compression tests

Testprotocol
LJt-conDdb c6difian
Y- L,| S Y- |_ .Jg(]\l .J L,I dZN S ¢Incrfnr;]:ntal H Iﬁrlegjntal Incrﬁzjntal nncrlen?:ntal

AUNYAY mMe:Z AoS mplYY Ay RAAL

Stress and strain deduced from fotce

displacement diagrams.
2dzy 3Qa Y2Rdz dza Aa O

modulus from 0% to 2% of the strain.

&0 min 30 min 15 min 0 min

Variables Uniaxial unconfined compression tests
Acronymn REF-SP0.10-M-DR3 | SP0.00-M-DR3 SP0.15-M-DR32 SP0.00-NM-DR3 SP0.10-NM-DR3 SP0.10-M-DR30
1. Age [min] 0, 15, 30, 60 0, 15, 30, 60 0, 15, 30, 60 0, 15, 30, 60 0, 15, 30, 60 0, 15, 30, 60
2. Superplasticizer [%)] 0.1 0.0 0.15 0.0 0.1 0.1
3. Membrane Yes Yes Yes No No Yes
4. Displacement rate [mm,/min]| 3.0 3.0 3.0 3.0 3.0 30.0
Samples per set 5 5 5 & 5 &
Tot. samples 20 20 20 20 20 20
reference test Test matrix.
REFSP0O.1eM-DR3 [3] CASAGRANDE, Lorenzo, et al. Effect of testing
procedures on buildability properties of 3D-printable concrete.
gSPX)(yI\/l-D Rzz Construction and Building Materials, 2020, 245: 118286.
CompMechGroup March, 2020
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80 r 80 r
(a) t =0 min (b) t=15min
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Effect of Age REFSP0.1eM-DRS.
Average and individual results at different times: (a) O min, (b) 15 min.

A As samples were not perfectly flat, forces began to stabilize around 5 N

Lorenzo Casagrande
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Force [N]

Compression tests

t =60 min
- Average

5 10 15 0
Displacement [mm]

Effect of Age REFSP0.16M-DR3.

5 10 15
Displacement [mm]

Average and individual results at different times: (c) 30 min, (d) 60 min.

A Softening is more evident for older specimens (30 and 60 min) respect to you
ones (0 and 15 min)

Lorenzo Casagrande
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257 0r b
(a) Avg.t = 0 min (b)
s0l Avg.t = 15 min E 251
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Effect of Age REFSP0.16M-DR3.
Average comparison: (a) stresdrain curves, (b) compressive strength and standard deviat

A Peak value (compressive strengtina) after initial linearelasticbehaviour
A Strain limit of the elastic range was about 2.5%

Lorenzo Casagrande CompMechGroup March, 2020



D@UNIPV

Virtual Modeling and Additive Manufacturing for Advanced Materials

UNIVERSITA

DI PAVIA

50 T T T T T T T 1200

a5 L —— REF-SP0.10-M-DR3 : y =0.23%x +8.24;: R” =0.84 | | REF-SP0.10-M-DR3 : y =6.98%x +191.4: R> =0.52
o 1000 |
o 40} . T
= o *
£ 35¢ 4 =,
> @ 800 |
s | 3 ‘
$ 25 | $ . © @00}
= E *
w 20r i k%
@ ¢ 2 a0} ¥
— 15| - =
o ’ ¢ o
£ + > * ¥
o 10r i *
S 200 | N

5 - ¥

,D 1 1 1 1 1 1 1 D 1 1 1 1 1 1 1

0 10 20 30 40 50 80 70 0 10 20 30 40 50 60 70
Time [min] Time [min]

(a) (b)
Effect of Age REFSP0.1eM-DR3.
92t dziAz2y 20SNJ UAYS 2F (KS O2YLINKaaha

A Curing time increases compressive strength and stiffness

Lorenzo Casagrande March, 2020
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Concrete Age
0 min 15 min 30 min 60 min

