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Evaluation of Structural Performance of Concrete
Interfaces depending on Environmental Conditions
Constructed by 3D Printing Technology

Park, Sangmin

Department of Civil and Environmental Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

With the recent development of 3D printing technology, concrete
materials are sometimes used in 3D printing. Concrete structures based on
3D printing have been characterized to have the form of multiple layer
build-up. Unlike general concrete structures, therefore, the 3D-printed
concrete can be regarded as an orthotropic material. The material property
of the 3D-printed concrete’s interface between layers is expected to be far
different from that of general concrete bodies since there are no aggregate
interlocks and weak chemical bonding. Such a difference finally affects the
structural performance of concrete structures even though the interfaces
are formed before initial setting of the concrete. Furthermore, it was
confirmed that superimposed load from the accumulated layers increase the
fracture energy of interface between two layers. The current study mainly
reviewed the changes in fracture energy (toughness) with respect to

various environmental conditions of such interface. Changes in fracture
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energies of interfaces between concrete layers were measured using
low-speed Crack Mouth Opening Displacement (CMOD) closed loop concrete
fracture test. The experimental results indicated reduction in fracture
energy as well as tensile strengths. In order to improve the tensile strength
of interfaces, use of bridging materials are suggested. Since it was assumed
that reduction in fracture energy could be a cause of shear strength, in
order to evaluate the reduced structural performance of concrete structure
constructed with multiple interfaces by 3D printing technology, shear
strength of RC beam by 3D printing technology was predicted and
compared with plain RC beam. Based on the fracture energy measured in
this study, MCFT theory-applied Vector 2 program was employed to predict
the degree of reduction in shear strength without considering stirrups.
Reduction factors were presented based on the obtained results to predict
the reduction in shear strength due to interfaces before initial setting of

the concrete.
KEY WORDS: layered concrete &5 £I2|E; fracture energy test St =] =

43, shear strength A& Z%; initial setting =2 A|Xt
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Fig. 2-7 Effect of accumulated dead load on interface
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Fig. 2-8 Formations of interface at different times
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1. 10cmx20cm plate

3. Form pressure

Fig. 2-9 Three steps for applying accumulated dead load on the specimen of

splitting tensile tests
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Table 2-1 Test plan for fracture energy of interfaces

Specimen Effects of dead load (D/N) Plate removing time (min)
D-0 ) 0
D-15 ) 15
D-30 ) 30
D-60 ) 60
N-0 X 0
N-15 X 15
N-30 X 30
N-60 X 60

Table 2-2 Table of splitting tensile strength test plan

Number of dead load

Plate removing time (min)
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Fig. 2-10 Selected bridging materials
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Table 2-3. Test plan for fracture energy of interfaces.

Plate i
Specimen Bridging materials a‘ remo‘vmg

time (min)
C-0 0
C-15 NA 15
C-30 (Control Specimens) 30
C60 60
A-30 Aggregate 30
A-60 (8mg/mm?2)+* 60
R-30 Retarder agent 30
R-60 (1.75g/1kg Concrete)* 60
S-30 Steel fiber 30
S-60 (1%)* 60

*Numbers in parenthesis show amount of bridging material
used per unit area, unit weight and unit volume

2.4 Z7JARZANE A3} (ASTM C496)
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P& FPstg o 1 AHZ 24383 2570 F eI

Az 18 AMFe e 2ANAAE AlF Ay Fig 2-113 2ok AH A
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¢
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Fig. 2-11 Results of tensile strength depending on dead load
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Fig. 2-13 Comparison of Bi-linear curve (under dead load)
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Fig. 2-14 Comparison of Bi-linear curve (without dead load)
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Table 2-4. Fracture energies according to area of load-CMOD graphs

Specimen Area of curve (N-m) Fracture energy

(N/m)
D0 182,817 166
D15 160,135 1622
D-30 151,125 1386
D60 65,786 562
o 134850 1237
N-15 109465 1084
N30 108070 %39
N 400%0 B9

