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CONSTRUCTION WORKS OF THE TISZA BRIDGE
IN THE M 44 EXPRESSWAY SECTION BETWEEN

LAKITELEK-TISZAKURT

& &

Istvan Lakatos - Zoltan Kispéter

https://doi.org/10.32970/CS.2022.1.1

Work commenced in the first half of 2019 on the newest section of the M 44, connecting Nagykorés to Békéscsaba, between Lak-
itelek and Tiszakiirt. A new 556-metre-long Tisza bridge was built here by A-Hid Zrt., based on the plans of Uvaterv Co. (profes-
sional designer), with a maximum span of 152 metres. The project is implemented by National Infrastructure Development Ltd.,
the main contractor was Duna Aszfalt Ltd. The traffic started on the superstructure in December 2021 (Fig. 1).

KEY DATA OF THE TISZA BRIDGE:

Crossing angle: 90°

Span: 45.00+76.00+152.00+76.00+
40.40+40.40+40.40+39.05 m

Riverbed span: 147.90 m

Superstructure length: 556.55 m

Deck slab width: 23.12m

Superstructure surface: 12,867 m?

Foundation: bored pile foundation

Superstructure: cable-stayed bridge with composite

superstructure; reinforced steel
girders and reinforced concrete
slab

RIVER BRIDGE — SUPERSTRUCTURE

The riverbed bridge is a three-span cable-stayed bridge with
a maximum span of 152.00 m. Steel — concrete composite
superstructure, with two steel box girder and a reinforced
concrete slab with a parallel belt, is suspended on the outside
by stay cables on half-elliptical reinforced concrete pylons.

The superstructure consists of a main girder, pylons, and
stay cables. The steel main girder consists of two single-celled
box girders with sloping webs, and function as a composite
superstructure with an on-site concrete slab.

PYLONS

The cross-sectional area of the pylon is 3.00 x 2.50 m, with the
highest point at 37.64 m above the track level and the highest
point above 52 m above the ground level. The cables are
symmetrically spaced, spaced evenly along the elliptical axis
of the pylon at the top and located at 8 m intervals along the
length of the superstructure at the bottom. The tension cables
were leaded through the saddles in the pylon.

Custom-made @40 rebars were an essential part of the
reinforcement. Due to the limited cross-section (there was
no space for conventional couplers in most parts of the
superstructure), special reinforcing steel couplers had to be
used. (Fig. 2).

The pylon was built in thirteen concreting phases, with
climbing formwork. In total, around 70 tonnes of formwork

Fig. 1: Tisza bridge
material were used to construct the arches. The height of
the strokes varied between 3 and 4 metres, closely matching
the phases of the reinforcement. For each phase, detailed
formwork plans have been drawn up, taking particular care
to manage the constant deformation due to the special shape
of the pylon. Plenty of custom-made formwork panels and
boxes were needed.

In order to work efficiently and safely, it was expected that
in addition to the current working level, technological working

Fig. 2: Pylons
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Fig. 3: Working platform

levels would be established at the upper and lower levels of
the formwork.

With this system, phases [-X could be completed.

The connecting fittings in the pylon (saddles, flight direction
lights, etc.) made our task even more difficult.

A new solution was needed for the formwork of the pylons
in phases XI-XIII, as the previously used formwork system
was no longer usable due to the high inclination. (Fig. 3,4)
A-Hid Zrt. Technical Department and the colleagues working
on the site have designed and developed a working platform
consisting of modular elements created by the pylon legs
being supported together. This platform provided both safe
working conditions and adequate support. The scaffolding and
formwork system for the upper phases were completed from
this working level.

The pylon construction works were served by 1 Wolff WK
91 SL type tower crane, respectively.

During the break between the two phases of the tensioning
works, the painting of the pylon in “pigeon blue” colour was
also started, partly using the alpine technique.