Compressive Strength, o
REF-SP0.10-M-DR3 8.80 kPa 11.64 kPa 14.00 kPa 22.48 kPa

RSD (o)
REF-SP0.10-M-DR3 1587 % 1176 % 1749 % 1472 %

Young’s Modulus, E
REF-SP0.10-M-DR3 210 kPa 252 kPa 430 kPa 607 kPa

RSD (E)
REF-SP0.10-M-DR3  33.25 % 2131 %  36.63% 4483 %

Effect of Age REFSP0.16M-DR3.
I SNF IS O2YLI NR&A2YY [/ 2YLINBaAaAADS aGNBy3IiE

A From 0 to 60 min, compressive strength and stiffness increase by 156% and

Lorenzo Casagrande CompMechGroup March, 2020
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251 | o5 -
(a) Avg.t = 0 min (b)
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Effect ofSuperPlasticizer SP0.0eM-DR3.
Average comparison: (a) stresdrain curves, (b) compressive strength and standard deviat

A During sample preparation, absence of SP resulted in a loss of workability
A Corresponding samples characterized by imperfections and voids

CompMechGroup March, 2020
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Effect ofSuperPlasticizer SP0.18V-DR3.
Average comparison: (a) stresdrain curves, (b) compressive strength and standard deviat

A Increments in the SP led to the excessive fluidity of the material
A Corresponding samples characterizedoayticle segregation

CompMechGroup March, 2020
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A Mixes with 0.00% and 0.15% of SP produced lower mechanical performance
to 40%), especially in terms of the compressive strength

Lorenzo Casagrande
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niPV Compression tests

30 -

B REF-SP0.10-M-DR3
25 ] SP0.00-M-DR3
| ] sP0.15-M-DR3

20

15

15 30
Time [min]

Effect ofSuperPlasticizer
Average comparison: compressive strength and standard deviation

A Mixes with too little or too much SP, had lower compressive strength and high
relative standard deviations

CompMechGroup March, 2020
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Compression tests

Concrete Age

0 min 15 min 30 min 60 min
Compressive Strength, o
REF-SP0.10-M-DR3 8.80 kPa 11.64 kPa 14.00 kPa 22.48 kPa
SP0.00-M-DR3 5.10 kPa 6.02 kPa 8.94 kPa 19.20 kPa
SP0.15-M-DR3 5.46 kPa 9.16 kPa 11.24 kPa 16.10 kPa
RSD (o)
REF-SP0.10-M-DR3  15.87 % 11.76 % 17.49 % 14.72 %
SP0.00-M-DR3 39.46 % 25.23 % 33.17 % 25.82 %
SP0.15-M-DR3 43.08 % 24.35 % 12.78 % 21.34 %
Young’s Modulus, E
REF-SP0.10-M-DR3 210 kPa 252 kPa 430 kPa 607 kPa
SP0.00-M-DR3 116 kPa 164 kPa 320 kPa 627 kPa
SP0.15-M-DR3 137 kPa 312 kPa 358 kPa 510 kPa
RSD (E)
REF-SP0.10-M-DR3  33.25 % 21.31 % 36.63 % 44.83 %
SP0.00-M-DR3 98.36 % 40.41 % 45.35 % 6.71 %
SP0.15-M-DR3 75.57 % 40.50 % 15.38 % 20.90 %

Effect ofSuperPlasticizer

I SNF IS O2YLI NR&A2YY [/ 2YLINBaAaAADS aGNBy3IiE

A Att =0, relative standard deviation was 15.87% for reference test, and about
for 0.00% and 0.15% of SP

CompMechGroup March, 2020
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Effect of Membrane SP0.0ENM-DR3.
Average comparison: (a) stresdrain curves, (b) compressive strength and standard deviat

A Combination of 0.00% SP without membrane experienced a high reduction in
strength and stiffness, even at very early ages

Lorenzo Casagrande CompMechGroup March, 2020
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Effect of Membrane SP0.1ENM-DR3.
Average comparison: (a) stresdrain curves, (b) compressive strength and standard deviat

A Such effect was more evident for the mix with 0.10% SP, where the only sour
disturbance was due tdemoulding

Lorenzo Casagrande
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A Att =60 min, compressive strength decreased from 22.48 to 5.44 kPa (up to
A Elastic modulus decreased by approximately 80%

