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EXPERIMENTAL SUBSTANTIATION OF CONSTANTS IN THE
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Abstract: The paper presents the results of the study of concrete fracture mechanisms in structures made by 3D
printing technology using the layer-by-layer extrusion method. It is established that concrete fractures in such
structures occur by fundamentally different mechanisms - cohesion and adhesion fracture mechanisms. The type
of fracture mechanism is determined by the load direction relative to the direction of concrete extrusion layers.
The compressive strength of concrete and the corresponding basic constant (compressive strength of concrete -
Rp) is determined, in general, by the cohesive fracture mechanism. But when loaded parallel to the extrusion
layers, the influence of the adhesion mechanism of fracture on the overall value of the key constant of the
concrete model has been established. Fracture of concrete in structures made by 3D-printing technology by
layer-by-layer extrusion is determined by the direction of loading relative to the direction of concrete extrusion
layers. Under loading perpendicular to the extrusion layers (direction of tensile stresses is parallel to the extru-
sion layers), failure occurs by cohesive mechanism. The value of concrete tensile strength (Ry) corresponding
to the cohesive fracture mechanism can be used as a key constant of the mathematical model of concrete. When
loading parallel to the extrusion layers (direction of tensile stresses is perpendicular to the extrusion layers), the
failure occurs by the adhesion mechanism. As a key constant of the mathematical model of concrete can be used
the value of adhesive strength of interaction of layers (Rua), corresponding to the adhesive mechanism of frac-
ture. The presented experimentally substantiated key constants of the mathematical model of concrete provide
adaptation of such a model for concrete in structures made by layer-by-layer extrusion.

Keywords: 3D Concrete Printing (3DCP), Mechanical Properties, Anisotropy, Orthotropic Material,
Stress-Strain Diagram, Mechanisms of destruction

SKCHHEPUMEHTAJIbHOE OBOCHOBAHUE KOHCTAHT
MATEMATHYECKOU MOJAEJIMU BETOHA B KOHCTPYK-
HUAX, BBIITIOJIHEHHbBIX 110 TEXHOJIOI'MU 3D-IIEYATU

O.B. Kaoanues, A.B. Kapaun

HaunonanbHbIi HcciienoBaTeabCckuii MOCKOBCKHM rOCY1apCTBEHHBIN CTPOUTENBbHBINA YHUBEPCUTET,
r. Mocksa, POCCHS

AHHOTamus: B crarbe mpeacTaBieHbl pe3ysbTaThl UCCIEIOBAaHNS MEXaHU3MOB pa3pylIeHHs OeTOHA B KOH-
CTPYKIHUAX, BBIIOJHEHHBIX MO TEXHOJIOTHU 3D-TeyaTH METOIOM TMOCIOWHOMN SKCTPY3HH. YCTaHOBICHO, YTO
paspymieHust 6eTOHA B TAKMX KOHCTPYKIHMSAX HPOUCXOAST 1O MPHUHIUIAAIBHO PAa3INIHBIM MEXaHU3MaM — KO-
Te3MOHHBIN M a/Ir€3MOHHBIN MEXaHN3MBI pa3pylcHus. Bua Mexann3Ma pa3pynieHns ONpeienseTcs] HarpasJie-
HUEM Harpy3Kd OTHOCHTEIIHO HAMpaBICHUS CIOEB IKCTpy3un OeToHa. [IpouyHocTs GeTOHA Ha CXKaTHe U COOT-
BETCTBYIOIIAs 6a30Basi KOHCTaHTA (MMPOYHOCTh OETOHA HA CIKATHE — Rp) ONpeaeNsseTcs], B IIeJI0M, KOT€3MOHHBIM
MEXaHU3MOM pa3pyuieHus. Ho nmpu Harpy’keHuu mapajuieIbHO CIIOSIM IKCTPY3UH YCTAaHOBJICHO BIUSHUE afre-
3MOHHOTO MEXaHHM3Ma pa3pyllIeHHs Ha OOLIyI0 BEJIMYMHY KIIOUEBOW KOHCTaHTBI MoJienn OetoHa. Paspynienne
0eToHa B KOHCTPYKLUSX, BBIITOJHEHHBIX 110 TEXHOJIOTHN 3D-1nieyaT METOI0M IOCIOHHOM SKCTPY3HH, ONpeie-
JISieTCs HAaIlpaBJICHUEM Harpy’>KeHHsi OTHOCUTEIBHO HAIpaBJICHUS CIIOEB IKCTpy3uu OeroHa. [Ipn HarpyxkeHun
MIEPIICHANKYIISIPHO CJIOSIM 9KCTPY3UH (HAIpaBIeHUE PACTATHUBAIOIINX HANPSDIKCHUH IMapajllelbHO CIIOSIM JKC-
TPY3UH) pa3pylIeHUE IIPOUCXOANUT MO KOTe3HOHHOMY MeXaHu3My. B kauecTBe KiIt04eBOH KOHCTAHTHI MaTeMa-
THYECKOH Mojesnn OeToHa MOXKET OBITh HCIIOJb30BaHA BEJIMYMHA NPOYHOCTH OeTOHa Ha pacTsikeHue (Ry),
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COOTBETCTBYIOIIAsI KOTE€3HOHHOMY MEXaHU3MY paspyuieHus. [Ipu HarpyKeHUH mapajuieNIbHO CIIOSIM SKCTPY3UH
(HarpaBieHHE PACTATUBAIOIINX HANPSKCHUN MEPIEHANKYISIPHO CIIOSIM SKCTPY3HH) Pa3pyIICHUE ITPOUCXOTUT
10 a/Jre3NOHHOMY MEXaHHM3My. B KauecTBe KII0UeBOW KOHCTAHTHI MaTEeMaTH4eCKOH MOJenu OeTOHa MOXKET
OBITH MCIIOIH30BAHA BEINYNHA AJT€3MOHHON MTPOYHOCTH B3aUMOACHUCTBUS CIIOEB (Ryq1), COOTBETCTBYIOMIAS aJl-
Te3MOHHOMY MEXaHHU3MY paspyuieHus. [IpencTaBieHHbIe SKCIEPUMEHTAIBHO 000CHOBAHHBIC KITFOUEBBIC KOH-
CTaHTBl MaTEMAaTHIECKON MoJenn OeToOHa 00ecIeunBalOT aJanTaliio TaKOH MOJIeNn JuIsd OeTOHA B KOHCTPYK-

MUAX, U3TOTOBJICHHBIX METOAOM MMOCIONHON OKCTPY3HUH.