MAIN BRIDGE

The steel superstructure of the riverbed bridge under the slab,
connected by cross girders, was erected and pushed from
both flood plains towards the middle of the bridge. After the
steel superstructure was completed and adjusted, the cables
were installed and tensioned simultaneously with the on-site
concrete slab in several phases. The factory and on-site joints
were made by welding. (Fig. 5)

In order to serve the formwork of the slab, it was necessary
to build a temporary moving working level between the box
girders. The formwork wagons were in operation all day, as
the formwork of the slab, the concreting and the reinforcing
works were continuously. The concreting was carried out in
five steps according to the phasing diagrams provided by the
designer - in co-ordination with the tensioning of the stay

Fig. 4: Working platform

Fig. 5: Erecting area

cables. The concreting of Phase I (one field on the right and one
on the left bank) was a spectacular operation, as it was carried
out in synch with 4 concrete pumps. With the next concreting
phase (also two segments), followed by the placement of the
joints, the riverbed bridge slab was connected to the floodplain
bridges on both the right and left banks. Concreting works of
the riverbed bridge slab continued after the 2™ tensioning step
(last two cable groups).

APPROACH BRIDGES

The pillars are made with a 7.70 m wide 1.50 m high pile head
beam and 1.80 m diameter columns.

Superstructure of the approached bridges were made with using
prefabricated prestressed reinforced concrete beams.

The approach bridge superstructure is an on-site concrete
slab with composite precast prestressed reinforced concrete
bridge girders. A total of 127 bridge beams were built for the
two floodplain bridges. Due to the limited working space,
the lifting of the beams had to be carried out with 2 cranes in
several cases. (Fig. 6)

Fig. 6: bridge beams

Istvan Lakatos, project leader (1973) He graduated as a civil engineer at
the Institute of Water Management of the Pollak Mihaly Technical College,
Baja. He has been working for A-Hid Zrt. for 25 years. As a project leader
he is typically working on Civil Engineering, Structural Engineering and
Bridge Constructions.

Zoltan Kispéter, chief engineer (1980) He graduated as an Engineer from
the Faculty of Engineering, University of Szeged. He has been working for
A-Hid Zrt. for 10 years. As a chief engineer, he is typically involved in Civil
Engineering, Structural Engineering and Bridge Construction works.
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Andor Windisch

As possible failure criteria MC2010 refers to those of Rankine, Drucker-Prager and Mohr-Coulomb, re-
spectively, and to modifications or combinations of them. After a brief overview of these failure criteria
the characteristics of Mohr-circle are described. Next chapter discusses why the Modified Mohr—Coulomb
failure criterion fails in case of concrete. Displaying the Mohr-circles of different bi- and triaxial test se-
ries reveal that neither the straight nor the parabolic failure criteria fit. The failure patterns of uniaxial
compressive and tensile test specimens prove that concrete fails due to principal tensile stresses/strains in
separation and concrete is not a frictional material. The proposed Extended Rankine failure criteria are
based directly on the principal stresses.

The criteria limit the greatest- and the actual smallest principal stress, respectively. This latter is func-
tion of the two other principal stresses. It is shown that the Ultimate Strength Surface cannot be properly
described as stated by CEB Bulletin Nr. 156

Keywords: failure criterion, Rankine, Mohr-circle, Mohr-Coulomb criterion, friction, sliding, separation, principal stress, shear stress

1. INTRODUCTION 2. BRIEF PRELIMINARY OVERVIEW

MC2010 5.1.8.3 gives the following guidelines about the
possible yield functions of concrete under multiaxial states
of stresses:

“Basically, yield functions f and plastic potentials g can
be chosen based on multi-axial failure criteria for concrete.
These criteria should depend not only on shear stresses, but
also on the first invariant I of the stress tensor to consider the
influence of the hydrostatic pressure on the ductility of the
material. Thus, formulations as the
- Rankine criterion, where tensile failure occurs when the

maximum principal stress reaches the uniaxial tensile

strength f ; refer to Rankine, W.J.M., “A Manual of Ap-

plied Mechanics”, (London, 1868)

- Drucker-Prager criterion, which is the modification of von
Mises criterion including the influence of hydrostatic pres-
sure on yielding; refer to Drucker, D.C.; Prager, W., “Soil
mechanics and plastic analysis of limit design” (Quarterly
of Applied Mechanics, Vol. 10, 1952),

- Mohr-Coulomb criterion, where the maximum shear stress
is the decisive measure of yielding, and the critical shear
stress value depends on hydrostatic pressure; refer to
Mohr, O., “Scientific paper on the area of technical me-
chanics ” (Ernst & Sohn, Berlin, 1906; in German),

and modifications or combinations of them can be used in

concrete plasticity models.”