Lorenzo Casagrande
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A Att =60 min, compressive strength decreased from 19.20 to 9.82 kPa (up to
A Elastic modulus decreased from 627 kPa to 305 kPa (approximately 50%)
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niPV Compression tests
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Effect of Membrane
Average comparison: compressive strength and standard deviation

A Hfect of membrane was more evident as the concrete age increases, especial

mix with 0.10% SP
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Concrete Age
0 min 15 min 30 min 60 min

Compressive Strength, o
REF-SP0.10-M-DR3 8.80 kPa 11.64 kPa 14.00 kPa 22.48 kPa
SP0.10-NM-DR3 3.62 kPa 3.82 kPa 4.30 kPa 5.44 kPa
SP0.00-M-DR3 5.10 kPa 6.02 kPa 8.94 kPa 19.20 kPa
SP0.00-NM-DR3 4.14 kPa 5.92 kPa 7.56 kPa 0.82 kPa
RSD (o)
REF-SP0.10-M-DR3  15.87 % 11.76 % 17.49 % 14.72 %
SP0.10-NM-DR3 25.74 % 24.45 % 21.06 % 27.78 %
SP0.00-M-DR3 39.46 % 2523 % 33.17 % 25.82 %
SP0.00-NM-DR3 29.08 9% 37.97 % 29.42 % 44.75 %
Young's Modulus, E
REF-SPO.10-M-DR3 210 kPa 252 kPa 430 kPa 607 kPa

SP0.10-NM-DR3 68 kPa 94 kPa 93 kPa 124 kPa

SP0.00-M-DR3 116 kPa 164 kPa 320 kPa 627 kPa

SP0.00-NM-DR3 88 kPa 182 kPa 212 kPa 305 kPa
RSD (E)

REF-SP0.10-M-DR3  33.25 % 21.31 % 36.63 % 44.83 %
SP0.10-NM-DR3 25.72 % 58.32 % 48.48 % 3733 %
SP0.00-M-DR3 08.36 %% 40.41 % 45.35 % 6.71 %
SP0.00-NM-DR3 57.47 % 7431 % 66.52 % 82.50 %

Effect of Membrane
I SNF IS O2YLI NR&A2YY [/ 2YLINBaAaAADS aGNBy3IiE

A Results without membrane had higher relative standard deviation: at 60 min,
reached 44.75%

Lorenzo Casagrande CompMechGroup March, 2020




niPV Compression tests

—
Virtual Modeling and Additive Manufacturing for Advanced Materials

45 45 b
a :
a0l (a) Avg.t = 0 min 10l (b)
Avg.t = 15 min

BT —Avg.t = 30 min B
o 30 F —Avg.t = 60 min "< 30
o o
=, 25 =<, 25¢
%) %)
§ 20 § 20
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10 10+ 1 l

5L 5+

0 | | 1 | 1 D

0 2 4 6 8 10 12 0 15 30 60
Strain [%] Time [min]

Effect of Displacement RateSP0.1e6M-DR30.
Average comparison: (a) stresdrain curves, (b) compressive strength and standard deviat

A Improvements on compressive strength when test was carried out at a higher
displacement rate
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A In general, displacement rate affected strength values rather than the stiffnes
A At low concrete ages (up to 15 min), the increase in strength was +20%
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Compressive Strength [kPa]

45
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Compression tests

B REF-SP0.10-M-DR3
[ ] sP0.10-M-DR30

e —

0

15 30 60

Time [min]

Effect of Displacement Rate

Average comparison: compressive strength and standard deviation

A At t =60 min, the compressive strength increased from 22.48 kPa to 34.84 k
percentage increase of about 55%

Lorenzo Casagrande

CompMechGroup

March, 2020



Compression tests

—
Virtual Modeling and Additive Manufacturing for Advanced Materials

Concrete Age
0 min 15 min 30 min 60 min

Compressive Strength, o

REF-SP0.10-M-DR3  8.80 kPa 11.64 kPa 14.00 kPa 2248 kPa
SP0.10-M-DR30 11.14 kPa 12.54 kPa 26.04 kPa 34.84 kPa