Kuarouesble cioBa: texnonorust 3D-nedatn 6etoHoM (3DCP), MexaHHUECKUE XapaKTePUCTHKH,
AQHM30TPONHS MEXaHUYECKHUX XapaKTEPUCTHK, OPTOTPOIHAS MOJIENIb OETOHA,
JrarpaMma «HarpspKeHUsI-eOopMaIii, MeXaHU3Mbl pa3pyIICHUs

1. INTRODUCTION

3D Concrete Printing (3DCP - 3D Concrete
Printing) is one of the most promising techno-
logical trends, which is part of a vast group of
additive technologies, providing increased ef-
ficiency of work on the construction of build-
ing structures. Additive technologies provide
the implementation of the principles of digital
approach to construction: on the basis of a 3-
dimensional digital model of structures of the
bearing system of the building a program of the
printer is created. Under the control of such a
program the printer layer by layer forms struc-
tures using 3D concrete printing technology.
The technology of 3D concrete printing pro-
vides the possibility of transition to mass con-
struction of houses according to individual de-
signs developed in digital technologies. Thus,
3DCP technology is a modern industrial ap-
proach with the production of the necessary
structure directly at the place of its further use.
In this case, the known limitations on the diver-
sity of architectural appearance of construction
objects are removed, which is ensured by the
use of individual digital projects of houses built
using standard standard standard technology.
Construction production based on digital prin-
ciples realizes the task of digital transformation
of the construction industry as a whole and en-
sures the growth of labor productivity in con-
struction [1-4].

The obvious prospects of 3DCP-technology ap-
plication in the construction industry are recog-
nized in many countries. Saudi Arabia has
adopted a program for the construction of hous-
ing with the mass application of 3DCP
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technology [5]. In the UK, the National Additive
Manufacturing Strategy program [6] evaluated
the possibility of creating marketable products
in the volume of the country's GDP up to 1 bil-
lion dollars and creating up to 15,000 jobs in the
construction industry. A group of industrial
ministries in the People's Republic of China has
developed an initiative [7-8] to support industri-
alized construction methods, including 3DCP
technologies, as the main direction for the de-
velopment of the construction industry.

The possibility of practical realization of 3DCP
technology is provided by the achievements of
construction science in several main directions:
the development of methods and technologies of
layer-by-layer structure formation with various
effective extrusion mechanisms [9-13]; the de-
velopment of new types of concrete mixtures
with specified characteristics that allow layer-
by-layer formation of a structure that retains its
shape until the moment of strength gain [14-16].
At present, two directions of realization of the
method of 3D printing with concrete using the
technology of layer-by-layer horizontal extru-
sion are actively developing: Direct Digital Fab-
rication of Concrete (DDFC) / Direct Digital
Fabrication of Concrete Structures/ and Digital
Fabrication of Formworks (DFF) / Digital Fab-
rication of Formwork/.

The DDFC direction allows, on the basis of the
general technological process of 3D printing
with concrete, to realize the production of con-
crete structures of various shapes in conditions
of limited possibilities of using reinforcement
elements. The DDFC direction can be very ef-
fective in the production of small-scale and in-
dividual structures, in the operational modes of
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which there are no significant tensile or shear
forces. Such limitations are determined by the
current state of 3D concrete printing technology,
in the framework of which the installation of re-
inforcing elements in the body of the structure
to absorb tensile forces is quite complicated, and
the technology of installation of reinforcing ele-
ments is a foreign (in relation to the 3DCP con-
crete technology) process. The actual practice of
DDFC direction implementation shows that the
installation of reinforcement elements into the
body of a structure is possible with human inter-
vention in the highly mechanized technology of
3D printing with concrete or in the conditions of
using additional equipment [17].

The currently known problems in the field of
practical application of 3D concrete printing
technology are not critical for manufacturing
building structures using the new innovative
technology. The characteristics of masonry
structures are quite similar, as masonry made of
piece materials (bricks, large-sized artificial
stones) on masonry mortar is a layered structure
with minimal opportunities for installing inter-
layer reinforcement. But the characteristics of
masonry do not prevent the widespread use of
masonry structures in construction.

The most significant factor that ensures the wide
application of a particular technology in the con-
struction industry, including 3D concrete print-
ing technology, is the availability of methods
that allow you to justify the strength, reliability
and level of deformability of designed structures
by calculation. Such calculation methods are
based on a scientifically substantiated model of
the material forming the structure and realizing
strength properties as part of this structure. The
latter circumstance is very important, as the
model should correctly reflect the realization of
mechanical characteristics of the material,
which are formed not only in the frames of local
volumes of such material, but also in the condi-
tions of interaction of local volumes in the total
volume of the structure. Such local volumes of
the material can be formed due to the peculiari-
ties of the manufacturing technology of the
structure.
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The analysis of 3DCP technology shows that
the structure obtained by layer-by-layer extru-
sion of concrete has significant differences
from the traditional technology of manufactur-
ing structures by monolithic concreting tech-
nology. The traditional technology of manufac-
turing of reinforced concrete structures, which
includes the procedure of concrete mixture
compaction, provides the formation of a suffi-
ciently homogeneous concrete body of the
structure with minimal amounts of leaks. The
most important quality control procedures in
the traditional monolithic concreting technol-
ogy is the control of concrete mixture homoge-
neity. Concrete homogeneity ensures the reali-
zation of interaction of concrete mixture parti-
cles throughout the entire volume of the struc-
ture. According to [18], concrete obtained by
conventional technology is a composite mate-
rial consisting of binder particles, aggregate
particles of different size and transition zone of
interaction between particles, modeled by a set
of elastic bonds. In general, the model of inter-
action of concrete particles in a structure made
by traditional technology with concrete com-
paction procedures is presented in Fig. 2. The
homogeneity of the concrete mixture makes it
possible to use the characteristics of concrete
strength and deformability corresponding to
the model of a homogeneous deformable body
in the design justification.