After a brief overview about the different failure criteria
and about the characteristics of Mohr-circle we discuss why
the modified Mohr—Coulomb failure criterion does not fit in
case of concrete. Thereafter an extended Rankine failure cri-
terion is proposed. This criterion is based directly on the prin-
cipal stresses for both, the tensile and the compression failure
and is valid in case of triaxial states of stress, too.

2.1 Failure criteria

Here are the relevant failure criteria briefly recalled.
Coulomb presented in 1776 his frictional hypothesis: failure
often occurs along certain sliding planes, the resistance of
which is determined by a parameter termed the cohesion and
an internal friction, the magnitude of which depends on the
normal stress in the sliding plane (Figure 1).

Note: Coulomb dealt with friction between two indepen-
dent solid bodies separated already through a plane surface.
His hypothesis does not apply to separate (fail) a solid body
into two parts. After the force parallel to the contact surface
has overcome the resting frictional force, the two bodies slide
on each other.

Rankine stated in his 1876 published model that a body
fails when any of the three principal stresses exceeds the ulti-
mate tensile strength, regardless of the magnitude of the other
principal stresses.

In 1868 Tresca postulated for mild steel that failure occurs
when the maximum value of the shear stress is exceeded.

In 1882 Mohr assumed that failure occurs when the stress-
es in a section satisfy the condition:

f(o,7)=0 (1)

This function displaced in the o, t coordinate system
yields Mohr’s failure envelop (Figure 2). Its simplest form
can be got as it just touches the Mohr’s circles corresponding
to the uniaxial tensile strength (c,, 0) and uniaxial compres-
sive strength (o, 0).

Leon (1935) realized that some test results of Morsch on
concrete specimens were in contradiction to the failure crite-
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Figure 1: Coulomb’s frictional hypothesis
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Figure 2: Mohr’s failure envelope

rion of Mohr with the straight envelop. This would anticipate
that the failure section at tensile test occurs under the same
inclination @/2 as in case of compression, which is not the
case. A parabolic envelop was introduced: it is symmetric to
c-axis, its apex touches the circle corresponding to the uni-
axial tensile test at f. In addition, the parabola tangents the
Mohr-circle of the uniaxial compression test. Figure 3 shows
this parabola corresponding to the ratio f/f, = 14, and three
circles representing some tests of Morsch.

The equation of the envelop is:

1

2
T+
2fe+ fo—Te (et fo) fe @

Both, Coulomb’s hypothesis and Leon’s parabola are de-
fined by two parameters only, which generally are not suf-
ficient to fit the experimental data. The simplest extension
(one more parameter) is the tension cutoff: the greatest tensile
principal stress is limited: a combination of Coulomb’s fric-
tion hypothesis with Rankine’s principal stress hypothesis to
describe a separation failure (Figure 4). An advantage of this

o(t) = —

e 2022
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oy
F I F 4
e e s
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Oy = 1250y = Q52 00g — =

Figure 3: Parabolic rupture criterion for concrete in plane stress coor-
dinate system as presented by Leon
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Figure 4: Modified Coulomb rupture criterion

Modified Coulomb Criteria is that the tensile strength (the
third parameter) may be varied independently of the two oth-
ers.

A Modified Coulomb Material can reveal sliding failure
and separation failure (Figure 4). At sliding failure a motion
parallel to the failure surface occurs, while the relative motion
at separation failure is perpendicular to the failure surface.

2.2 Mohr’s Circle

As Mohr’s circle plays a central role in this proposal some of
its characteristics shall be brush up here.

Mohr’s circle is a two-dimensional graphical representa-
tion of the transformation law for the Cauchy stress tensor. It
is used for calculating stresses at a particular material point



with respect to a coordinate system in many planes by reduc-
ing them to vertical and horizontal components. These are
called principal planes in which principal stresses are cal-
culated; Mohr’s circle can also be used to find the principal
planes and the principal stresses in a graphical representation
and is one of the easiest ways to do so.

The abscissa and ordinate (o, t) of each point on the cir-
cle are the magnitudes of the normal stress and shear stress
components, respectively, acting on the rotated coordinate
system. In other words, the circle is the focus of points that
represent the state of stress on individual planes at all their
orientations, where the axes represent the principal axes of
the stress elements.