RSD (o)
REF-SP0.10-M-DR3  15.87 % 11.76 % 17.49 %  14.72 %
SP0.10-M-DR30 10.40 % 18.06 % 40.35 % 22.30 %

Young’s Modulus, E
REF-SP0.10-M-DR3 210 kPa 252 kPa 430 kPa 607 kPa
SP0.10-M-DR30 176 kPa 256 kPa 488 kPa 763 kPa

RSD (E)
REF-SP0.10-M-DR3 3325 %  21.31 %  36.63 % 4483 %
SP0.10-M-DR30 25.44 % 2150 % 43.21 % 17.93 %

Effect of Displacement Rate
I SNF IS O2YLI NR&A2YY [/ 2YLINBaAaAADS aGNBy3IiE

A With higher strain rate the experimental data were less reliable: results of DR
had higher relative standard deviation (up to 40%)

Lorenzo Casagrande CompMechGroup March, 2020
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GOAL

Demonstrateneedin a Standard procedurefor 3D printable concretemix:
experimentalresultscomparedby varyingtesting proceduresjnvestigatingthe
effect of suchvariationson mechanicaproperties

STEPS

design a 3D printable concrete mix

define the testingorogramme

develop a standard procedure for uniaxial unconfined compression test
provide an analytical failure predictive model

(-) define a standard method for creep test

() provide a standard procedure for rheological test
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Concrete material in eadgige state has low strength
and stiffness

N o

Stability checks of have to be performed (as a function \
of increasing element height and building rate) =

Stability checks include:

U A compressive plastic yielding checlk

U A seltbuckling instability check

Element stability depends aemporal evolutionof
the mechanical parameters, derived from
experimental testing

Lorenzo Casagrande
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Analytical failure mode} ==

Continuous timevariation compressive strengthc,maxt) and stiffnes£(t) laws o1
obtained through linear regression of experimental data
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Compressive plastic yielding check

Seltbuckling instability check

Compressive plastic yielding:

0,(t)

= H(t)pg =

O-c._max(t)

— Vertical stress in the first layer

Lorenzo Casagrande

— Experimental data—

Self-Buckling failure:

E(t)|<

2

Ecrft (t) ~
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H’(t)pg
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O R A Evolution of the compressive stress |
10T LI B Evolution of the compressive strength :
: i — — —Evolution of the Young's Modulus
Critical value of the Young's Modulus | ]

10'2 _“_““-_I_"“"“_“_I-" | | | | |
0 10 20 30 40 50 60 70 80

n[-]
Comparlson between the compressive strength and the vertlcal stress (red curves)
0S06SSy GKS 2dzy 3Q4a Y2Rdz dzA | YR (i Referer@dNTesi

E)

A For reference test, maximum compressive strength achieved after 49 layers
A Seltbuckling failure occurred after 22 layers
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A Same numerical evaluation was made for each testimdition, in all cases failur
was due to the selbuckling (lower bound 15 layers)
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Demonstrateneedin a Standard procedurefor 3D printable concretemix:
experimentalresultscomparedby varyingtesting proceduresjnvestigatingthe
effect of suchvariationson mechanicaproperties

STEPS

design a 3D printable concrete mix

define the testingorogramme

develop a standard procedure for uniaxial unconfined compression test
provide an analytical failure predictive model

&) define a standard method for creep test

() provide a standard procedure for rheological test
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3D printable concreteis characterizedy:

whighcementpastevolume
wlow water-to-cementratio (w/c)
whighdosageof mineraladditionsand superplasticizer

Highpastevolumesare more sensitiveto creepand shrinkage Highercreepstrains
are experiencedf concreteis demouldedandloadedat agesinferior to 1 day[5,6]

As the height of the printed element
Increasesso doesthe layer compression CREEP TESTS
underselfweight (hydrostaticpressure)

[5] NIYOGI, A. K.; HSU, P.; MEYERS, B. L. The influence [6] OSTERGAARD, Lennart, et al. Tensile basic creep
of age at time of loading on basic and drying creep. of early-age concrete under constant load. Cement
Cement and Concrete Research, 1973, 3.5: 633-644. and concrete research, 2001, 31.12: 1895-1899.