Figure 1. Principle model of interaction of
concrete particles in a structure made with the
procedure of concrete mixture compaction (by

[18])

Contrary to concrete in a structure made by
traditional technology with concrete
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compaction throughout the entire volume of the
structure, concrete in a structure made by 3D-
printed concrete by layer-by-layer horizontal
extrusion has natural zones of concrete layers of
a given thickness, each of which is produced
separately from other layers with a gap in the
time of production. In this way, a layered

Differences in the structure of concrete in struc-
tures made by the technology of traditional
forming of the monolithic concrete body of the
structure in comparison with structures made by
3DCP technology have been investigated by
many authors, but, in general, this direction is at
the initial stage of development.

In [19] the issues of concrete mixes formulation
peculiarities suitable for 3DCP method of struc-
tural fabrication are investigated. In [20] the in-
fluence of 3DCP-technology on changes in the
mechanical characteristics of concrete under
compression conditions is studied. The issues of
variability of mechanical characteristics of con-
crete in structures made using the 3DCP method
are considered in [21-23].

A number of studies have investigated the
manifestation of anisotropy properties in con-
crete, the volume of which is made using
3DCP technology by layer-by-layer extrusion.
The results of such studies confirm: concrete
in a structure made by 3D printing technology
realizes a pronounced anisotropy effect. In
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structure of concrete is technologically formed,
and each layer has a mechanism of contact in-
teraction with other layers. Since freshly placed
concrete has adhesive properties due to the pres-
ence of binder, the interaction of layers is real-
ized by adhesive mechanism (Fig. 2).

(b)

Figure 2. Principle model of interaction of local elements of the structure made layer-by-layer by
3DCP technology, a - appearance of the structure at single-row concrete extrusion, b - model of
interaction of local elements of the structure; c - zone of contact interaction of local elements of

the structure

[24] the results of the study of the influence of
3DCP-method on the formation of the anisot-
ropy effect of concrete strength characteristics
are presented. The results of the study show
that the average axial compressive strength of
the samples drilled from the massif made by
3D printing technology is 15-27% lower than
that of the samples drilled from the massif
made by the traditional technology of mono-
lithic concreting. The data on the measured
densities of different zones of concrete of the
array made by 3D-printing technology are also
given. It is shown that 3DCP technology forms
the concrete body of the structure with a sig-
nificantly lower compaction relative to the
same indicator of concrete of structures made
using traditional technology. In [25], the in-
fluence of the layered structure and imperfec-
tions in the geometry of the structure, deter-
mined by the peculiarities of 3DCP technol-
ogy, which influence the premature failure of
the structure in the manufacturing process,
was investigated. In [26, 27], the mechanical
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properties of concrete at an early age are in-
vestigated, which allows predicting the behav-
ior of the structure in the mode of fabrication
using 3D printing technology. In [28], a
method of modeling concrete deformation in
the process of structure fabrication is pro-
posed. The standard method of modeling of
the construction with additional functions of
activation of layers of the manufactured struc-
ture was used, which allows to correct the ge-
ometry of the model. In [29] it is noted: in
structures made by 3DCP technology, in the
process of extrusion in the layer of concrete
can be formed zones of looseness, and in some
cases - breaks in the body of the concrete
layer, which has a negative impact on the co-
hesion (monolithicity) of the concrete in the
structure.

In [30, 31] it was established: the layered struc-
ture of concrete in structures made by 3DCP
technology with layer-by-layer extrusion of
concrete forms a special type of concrete, the
mechanical characteristics of which have a pro-
nounced anisotropy, which is a fundamental dif-
ference from traditional cast-in-place concrete
with compaction of the mixture in the formwork
(the mechanical characteristics of traditional
concrete are recognized as isotropic).

The reason for the anisotropy of mechanical
properties of 3DCP concretes according to [32,
33] is the weak bonds of extruded concrete lay-
ers. It is quite obvious that the direction of bond
failure between the layers corresponds to the ex-
trusion trajectory of the layers, and this, in turn,
determines the anisotropy of the me-mechanical
properties of concrete. Studies [34] have estab-
lished that the anisotropy of 3DCP concrete
properties can be correlated with mutually or-
thogonal directions: properties in the direction
perpendicular to the extrusion layers and prop-
erties in the direction of the extrusion layers.
Thus, the fact of a significant difference be-
tween the mechanical characteristics of concrete
in structures with the traditional technology of
monolithic concreting with compaction of the
mixture over the volume of the structure and the
similar characteristics of concrete in structures
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made with the technology of 3D printing by
layer-by-layer extrusion can be considered es-
tablished and substantiated by scientific re-
search.