Note: for a Mohr’s circle for plane stress state three stress
components are needed: 6, o, and 7, i.e. two (o, T) are not
enough.

Note: Having a Mohr-circle which pertains to a failure
then in principle each point on this circle represents the fail-
ure. The point where the circle touches the (correct?) Modi-
fied Coulomb border line (which needs not to be straight) has
no privileged importance. Concrete does not fail in shear/
sliding but in all cases in tension/tensile cracking/separation.

Note: the ‘shear stress’ is an auxiliary parameter only, a
stress component. It characterizes the stress in the structural
material at a given point only in conjunction with the normal
stress components. Concrete has no shear strength. The load-
ing pattern ‘pure shear’ results in two principal stresses of the
same size as the shear stress, acting in +45° planes. The sepa-
ration failure occurs when the size of principal tensile stress
reaches the actual tensile strength. No sign of shear failure or
of sliding!

For a general three-dimensional case of stresses at a point,
the values of the principal stresses (o, 6,, 6,) and their prin-
cipal directions (n,, n,, n,) must be first evaluated. Based on
the three principal stresses the three Mohr-circles having their
centers on the _axis between the points with the abscissas o
VvS. 0,, G, vs. 0, and G, vs. G, resp. can be drawn.

3. WHY THE MODIFIED MOHR-
COULOMB FAILURE CRITERION
FAILS IN CASE OF CONCRETE?

It is generally accepted that the failure criterion of concrete is
well described as a Modified Coulomb Material. The Mohr—
Coulomb failure criterion represents the linear envelope that
is obtained from a plot of the shear strength of a material
versus the applied normal stress. This relation is expressed as

T=o-tangp +c¢ 3)

where 71 is the shear stress, ¢ is the normal stress, ¢ is the
intercept of the failure envelope with the T axis, and tang
is the slope of the failure envelope. The quantity ¢ is often
called the cohesion and the angle ¢ is called the angle of in-
ternal friction. Compression is assumed to be positive in the
following discussion. (If compression is assumed to be nega-
tive then ¢ should be replaced with — o)

If = 0, the Mohr—Coulomb criterion reduces to the Tresca
criterion. On the other hand, if ¢ = 90° the Mohr—Coulomb
model is equivalent to the Rankine model. Higher values of
¢ are not allowed.

Important note: in case of ¢ < 90° sliding failure should
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Figure 5: Normalized Mohr-circles define the Modified Coulomb
failure criteria

occur whereas at ¢ = 90° separation failure appears! An odd

change!

Figure 5 presents the Mohr-circles (normalized with )
for uniaxial compression, uniaxial tension and ‘pure shear’
of a concrete with £, / £ = 0.1 (approx. C30) and the lines
corresponding to ‘separation’ and ‘sliding’, resp. The figure
reveals that the “cohesion” — implied at Coulomb’s friction
law — is in case of concrete not a material characteristic. It
is simply only the length of a section along the shear — axis
cut by a trend line (which is maybe even not straight) which
cannot be determined in a test. Please note that — as the ratio
f /f changes acc. to the class of concrete — both lines of the
Modified Coulomb failure criteria (the abscissa of separation
and the inclination, tand, of segregation) differ acc. to the
concrete class.

The use of Modified Coulomb Material is forced by re-
searchers of shear and torsion design who apply in their mod-
els stress fields with uniaxial pressure which fail in inclined
sliding. They must adhere to the existence of inclined cracks
to load direction (see Figure 6), even in case of uniaxial ten-
sion (besides ‘normal’ separation cracks Figure 7).

Note: inclined cracks to load direction can have two sour-
ces:

- Some ‘subversive* influences e.g. friction between loading
plate and specimen: the tensile crack develops well per-
pendicular to the real tensile principal stresses, or

- Tensile cracks developed during an independent, previous
loading situation. Here we remind you that the theory of
plasticity is valid only if all external loads increase in pro-
portion to one another, one-parametric loading!

The appearance of a sliding failure along a surface inclined
to the axis of the in compression loaded specimen may have
arisen at ordinary loading tests where the friction between
the metal loading plate and the specimen hindered the lat-
eral deformation of the specimen thus producing a shear-like
supplementary loading which turned the direction of the prin-
cipal stresses. Remember: in order to minimize this friction
Kupfer (1973) loaded his test specimens through a metal
brush thus reduced the shear stresses there. The failures of his
specimens occurred as tensile (separation) failures in form of
discrete cracks parallel to the plane of loading.