Lorenzo Casagrande
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We performed a sensitivity analysis considering: VARIATIONS

A Evolution over time strength and stiffness of
early-age concrete changes during the printing
process

A Materials and sample preparationduring 3D
printing process, it is possible to experience
variations in the workability of the material

A Compressive test setp: 3D printable concrete
behaves as giscoplastic Bingham material,
response is affected by testing time/loading rate

March, 2020
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S
V!
N

UNIVERSITA
Testprotocol DI PAVIA
w 5 A a LI-chnbd codifian (up to 8N) 8N, selfweight of the specimen
(0)) W 2 2 Y u S Y LJ&J\'J u dZNB ¢ constant constant constant constant
7 A~ A~ 7 oy load load load load
w /2YyGNRBEtSR NBtFGAGE T il il il
w dnn |y R-amshorttedim ocbekp? VY :
&
T (b@’(\é\ T 6@“%{\
< $ =3 )
@ Creen & 2 croop |2 60 min 30 min 15 min 0 min
@ ree g &
» %&(\é\ oz &@(‘
Q\é’ <
900 < Time [S] 300s Time [s]
Variables Creep tests
Acronym REF-SP0.10-LC-DR3 | SP0.10-LC-DR30 SP0.10-SC-DR3 SP0.00-SC-DR3 SP0.15-SC-DR3
1. Age [min] 0, 15, 30, 60 0, 15, 30, 60 0, 15, 30, 60 0, 15, 30, 60 0, 15, 30, 60
2. Superplasticizer [7%] 0.10 0.10 0.10 0.00 0.15
3. Testing Time [sec] 900 900 300 300 300
4. Displacement rate [mm/min] 3.0 30.0 3.0 3.0 3.0
Samples per set 5 5 5 5 5
Tot. samples 20 20 20 20 20
reference test Test matrix.
REFSPO0.16L.CDR3

March, 2020

Lorenzo Casagrande




niPV Creep testing

—
Virtual Modeling and Additive Manufacturing for Advanced Materials

(a) (b) Vi
20 7r @@
18 Avg.t = 0 min Avg.t = 0 min é’}%&’s
oL [ Avg.t=15min 57 |-——Avg.t = 15 min @ﬁ@ f’%
—Avg.t = 30 min [ .| [T Avg.t =30 min S
_ " |—Avg.t= 60 min < | |——Avg.t = 60 min
Z 12f % .l
B 10 »
O sl o3
)]
6 2
4
1
2
0(} 1(I)O 2(|}0 3{;0 4(;0 5(;0 5(;0 7(;0. S(I)O g(l)(] 10'0 00 ‘I(I]Cl 2(;0 3(IIIO 4(|}0 5{;)0 B(I)O TKI]O 8(;0 Q(IJO 10I00
Time [s] Time [s]

Load Application; Long term creep
Average comparison: (a) foredisplacement curves and (b) stressain curves

A Time due to reach constant self weight applied (8\N8kPa) increases as the
sample stiffness decreases
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(@) (b) Loy,
0.4 04r Qé@
t = 0 min t=15min @(}7 f’%
0.35 035 S
—Average — Average @@
03} 0.3
.3_9. 0.25 .5_9‘. 0.25
C o2 £ o2
[U (4] e
= =
N 0.15 )
0.1
0.05
00 100 200 300 460 560 SII)O ?-:Im 0 1{|}o 2{|}o 360 460 560 660 ?clm

Time [s] Time [s]
Effect of Age REFSP0.16L.CDR3.
Average and individual results at different times: (a) O min, (b) 15 min.

A Creep curves are extrapolated from total strain curves, removing instantaneo
strain
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©) (d) Loy,
0.4 0.4 Q&z@
035 | t =30 min 05 | t =60 min @f@ f%
—Average — Average @@
0.3 03r
g 0.25 E 0.25
£ o2 £ o2
o O
¢ 0.15 (N 0.15
0.1 0.1 e e
0.05 0.05 K"_‘
‘ 0 100 200 3(I)O 4(I)O S(I)O 6(IJO ?(I]O ° 0 1 {I}O 2{I}O S{I}U 4(I}0 5(I}0 BEI}U ?[I)U
Time [s] Time [s]

Effect of Age REFSP0.16LCDR3.
Average and individual results at different times: (c) 30 min, (d) 60 min.