However, it should be emphasized that neither
academic reviews on the topic of 3DCP tech-
nology nor open publications provide infor-
mation on the development/adaptation of a
mathematical model of 3DCP-concretes, which
would take into account the pronounced aniso-
tropic properties of such concretes. Also there
is no information about works on correction or
improvement of methods of calculation of con-
structions made by 3DCP technology. The
analysis of few published works on the subject
of calculation analysis of structures made by
3D printing technology by layer extrusion
method shows that traditional concrete models
are used with minimal refinements of tradi-
tional constants values. Thus, [35] provides
only a list of issues that need to be taken into
account when calculating the strength of struc-
tures made by 3DCP technology, as well as di-
rections for optimizing concrete structures
made by layer-by-layer extrusion technology.
In [36], a model of concrete structures made by
3DCP technology is proposed in the form of a
brittle-plastic material model. The model uses
the well-known orthotropic smeared crack
model for tension (fracture) and a plasticity-
based model for compression (plastic behav-
ior). This material model is extended to take
into account the temporal variability of its pa-
rameters. The interaction of layers was mod-
eled by weaker (relative to concrete) interface
elements. However, the failure of layered ma-
terials occurs by significantly different mecha-
nisms (adhesion and cohesion), which must be
taken into account in the layered material
model. A similar approach was used in [37,
38], where the interaction of layers was mod-
eled by special interfacial elements. For the
conditions of the time interval corresponding to
the fabrication of the structures, results close to
the experimental results were obtained. For the
conditions of concrete with design strength, the
results of numerical studies have significant
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differences from the results of physical experi-
ments, which indicates the need to improve the
mathematical model of concrete as a layered
material.

Thus, the analysis of open publications on the
results of studies of mechanical characteristics
of 3DCP-concretes made by the technology of
layer-by-layer extrusion shows: mechanical
characteristics of 3DCP-concretes have pro-
nounced anisotropic properties, which deter-
mines the fundamental differences of such con-
cretes from traditional cast concrete. It is obvi-
ous that anisotropy of mechanical properties is
determined by various factors. The factor of
looseness of the layered material, which was not
subjected to compaction throughout the entire
volume of structures, is an objective conse-
quence of the technology of layer-by-layer ex-
trusion. However, the most significant factor af-
fecting the manifestation of anisotropic proper-
ties of concrete in structures made by 3DCP
technology is the factor of layer interaction in a
multilayer structure, which requires an experi-
mental study to determine the mechanism of
layer interaction and the mechanism of

destruction of interlayer interaction. The results
of the study will allow us to substantiate the
characteristic characteristics of the key con-
stants of the mathematical model of concrete in
structures made by layer-by-layer extrusion us-
ing 3DCP technology.

2. MATERIALS AND METHODS

Concrete in structures made by traditional tech-
nology with concrete placement in the form-
work of the structure and concrete compaction
throughout the volume, which provides an ac-
ceptable level of uniformity of the material, is
described by a well-known mathematical model,
which is approved by the International Federa-
tion for Structural Concrete (FIB) and is used in
the normative documents of many countries,
computing systems, for example, [39], and is
given in many publications.

In a generally accepted form, the model of tra-
ditional cast-in-place concrete for uniaxial com-
pression-tension conditions is described in the
stress-strain axes (“o-¢”’) is shown in Fig. 3.
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The diagram is represented by the following ratios:

1-a)E
1-¢

aoy +

o(e) =4

E—TET 0.

( Ee,0 <e< ¢,

(e
ao; + PE(e — &¢gp), € > éey,

—8&), e S e <85, &> 1,

(1)

where the point C(ec, oc) corresponds to the
compressive strength; the point U(ey, ou) is the
limit point, and (according to FIB experts'

\ 1+ As, + Be?2 +Ce3’

C
E E
=+t @ -2p) - (@2p°-3p* +1)
u T

& <e<0,

recommendations) o = 0,85¢&c; v = 1,41¢ec. The
other parameters correspond to [40]:

&y

A=

p(p?—-2p+1)

(2)

)

E E
B=2——3—2A,C=2—E—+A.

E:

The descending sections of the diagram simu-
late the strength reduction during crack for-
mation and opening. The parameter ¢ deter-
mines the length of the descending section of the
diagram, while the parameters a and f deter-
mine the residual strength of concrete and sec-
ondary strengthening.

The diagram shown in Fig. 3, is based on well
known mechanisms of deformation and fracture
of concrete under uniaxial stress state, uses natu-
ral characteristics of strength and deformability
of concrete and allows correct modeling of con-
crete performance in a structure made by tradi-
tional technology with the formation of a mono-
lithic structure of concrete in the structure.

The deformation theory of plasticity of concrete,
which is widely used in mathematical modeling
of concrete, is based on the following provi-
sions:

- elastic volume change:

® = 3Kao,
€)

where @ =ox + 0y +0:;0= (01 t o2+ 03)/3; K
= (1 - 2v)/E; ® — volume expansion; g — average
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pressure; E — initial strain modulus; v — Pois-
son's ratio;
- stress and strain deviators are proportional to:

Dc = ZG,(D{, - DgA), (4)

where Dy, D: - stress and strain deviators; D —
residual strain deviator; G’ = ge / (3 &) — shear
modulus; e, ¢. — reduced stresses and strains;

- elastic relief:

D;=2G"D.”-2G(D. - DY), (5)
where unnekc P — plot point ge — &e (Fig. 4), cor-
responding to the beginning of unloading; G =
E /(2(1 +v)) — elastic shear modulus.

In the framework of the deformation theory of
plasticity of concrete, let us consider the case
shown in Fig. 4, when the deformation process
starts in the tensile zone of concrete and active
loading is carried out along the OP trajectory
(described in detail in [41, 42]).

According to [41, 42], at the loading step, at
each subsequent time instant the reduced strain
exceeds its value at the previous time instant:
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g1 > g, where i is the conditional number of
the moment (step) of the analysis. If the analysis
at the considered step demonstrates . > e.”, the
loading process continues. In the case where ¢
< &f, elastic unloading occurs, which corre-
sponds to equation (5).