From Mohr’s circle we have:

0 =0y — Ty ' SINQ; T = Ty ' COSQ &)
where
- +
Tm = —0—120—3 ; Om = —01203 (5)
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Figure 7: Sliding (left) and separation

(right) failure, both might occur in case of
pure tension acc. to Nielsen, (2011)

Figure 6: Sliding
failure in case of
pure compression as
presented by Nielsen
(2011)

and o, is the maximum principal stress and o, is the mini-
mum principal stress.

Note: ¢ is the abscissa of the center of Mohr-circle where-
as T_ is its radius.

In the following the Mohr-circles of well-known results of
Kupfer’s biaxial tests should be presented in Modified Cou-
lomb rupture criterion for concrete, see Fig. 8.

Kupfer’s tests can be classified into three groups:

- tension-tension
- tension-compression
- compression-compression

Please note: there is no word about ‘pure shear’ or shear

strength.

With reference to the y-ratio proposed by Windisch (2021)
the relationship f_* vs. £ * can be reasonably well described
with

1y 2 x \2

fe Jee
(fc' ) + (fctm) =1 (6)
Applying x =1"/f we get

Ixx 2 x\ 2

fL X Jet —
( fc,) + (—fc, ) =1 (6a)
or
F*+ (e fa)r= f° (6b)

Figure 8 shows the Mohr-circle representations of the ten-
sion-compression region of Kupfer’s (1973) biaxial tests. It is
clear: here separation failures occur.

Note: the sizes of the biaxial tensile strengths depend on
the size of the compressive stress hence the three Mohr-cir-
cles intersect the +o, axis at different abscissas.

Figure 9 presents the Mohr-circles of the compression-
compression region of Kupfer’s biaxial tests. Here it becomes
clear that all three principal stresses (c,= 0, too) need to be
taken into account for the Mohr-circle representation other-
wise the Mohr-circle of the biaxial compressive stress state
will shrink to a point.

Showing the Mohr-circles for different o,/f vs. 6,/ ra-
tios Figure 9 reveals that in the compression-compression re-
gion the Modified Coulomb rupture criterion does not apply
(no common tangent line is possible). In fact, in all loading
cases not sliding failures but separation failures occur.

e 2022
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Figure 8: Monhr-circles of biaxial tension-compression and ¢, = o,
compression-compression tests with different c, -values as tested by
Kupfer (f" = 20 N/mm?2)
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Figure 9: Normalized Mohr-circles of compression-compression tests
with different o /f ' ratios by Kupfer (f" = 20 N/mm?2)
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Figure 10: Mohr-circles of compression-compression bi- and triaxial
tests of Speck (f" = 72 N/mm?2)

Figure 10 shows the ¢/ f’ > -2 region (f’ = 72 N/mm?)
of the Mohr-circles as measured by Speck (2007) in her 1D
- 3D tests. The markings in Fig. 10 mean: 1D: uniaxial; 2D
0.2: biaxial, 0, /o, =0.2;.050.2: 3D, 5, /5, =0.05, 0, /0, =
0.2. The positions of the circles reveal that neither the Mohr-
Coulomb criterion (straight tangenting each circle) nor the
Leon criterion (parabola with its tip at the tensile strength)
could function as general failure criterion. It must be once
more be emphasized that both, Mohr-Coulomb and Leon
with their sliding failures are valid when the solid body is
already separated in two parts through cracking, that contra-
dicts the fundamental assumption (one parametric loading) of
plastic theory.



4. EXTENDED RANKINE FAILURE
CRITERIA FOR CONCRETE

The proposed Extended Rankine failure criteria are based di-

rectly on the principal stresses.

The Mohr-circle is applied acc. to its original purpose: a
transparent geometrical method to determine the size and di-
rection (inclination) of the principal stresses from the stress
components given in a global coordinate system.

The Extended Rankine failure criteria are
- the greatest (>0) principal stress, 6,, cannot be greater than

the actual tensile strength (its size depends on the size of

the o, and o, principal stresses if at least one of them is
compressive stress. (In case of the original Rankine crite-
rion one (fix) tensile strength governed.)