A Average creep values stabilize after approximately 200 seconds, reaching a p

Lorenzo Casagrande
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@ (6) Loy,
0.4 047 gﬁ?@
I Avg.t = 0 min @ 7y
e Avg.t = 15 min - é}@@é@ %
03F |—Avg.t = 30 min 0.3
. —Avg.t = 60 min .
2 025 Q025
S o2 £ o2 I 1
o © 1
& o5t P s (1) 015
0.1r r"HlJ.J_‘_ — v 0.1
0.05 /7 0.05 L
0 ' : ' : ' : ' 0
0 100 200 300 400 500 600 700 0 15 30 60
Time [s] Time [min]

Effect of Age REFSP0.16LGDR3.
Average comparison: (a) strain curves, (b) strain and standard deviation

A Creep strain decreases as the concrete harden, starting with 0.21% (t = 0 mi
and halving in one hour
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@%
G Sty
&
Curing Time
0 min 15 min 30 min 60 min
peak averages peak averages peak averages peak averages
Creep Strain [%)] 0.21 0.19 0.15 0.10
Strain Standard Deviation %] 0.0232 0.0178 0.0103 0.0252
Relative Strain Standard Deviation [%)] 11.05 9.37 6.87 25.21
Tot. number of samples 5 5 5 5

Effect of Age REFSP0.16.CDR3.
Average comparison: Creep strain, standard deviation and relative standard deviation

A Creep progressively decreases from a peak of 0.21%, with an increasing rela
standard deviation (up to 25%).
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@ (b) Loy,
04r 0.4 ge&":@
0ss| | Ave-t=0min 05l @i’@ f%
Avg.t = 15 min @
03} |—Avg.t = 30 min 031 o
. —Avg.t = 60 min . T
EE 025 39‘ 025
< o2 £ o2 J
: — - c
%) N 0.15
0.1
0.05F

0 1 (IJO 2(I}0 B(IJU 4(I)D 5(I)0 E(I}U ?EIJU SII){} Q(I)O [} 15 30 60
Time [s] Time [min]
Effect of Displacement RateSP0.16LGCDR30.
Average comparison: (a) strain curves, (b) strain and standard deviation

A Increasing the displacement rate, creep remains approximately unvaried (0.2
with an increased relative standard deviation (up to 47%).
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.
G @@%727
@@@
Curing Time
0 min 15 min 30 min 60 min
peak averages peak averages peak averages peak averages
Creep Strain [%] 0.23 0.21 0.20 0.13
Strain Standard Deviation [%] 0.0382 0.0291 0.0283 0.0612
Relative Strain Standard Deviation [%)] 16.61 13.86 14.15 47.08
Tot. number of samples 5 5 5 5

Effect of Age REFSP0.16.CDR30.
Average comparison: Creep strain, standard deviation and relative standard deviation

A Increasing the displacement rate, creep remains approximately unvaried (0.2
with an increased relative standard deviation (up to 47%).
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S
. (a) (b) I PAVI
i -
181 Avg.t = 0 min _ Avg.t = 0 min
16} b Avg.t = 15 min ° a Avg.t =15 min
al ——Avg.t = 30 min Al ——Avg.t =30 min
— —Avg.t=60min| —Avg.t = 60 min
Z 12+t % Al
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Q 49 ”
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6 w ) 65 ?%
e
‘ 0
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2
1 1 [l 1 1 1 1 1 1 i D 1 1 | 1 1 1 L i 1 ]
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Time [s] Time [s]

Load Applicationg Short term creep
Average comparison: load application, (a) fortine curves and (b) stressme curves

A Time due to reach constant self weight applied (8\N8kPa) increases as the
sample stiffness decreases
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Creep testing