P

Figure 4. Unsymmetrical “o
concrete

e” diagram for

The analysis of the considered situation shows
that the mathematical model of concrete, devel-
oped for the traditional technology of manufac-
turing of structures, corresponds to the condi-
tions of realization of the elastic unloading
phase in the mode of tensile stresses. The reali-
zation of the elastic unloading phase is ensured
by the homogeneous structure of concrete
throughout the entire volume of the structure un-
der cohesion failure conditions.

The cohesive mechanism of tensile fracture adopted
in the traditional mathematical model of concrete is
substantiated by numerous experimental studies and
corresponds to a key constant in the form of concrete
tensile strength (Re). A number of methods for mod-
eling the process of crack development in mono-
lithic concrete, including the method of distributed
“smeared”) cracks, have been developed based on
the use of this constant (Rx).
The 3DCP technology of layer-by-layer horizontal
concrete extrusion has fundamental differences
from the traditional technology, which is that the
volume of concrete in the structure is formed layer
by layer. The concrete structure made by the method
of layer-by-layer concrete extrusion consists of con-
crete layers formed during the passage of the extru-
sion head of the 3D printer, and contact zones of
such layers (Fig. 5). The concrete of the layers is het-
erogeneous (Fig. 5b): the main part of the layer vol-
ume (estimated up to 80%) has a structure close to
the traditional concrete structure; the volume of con-
crete forming the outer part of the layer (estimated
up to 20%) has a more loose structure with increased
porosity, which is confirmed by studies [21]. The in-
teraction of concrete layers is determined by the
mechanism of adhesion of layers with a certain level
of adhesion strength (Raar), which is determined by
the composition of concrete mixtures including
binders, such as cement. In general, at the micro
level, the assumed scheme of interaction of struc-
tural elements (layers) is presented in Fig. 5S¢, which
requires experimental confirmation.

concrete layer n+1

<« Radh_

- 3

(055000

(a) (b)

(c)

Figure 5. Peculiarities of the structure of the concrete structure made by the technology of layer-
by-layer extrusion of concrete: a) - scheme of layers of the structure (Li - layers of concrete); b) -
scheme of the layer structure (1 - central area of the layer, 2 - outer area of the layer), c) - as-
sumed scheme of interaction of the layers of the structure
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Taking into account these features of concrete
structure in the structure made by layer-by-layer
extrusion by 3DCP-method, the model of con-
crete of such a structure, including basic con-
stants based on cohesive fracture mechanism,
should be adapted to the fabrication technology
on the basis of taking into account the actual
characteristics and fracture mechanisms that are
realized by concrete. Thus, to substantiate the
parameters of the adapted model of concrete,
correctly reflecting the specific features and in-
fluence of the manufacturing technology, it is
necessary to perform experimental studies to de-
termine the mechanisms of fracture and me-
chanical characteristics of concrete in the struc-
ture made by the method of layer-by-layer hori-
zontal concrete ex-trusion.

For experimental studies of concrete compres-
sive strength (R»), fragments of the structure
made by layer-by-layer extrusion by 3DCP
method (Fig. 6a) and control specimens made by
traditional technology (Fig. 6b) were made.

Oleg V. Kabantsev, Alexey V. Karlin

Fragments of the structure for 3DCP-concrete
samples were made by layer-by-layer extrusion
using a 3D printer with an extrusion head, which
provides the formation of a layer of concrete
with a width of 50 mm and a thickness of 20
mm. The structure for making 3DCP-concrete
specimens is a rectangular slab of 200x200 mm
size with a thickness of 100 mm (Fig. 6a). Mul-
tilayer 3D printing was applied in the fabrication
of the fragments. For 3DCP-concrete samples, a
special mixture for 3D printing produced by the
building materials industry of the Russian Fed-
eration was used. Control samples were made of
this mixture using the traditional technology, in-
cluding concrete compaction in the formwork.
Cylinder specimens with a diameter of 70 mm
(Fig. 6¢c) were selected from the fragments of
structures for testing. From the fragments of the
structure made by layer-by-layer extrusion us-
ing the 3DCP method, cylinder specimens were
selected by drilling parallel and perpendicular to
the layers of extrusion.

979

OO

200

| -

(b) (c)

200

Figure 6. Geometric dimensions of concrete fragments for determining the compressive strength
of concrete (Ry) a - samples made of fragments by the method of layer-by-layer horizontal extru-
sion of concrete; b - samples made by the traditional technology with compaction of concrete
mixture, ¢ - scheme of drilling out cylinder samples from concrete fragments for determining the
compressive strength of concrete (R»)

Compression testing of the specimens was per-
formed according to the method recommended
by FIB on a laboratory press machine MEGA 6-
3000-100 (Form+Test, Germany) with a maxi-
mum compression force of 3000 kN. The load-
ing of the specimen was carried out at a constant
rate of 0.6 MPa/s.

For testing, the specimen ends were machined
to obtain a plane perpendicular to the longitudi-
nal axis of the specimens. Before the tests the
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specimens were prepared to standard humidity
(55%). The tests were carried out within 30-36
days after fabrication of fragments for 3DCP-
concrete specimens and control specimens.

The values of compressive strength were de-
termined by loading the specimen-cylinders
with compressive loads in the press equipment

(Fig. 7).
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(b)

Figure 7. Test of cylinder specimens for determining the compressive strength of concrete (Rp) a -
test with loading perpendicular to the extrusion layers, b - test with loading parallel to the extru-
sion layers

For experimental investigations of concrete ten-
sile strength (Rsr), beam specimens of two types
of sizes (bxhxl) were fabricated (Fig. 8) using
3DCP technology: 100x100x400 mm (series 1);
150x150x600 mm (series 2). The control beam
specimens with similar dimensions were manu-
factured using conventional technology with
concrete mix compaction.