At Z2AJNZAZH FA QYA FHBHF AHE o] &3t HFZQ olF
A& Bilinear)e] Fej = <=3tk =4S Fig. 2-15 ¢} Fig. 2-160] YeRf A
A7NA yH HUFS 2AJNBAE ADe ZH olH, xF dAs FIAYE

o] #¥ Z(Crack Opening)S eI}

o
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Fig. 2-15 Results of fracture energy test (under dead load)
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Fig. 2-16 Results of fracture energy test (without dead load)
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Fig. 2-19 Comparison of Gr and Gy
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Fig. 2-20 Elapsed time vs. decremented fraction of fracture energy
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Fig. 2-21 Elapsed time vs. decremented fraction of fracture energy
(without dead load)
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Fig. 2-22 Comparison of Load-CMOD curves (30min)
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Fig. 2-23 Comparison of Load-CMOD curves (60min)
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Table 2-5. Obtained fracture energies depending on different bridging

materials
Size effect
Specimen | Bridging materials Plajce rem(?ving fracture True Fracture energy
time (min) energy (N/m)
(N/m)
C-0 0 2.9 1237
C-15 NA 15 249 1034
C-30 (Control Specimens) 30 208 939
C-60 60 04 339
A-30 Aggregate 30 3.3 1175
A-60 (8mg/mn’) 60 138 605
R-30 Retarder agent 30 156 59
R-60 (1.75g/1kg Concrete) 60 9.7 425
S5-30 Steel fiber 30 < 320
S-60 (1%) 60 = 26,7
- 39 -
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Fig. 2-24 Comparison of Gr and Gy
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Table 3-1. Selected material Models for estimating shear strength

Material Selected Models Notes
Hognestad Prepeak
Modified Park and Kent Post—peak
Vecchio 1992-A Softening Compression
Strain based custom input Softening Tension
Kupfer / Richardt Confined strength
Concrete
Variable Kupfer Dilation
Mohr-Coulomb (stress) Cracking Criterion
DSFM / MCFT Crack stress calculation
Agg/ 25 maximum crack width Crack width check
Walraven Crack slip
Bauschinger effect Hysteretic
Steel Rebar Tassios (crack slip) Dowel action
Refined Dhakal-Maekawa Buckling
Interface between layers Eiel}i]r:ir Shear Stress-Slip Contact material properties
41 -
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Fig. 3-6 Cracked patterns from experiments and analysis
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Table 3-2. Obtained results for predicting shear strength of normal and layered RC beams

. . Elapsed | Exp. . .
. fc' GF ft Rebar in Tension Comp. . Predicted Vu | Differen
Authors Test Specimen a/d Time Vu
(MPa) (Nm) | (MPa) Zone Rebar (kN) ces (%)
(Min) (kN)
Ordi RC
nary 1| 49 150 39 2@n19 NA NA 15 140 103
beam
RC beam
w/interfaces 1 469 150 39 2@D19 NA 60 NA 83 NA
(Horizontal)
RC beam
Yuliang et w/interfaces 1 469 150 819 2@D19 NA 150 NA 64 NA
al. (19%) (Horizontal)
RC beam
w/interfaces 1 469 150 39 2@D19 NA 60 NA 3H NA
(Vertical)
RC beam
w/interfaces 1 469 150 39 2@D19 NA 150 NA 17 NA
(Vertical)
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Yang
et al.
(2007)
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(b) By Yang et al. (2007)
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Boyan
et al
(2010)
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Fig. 3-7 Level of fracture energy vs Level of shear strength
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Table 3-3. Proposed shear reduction factors for RC beam without stirrups

Interf: Normalized
ace 0 .1ze Range of a/d Shear Reduction Factor (a)
Type elapsed Time (%)
60 12<a/d<19 0.75
Horizontal
150 10<ad<19 0.45
60 15<ad<19 05
150 15<ad<19 0.26
Vertical
60 10<ad<12 0.25
150 10<ad<12 0.12

*Normalized elapsed time: Elapsed time divided by initial setting time (100 min) of the

concrete.
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