®) %ore,
D4r 018 @ f@f
.| Avg.t = 0 min 046 L f@@ JZ?
' Avg.t = 15 min 72
03t [ Avg.t = 30 min 0141
. — Avg.t = 60 min 012}
2 025 °
— = 0. T
£ oz £ |
© © 0.8
(N 0.15 D sl
0.1 — 0.04
0.0& - R S 0.02 -
0 . : : : : : : : ! 0
O 20 40 60 80 100 120 140 160 180 0 15 30 80
Time [s] Time [min]

Effect ofSuperPlasticizer SP0.065CDRS3.
Average comparison: (a) strain curves, (b) strain and standard deviation

A Creep increases as the amount of SP increases, starting from a peak of 0.13
(relative standard deviation 19%) for 0.00% of SP
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(a) (b) Yooy
0.4r 035 %&3@
Avg.t = 0 min @i’@ ’{’72“7}
0.35r . 03 T @
Avg.t = 15 min D
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c o2 £ T
g ..‘_.CE 0.15 J
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—
0.05 0.05T
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Effect ofSuperPlasticizer SP0.1656CDRS3.
Average comparison: (a) strain curves, (b) strain and standard deviation

A Creep increases as the amount of SP increases, starting from a peak of 0.20
(relative standard deviation 48%) for 0.10% of SP
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@) (b) Yooy
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03+ |—Avg.t = 30 min 05|
. —Avg.t = 60 min .
S 0.25 - 2 Ll
C o2t C
E {E 0.15
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Effect ofSuperPlasticizer SP0.155CDRS3.
Average comparison: (a) strain curves, (b) strain and standard deviation

A Creep increases as the amount of SP increases, starting from a peak of 0.20
(relative standard deviation 59%) for 0.15% of SP
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Effect ofSuperPlasticizer S@@
Curing Time Q %?@f
0 min 15 min 30 min 60 min @@ %
peak averages peak averages peak averages peak averages @
SP0.00-SC-DR3 0.136 [ 0.096 [%] 0.083 [%] 0.063 [%)
SP0.10-SC-DR3 0.200 [%) 0.169 [%] 0.131 [%)] 0.081 [%]
SP0.15-SC-DR3 | 0.204 [%] 0.192 [%] 0.153 [%] 0.139 [%]
Tot. number of samples 15 15 15 15

Average comparison: Creep strain

Curing Time

0 min 15 min 30 min 60 min
peak averages peak averages peak averages peak averages
SP0.00-SC-DR3 10012 [%] 12.50 [%] 8.43 [%] 15.87 [%]
SP0.10-5C-DR3 48.04 [%] 20.12 [%R) 18.32 [%)] 40.74 [%]
SP0.15-5C-DR3 59.5 [ 51.04 [%] 3137 %] 51.08 [%]
Tot. number of samples 15 15 15 15

Average comparison: Relative standard deviation

A Creep strain decreases as concrete harden and increases as the superplasti
Increases. Superplasticizer affects test accuracy, that decreases for higher a

Lorenzo Casagrande CompMechGroup March, 2020
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GOAL

Demonstrateneedin a Standard procedurefor 3D printable concretemix:
experimentalresultscomparedby varyingtesting proceduresjnvestigatingthe
effect of suchvariationson mechanicaproperties

STEPS

design a 3D printable concrete mix

define the testingorogramme

develop a standard procedure for uniaxial unconfined compression test
provide an analytical failure predictive model

(-) define a standard method for creep test

@) provide a standard procedure for rheological test
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A cylindrical rneometer is used to determine tipdastic viscosityand the
yield stresspy imposing the shear rate and measuring the torque

J)
UNIVERSITA
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Plastic viscosityamount of increased shear stress when the shear rate increase:
Static yield stressmaximum shear stress required to flow from the rest condition

Dynamicyield stressminimum shear stress required to maintain the flow

Spindle

Time 0 - 0.1% SuperPlasticizer

Shear Rate = 1

‘Shear Rate = 2.5
——Shear Rate =5
—Shear Rate = 10

Static Shear Stress

Torque Involved
Volume

Shear Stress [Pa]

Dynamic Shear Stress

20 40 60 80 100 120 140 160 18C
Time [s]
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We performed a sensitivity analysis considering: VARIATIONS