3DCP-concrete specimens were produced by
layer-by-layer extrusion using a 3D printer with

X, Jahf\'

an extrusion head, which ensures the formation
of a layer of concrete with a width of 50 mm and
thickness of 20 mm. Multilayer 3D-printing was
used in the fabrication of the fragments. For
3DCP-concrete samples a special mixture for
3D-printing, produced by the building materials
industry of the Russian Federation, was used.
Control samples were made of this mixture ac-
cording to the traditional technology, including
concrete compaction in the formwork.

Y

(b)

Figure 8. Geometric dimensions of concrete fragments for determining the tensile strength of con-
crete (Ruy), made fragments by layer-by-layer horizontal extrusion of concrete: a) - specimens for
flexural tensile tests under loading perpendicular to the layers of the seal; b) - specimens for flex-
ural tensile tests under loading parallel to the layers of the seal; c - control specimens made by
traditional technology

Flexural tensile testing of specimens was per-
formed according to the method recommended
by FIB on a laboratory press machine MEGA 6-
3000-100 (Form+Test, Germany) with a maxi-
mum force of 100 kN. The loading of the

Volume 20, Issue 4, 2024

specimen was carried out at a constant rate of
0.05 MPa/s.

Tensile strength (Re) testing of concrete speci-
mens was performed on the press with loading
at two points (Fig. 9).
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3. RESULTS AND DISCUSSION

The results of the concrete compressive strength
(R») tests are presented in Table 1.

(b)

Oleg V. Kabantsev, Alexey V. Karlin

(c)

Figure 9. Testing of concrete tensile strength (Ri) specimens (a) specimens for flexural tensile

tests when loaded perpendicular to the extrusion layers, (b) - specimens for flexural tensile tests
when loaded parallel to the extrusion layers; (c) tests of control specimens

Table 1. Results of concrete compressive strength studies (Rp)

Cylinder specimens made
by 3DCP method in com-

Cylinder specimens made by 3DCP

variation (%)

No Type of pression along the X-axis method in compression along the Y-axis| Control
B characterization | (parallel to the extrusion |(perpendicular to the extrusion layers) /| samples
layers) / % of control val- % of control values
ues
1 |Average value 17,0 / 68,8% 19,7/ 79,8% 24,7
2 |RMS deviation 1,2 1,8 -
3 Coefficient of 7.1 9.26 )

The analysis of the results of concrete compres-
sive strength (R») studies demonstrates failures
by traditional cohesive mechanisms. At the
same time, the reduction of concrete strength
characteristics by =20-30%, which is deter-
mined by the presence of the outer area of the
concrete layer with higher porosity compared to
the central area of the layer. To the greatest ex-
tent, the influence of the outer region of the con-
crete layer is realized when the specimen is
loaded parallel to the extrusion layers: the tan-
gential stresses destroying the specimen form
cracks confined to the contact areas of the lay-
ers. The interaction of concrete layers is deter-
mined by a complex mechanism, including,
among others, the adhesive interaction of layers
subjected to tensile tangential stresses. It should
be taken into account that the value of adhesive
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strength (Raan) 1s significantly lower than the
concrete tensile strength (Rs), which corre-
sponds to the cohesive failure mechanism. The
combination of dissimilar fracture mechanisms
(adhesive and cohesive) leads to a 31.2% de-
crease in the concrete compressive strength (R»)
when the specimen is loaded parallel to the ex-
trusion layers in relation to the control speci-
mens made of monolithic concrete.

The values of the coefficients of variation of the
compression test results of the specimens indi-
cate insignificant deviations from the average
values of the test results, which correctly re-
flects the peculiarities of the structure of 3DCP-
concretes for compression conditions.

The results of the concrete tensile strength (Rpr)
tests are presented in Table 2.
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Table 2. Results of tensile strength of concrete specimens (Rv)

Ne,  Type of
characteristic

Specimens for flexural tensile

lar to the extrusion layers / %
of control specimen

Samples for flexural tensile
tests when loaded perpendicu-| tests when loaded parallel to
the extrusion layers / % of

Beam test specimens for
bending tensile tests

reference sample

100x100x400 ]150x150x600 |100x100x400]150%150x600|100% 100x2400]150%150%600
mm mm mm mm mm mm
1 |Average value| 2,23/69,25 | 2,08/78,49 | 0,19/5,90 | 0,22/8,30 322 2.65
2 RMS 0.32 0,25 0,12 0.11 0,22 0,29
deviation
3 [Coefficient of 14,45 11,89 - 53,16 6,70 10,88
variation (%)

The analysis of the results of concrete tensile
strength (Rp) studies demonstrates a pro-
nounced anisotropy of the concrete structure
material made by the technology of layer-by-
layer extrusion.

Under the action of external loads perpendicular
to the layers of extrusion (direction of tensile
stresses is parallel to the extrusion layers), the
destruction of samples by cohesive mechanism
is observed. The reduction of concrete strength
characteristics by ~20-30% was recorded. The
magnitude of strength reduction depends on the
size of experimental samples and is determined
by the presence of the outer area of the concrete
layer with higher porosity in comparison with
the central area of the layer and, accordingly, the
reduced strength of the concrete of the outer
area. The presence of the concrete area with re-
duced density leads to a decrease in the re-
sistance of the compression zone of the experi-
mental specimen, which determines the reduc-
tion of the failure load level and, consequently,
to a decrease in the tensile strength of concrete
(Rbr).