A Evolution over time plastic viscosity and yield
stress of earhage concrete changes during the
printing process

A Materials and sample preparationduring 3D
printing process, it is possible to experience
variations in the workability of the material

A Compressive test saip: 3D printable concrete
behaves as giscoplastic Bingham material,
response is affected by testing protocol

March, 2020
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Testprotocol
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Rheological tests
Age [min] 0, 15, 30, 60
Superplasticizer [%] 0.1, 0.15
Number of samples per set 1
Membrane -
Buildup rate [steps] -
Duration [sec] 180
Shear rate [1/sec] 1,25, 5, 7.5, 10
Tot. number of samples 40

Test matrix.
Lorenzo Casagrande CompMechGroup

Rheological testing
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Effect of Age REFSPO.10.
Average results at different times: (a) 0 min, (b) 15 min.

A Initially, peak is needed to onset the flow (static yield stress); consequently, p
decreases stabilizing (dynamic yield stress)
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Rheological testing

Shear Rate = 1
Shear Rate = 2.5
——Shear Rate =5

20

40

60

80 100 120 140 160

Time [s]

Average results at different times: (a) 30 min, (b) 60 min.

180

A Static and dynamic yield stress evolve in time, showing lowest amounts for fr
mixes 0.12-1.07Pa for 0.1% in cement weight)

Lorenzo Casagrande
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Effect of Age REFSPO.10.
Average comparisons at different times: Avg. Shear Stress and Avg. Viscosity.

A Mix behaves as Bingham and Shear Thinning mateisgoplastianaterials that
react as elastic solid at low stress, but flows as viscous fluid at high stress
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Effect ofSuperPlasticizer SP0.15.
Average comparisons at different times: Avg. Shear Stress and Avg. Viscosity.

A Lowest shear strength reached at t = 0 min with 0.15% of superplasticizer
A Lowest viscosity reached at t = 0 min with 0.15% of superplasticizer
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Effect ofSuperPlasticizer
Average comparisons at different times: Avg. Shear Stress VS Shear Rate
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Rheological testing
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Effect ofSuperPlasticizer
Average comparisons at different times: AvglscosityWS Shear Rate
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We performedan experimentalcampaigncomposedoy unconfined
uniaxialcompressioriests, unconfineduniaxialcreeptestsandrheologicalests

Testshighlightedthat:

A early age mechanicalresponseis influenced by concrete resting time; as the
concreteageevolvesthere isanenhancemenin

compressivestrength (from 8.80to 22.48 kPa)
stiffness(from 210to 607 kPa)

plasticviscosity(from 120to 360Pas)
static shearstrength (from 0.27to 1.07 kPa)

Evencreepis affected,showingareduction(from 0.21to 0.10 %) asmix matures

Lorenzo Casagrande CompMechGroup March, 2020
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We performedan experimentalcampaigncomposedoy unconfined
uniaxialcompressioriests, unconfineduniaxialcreeptestsandrheologicalests

Testshighlightedthat:
A increasing/decreasingamount of superplasticizer, lower strength, stiffness,

viscosityand experimentalprecision(RSD13.08%). CreepgrowsincreasingSPand
reducesdecreasingsP

A without membranethere is a decreasein strength (from 5.44 to 3.62 kPa)and
stiffness (from 124 to 68 kPa), giving rise at the most inaccurateresults (RSD
reacheda peakof 44.75%)

A displacementate influencesstressstrain response whenthe rate risessignificant
Incrementin compressivestrength (up to 34.84 kPa),despite a reduction in test
accuracyRSD0.35%);

Lorenzo Casagrande CompMechGroup March, 2020
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Reliability of methodology strictly depends on variability of testing
proceduregfailure predictionfluctuationisin the rangeof 30-40%).

standardized procedures greaterconfidencein
for material mechanical :> analytical/predictive
characterization models

Some recommendations may be employed to enhance reliability of testing
protocol:

(i) the external membrane increases the repeatability of the test
(i) 0.1% represents the optimal superplasticizer amount
(i) a lower displacement rate increases the test accuracy

Such recommendations also permit a more reliable failure prediction.

CompMechGroup March, 2020
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