At action of external loads parallel to layers of
extrusion (direction of tensile stresses is perpen-
dicular to the extrusion layers) the destruction of
samples on adhesive mechanism is observed -
destruction occurs on planes of contact of layers
without presence of damages of a surface of
concrete of layers in a zone of the destroyed
contact. At the same time, a multiple (=90-95%)
decrease in the tensile strength of the specimen
was recorded.
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Such a significant reduction of mechanical char-
acteristics is determined by a fundamentally dif-
ferent structure of concrete in the structure: con-
crete has a pronounced layered structure. The
layers of the structure are made with a break in
time and (in the absence of special structural
measures) interact by the mechanism of adhe-
sion. Under the conditions of tensile stresses
per-perpendicular to the layers of extrusion, de-
struction is realized by the weakest mechanism
of mutual interaction of concrete elements of the
structure - by the mechanism of destruction of
adhesive interaction of layers with adhesive
strength (Radn), the value of which is many times
lower than the tensile strength of concrete (Re),
corresponding to monolithic compacted con-
crete.

An important feature of the fracture mechanism
of adhesive interaction is its brittle character:
the unloading phase is practically absent, frac-
ture occurs within a short time. For detailed
studies of the unloading phase with adhesive
fracture mechanism, it is necessary to perform
additional studies.

The values of the coefficients of variation of the
tensile test results indicate acceptable deviations
from the average values of the test results when
loading perpendicular to the extrusion layers.
For loading conditions along the extrusion lay-
ers, the values of variation coefficients show
high heterogeneity of the results, which corre-
sponds to the high variability of the key indica-
tor of monolithicity of the tested structure - ad-
hesion strength of contact interaction between
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the layers (Raarn). The analysis of experimental
results shows that the tests demonstrate funda-
mental differences in the mechanical character-
istics of 3DCP-concretes from the analogous pa-
rameters of traditional cast-in-place concrete.
Thus, when external loads are applied perpen-
dicularly to the extrusion layers (direction of
tensile stresses is parallel to the extrusion lay-
ers), the specimen fracture is realized by the
mechanism of cohesive failure of concrete of
extrusion layers with reduced tensile strength
(R»). When external loads are applied parallel to
the extrusion layers (direction of tensile stresses
is perpendicular to the extrusion layers), the
specimen fracture is realized by the mechanism
of adhesive interaction failure of layers with ad-
hesive strength (Raar). Such different fracture
mechanisms determine a pronounced anisotropy
of the material of the concrete structure made by
the technology of layer-by-layer extrusion. The
presence of different fracture mechanisms
should be taken into account in the mathemati-
cal model of concrete: for the conditions of
loading parallel to the extrusion layers, the value
of adhesive strength (Raan) should be used as a
key constant of the model.

The analysis of the experimental results shows
that in compression mode the deformation of the
samples qualitatively coincides with the known
diagrams of concrete deformations of structures
made by traditional technology. The diagrams
of deformation diagrams of concrete structures
made by 3D-printing technology are similar to
the traditional diagrams of concrete defor-
mation. As a key constant of the mathematical
model of concrete can be used the value of con-
crete compressive strength (R»), corresponding
to the cohesive failure mechanism, but corrected
on the basis of experimental studies, corre-
sponding to the type of construction made by
3D-printing technology. Differences are ob-
served only in the value of ultimate compression
stresses (oc) corresponding to the point C(ec,oc)
and some difference in the value of e.. To deter-
mine more precisely the differences in the limit
values of relative strains (ec), it is necessary to
conduct additional studies. In view of the above,
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it seems reasonable to adopt the scheme of the
diagram “o-¢” in the compression mode of con-
crete structures made by 3D-printing technology
similar to the scheme of deformation of concrete
structures made by traditional technology (the
proposals are presented in Fig. 10).

_— £

£ C

Figure 10. Fragment of the diagram of the “o-
e” diagram for concrete in compression mode:
1 - concrete in structures made by traditional
technology, 2 - concrete in structures made by
3D-printing technology (compression perpen-
dicular to the printing layers), 3 - concrete in
structures made by 3D-printing technology
(compression parallel to the printing layers)

The analysis of experimental results shows that
the deformation of specimens in the tensile
mode has significant differences.

When the specimens are loaded perpendicularly
to the extrusion layers (direction of tensile
stresses is parallel to the extrusion layers), the
deformation of the specimens coincides qualita-
tively with the known diagrams of concrete dia-
grams of structures made by traditional technol-
ogy. The coincidence of deformation diagrams
is determined by the same cohesive failure
mechanisms. As a key constant of the mathe-
matical model of concrete can be used the value
of concrete tensile strength (Rs/), corresponding
to the cohesive fracture mechanism, but cor-
rected on the basis of experimental studies, cor-
responding to the type of structure made by 3D
printing technology. The diagrams of concrete
deformation diagrams of the 3D-printed struc-
ture are similar to the traditional concrete defor-
mation diagrams. Differences are observed only
in the value of ultimate compressive stresses
(00) and some difference in the value of ultimate
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relative strains (e/). For more precise determina-
tion of differences in the limit values of relative
strains (&) it is necessary to carry out additional
studies. In view of the above, it is reasonable to
consider the scheme of the c-¢ diagram in the
tensile mode of concrete structures made by 3D-
printing technology under loading perpendicu-
lar to the extrusion layers to be similar to the
scheme of deformation of concrete structures
made by traditional technology (the proposals
are presented in Fig. 11, line 2).

When the specimens are loaded parallel to the
extrusion layers (direction of tensile stresses is
perpendicular to the extrusion layers), the defor-
mation of the specimens has a prin- tially differ-
ent character. This is determined by adhesive
mechanisms of specimen fracture with the de-
struction of adhesive interaction between the

R.a=0o

= |
€ adh® \ @‘K

G, A

A

layers. As a key constant of the mathematical
model of concrete should be used the value of
adhesion strength of contact interaction of lay-
ers (Raan), corresponding to the adhesion failure
mechanism Adhesion strength (Radr) is many
times lower than the tensile strength of concrete
(Rpr), which limits the tensile strength of the
specimen to the value of adhesion strength. The
adhesive failure is brittle in nature (Fig. 12, line
3) and the angle of inclination of the unloading
line to the vertical (a) tends to 0. The value of
the limit value of relative strain in the adhesive
fracture mechanism (&r,qar) 1s significantly lower
than the analogous value for concrete in struc-
tures made by conventional technology (&/). To
determine the exact values of o and &raan it is
necessary to perform additional studies.

S

& &

Figure 11. Fragment of the diagram of o-¢ diagram for concrete in the tensile mode: 1 - concrete
in structures made by traditional technology, 2 - concrete in structures made by 3D-printing tech-
nology (stretching along the printing layers),; 3 - concrete in structures made by 3D-printing tech-

nology (stretching perpendic

The presented stress-strain dependence (“o-&”
for 3DCP-concretes has prin- cipal differences
from similar dependences for traditional cast-in-
place concretes. First, the “o-¢” dependence
shows a pronounced anisotropy: the stress limits
have significant differences for different direc-
tions (along the seal layers/perpendicular to the
seal layers). Secondly, the mode of unloading is
also fundamentally different: when tensile along
the print layers, the concrete demonstrates a
smooth mode of fracture, close to the fracture
patterns of monolithic concrete made by
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ular to the printing layers)

traditional technologies. When stretching per-
pendicular to the seal layers, the unloading cor-
responds to the brittle fracture mechanism.

It should be emphasized that the currently used
engineering methods of calculation of concrete
and reinforced concrete structures, as well as
methods of physically nonlinear calculation
cannot realize such significant differences in
mechanical characteristics in different direc-
tions of concrete in the structure. Traditional
mathematical models of concrete, based on iso-
tropic properties of concrete and cohesive
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failure mechanisms, do not allow to justify by
calculation the level of bearing capacity and re-
liability of structures made of 3DCP-concrete,
which essentially restrains the development of
promising innovative technology. Conse-
quently, the existing calculation methods need
to be finalized and improved (on the basis of an
adapted mathematical model of concrete for the
conditions of structural fabrication by layer-by-
layer extrusion, taking into account fundamen-
tally different failure mechanisms), which will
allow the use of such methods for calculations
of structures made by 3D printing technology.

4. CONCLUSIONS

The analysis of the performed research allows
us to formulate conclusions:

1. The structure of concrete in structures made
by the method of layer-by-layer horizontal ex-
trusion of concrete (3DCP) has a layered piece-
wise homogeneous structure, which forms fun-
damental differences from the structure of con-
crete in structures made by the traditional tech-
nology of cast-in-place concrete with compac-
tion over the volume of the structure.

2. The results of experimental studies of con-
crete samples in structures made by the 3DCP
method testify to the pronounced anisotropy of
concrete properties of such a structure. In a sim-
plified form (with limitations determined by the
technology of layer-by-layer extrusion), it is ac-
ceptable to define concrete in structures made
by the 3DCP method as a piecewise homogene-
ous layered orthotropic material having differ-
ent values of mechanical characteristics along
mutually orthogonal axes.

3. The results of the research substantiate that
fractures in compression mode of concrete
structures made by the 3DCP method occur by
complex mechanisms. Under loading perpen-
dicular to the extrusion layers, failure occurs by
cohesive mechanism. When loading parallel to
the extrusion layers, fracture is determined by a
complex mechanism, including, among others,
adhesive interaction of layers subjected to
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tensile tangential stresses. As a key constant of
the mathematical model of concrete can be used
the value of concrete compressive strength (R»),
corresponding to the cohesive mechanism of
fracture, but corrected on the basis of experi-
mental studies corresponding to the type of
structure made by 3D printing technology. The
scheme of “stress-strain” diagram (“c-¢”) in the
compression mode of concrete of structures
made by 3DCP method can be accepted as sim-
ilar to the scheme of deformation of concrete of
structures made by traditional technology.

4. The results of the research substantiate that
tensile failure of concrete structures made by the
3DCP method under loading perpendicular to
the extrusion layers (direction of tensile stresses
is parallel to the extrusion layers) occurs by the
cohesive mechanism. As a key constant of the
mathematical model of concrete can be used the
value of concrete tensile strength (Rs/), corre-
sponding to the cohesive mechanism of failure,
but corrected on the basis of experimental stud-
ies corresponding to the type of construction
made by 3D printing technology. The stress-
strain diagram (“o-¢”) in the tensile mode under
loading perpendicular to the extrusion layers
can be assumed to be similar to the deformation
diagram of concrete structures made by tradi-
tional technology.

5. The results of the research substantiate that
the fracture in the tensile mode under loading
parallel to the extrusion layers (direction of ten-
sile stresses is perpendicular to the extrusion
layers) occurs by the adhesion mechanism. The
value of adhesion strength of layer interaction
(Raan), corresponding to the adhesive mecha-
nism of fracture, can be used as a key constant
of the mathematical model of concrete. The
stress-strain diagram (“o-¢”) in the tensile mode
under loading parallel to the extrusion layers in
the ascending section can be approximated by a
straight line with a constraint determined by the
value of the adhesion strength (Raar). The adhe-
sive failure has a brittle character and the angle
of inclination of the unloading line to the verti-
cal (o) tends to 0.
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6. The presented experimentally substantiated
key constants of the mathematical model of con-
crete provide adaptation of such a model for
concrete in structures made by layer-by-layer
extrusion. The proposed adapted mathematical
model and new types of key constants serve as
a basis for the development of engineering
methods of calculation of structural elements
made of 3DCP-concrete, as well as for the de-
velopment of numerical methods of calculation
of structures made of 3DCP-concrete in the fi-
nite element formulation taking into account the
physical nonlinearity and anisotropy of the
structural material. The creation of methods for
the calculation of 3DCP-concrete structures will
allow to remove restrictions on the mass appli-
cation of 3DCP technology in the construction
of buildings and structures.
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