- the triple of the compressive principal stresses
o, = ®(c, ,) cannot be smaller than the actual smallest
principal strength, 6, which is function of the two other
principal stresses:

c,=®(c,0,) 7

Note: In this paper the data measured by Speck (2007) in
her multiaxial compressive tests were evaluated. The results
of the bi- and triaxial compression tests of the literature are
evaluated and discussed in a next paper of the author.

It is known that lateral compressive stresses and/or hin-
dered transverse deformations (confinement) let increase the
compressive strength in the longitudinal direction. Ottosen

(1977) and other researcher (CEB 1983) who use the hydro-
static- and deviatory stresses (octahedral normal- and shear
stresses) claim that the form of the Ultimate Strength Sur-
face (USS) can be calibrated with four strength values: the
uniaxial tensile strength, the uniaxial compressive strength
(point on the compressive meridian), the biaxial compressive
strength (point on the tensile meridian), and a triaxial com-
pressive strength at one point on the compressive meridian
(6,=0,>0,).

Figure 11 should reveal that the three a.m. calibrating
strength values (marked with the red arrows) cannot properly
characterize the monotone increasing, continuous function of
the USS (as deduced from the test results of Speck, 2007).

Figure 11 shows the local ordinates of normalized ¢ /f’ =
®(c /f’, o,/f) function as deduced from the bi- and triaxial
tests measured by Speck on f” = 72 N/mm? test specimens.

Figure 12 presents the USS in another form: the abscissa
is y = o, / o, the ordinate is A = ¢, / ,. The USS increases
monotonic in the y-direction, whereas increases up to A = 0.5
~ 0.6 then decreases moderately.

Having determined the relevant failure causing principal
stresses the corresponding normal- and shear stress compo-
nents in the global coordinate system can be determined us-
ing Mohr-circles of the tensor calculus. Note: the global shear
stress components calculated from the failure causing princi-
pal stresses refer by no means to shear failure!

Concrete fails due to the tensile deformations perpendicu-
lar to the axis with the maximum principal stress (smallest
compressive stress).

Figure 11: Relative increase of the bi- and triaxial compressive strength as function of both other relative compressive stresses
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Figure 12: The Ultimate Strength Surface compiled from the data
measured by Speck (2007)

The type of failure is in all cases separation, i.e. discrete
cracks occur perpendicular to the direction of the greatest and
possibly of the intermediate principal stress, resp.

In biaxial compression tests the direction of the transverse
tensile deformations is given: the “third” axis (here it should
be marked as axis 1). In case of Kupfer’s biaxial panel tests
the cracks developed perpendicular to the panel and parallel
with the middle plane, resp.

Speck, who paid great attention to reduce the friction be-
tween the loading device and the test specimens, in all load-
ing cases —whether uni,- bi- or triaxial loading, compression
or tension, or mixed- found always separation failures (Fig-
ure 13), and she is right.

Separation failure (in form of discrete tensile cracks) oc-
curs when the greatest of the principal stresses equals with
the actual tensile strength or the smallest (greatest negative)
principal stress reaches the actual 2D or 3D compressive
strength. The failure occurs along the principal plane which
is at an angle ¢ with axis x (this is the third component of the
Mohr-circle besides the two principal stresses.

The Mohr-Coulomb failure criteria are not valid for con-
crete. Concrete is definitely not a frictional material.

The author hopes that with introduction of the failure crite-
rion based on the principal stresses the wrong ways caused by
the central reference to the sliding failures and ultimate shear
stresses, a better and material appropriate description of the
damage-theory etc. can be developed.

5. CONCLUSIONS

The Mohr-Coulomb failure criteria are inadequate to describe
the bi- and triaxial failure characteritics of concrete.
Applying them for the evaluation of the test results given
in the literature proves that neither a straight nor a curved line
can be fitted to the Mohr-circles representing the 2D and 3D
strength values.

Further problems are:

o the Coulomb-criteria refers to already existing failure sur-
faces only.

e The Mohr-circles are a useful and visually attractive geo-
metrical interpretation of the stress-transformation be-
tween different axis-systems, moreover in 2D only, not
more.

e The Mohr failure criterion does not consider the interme-
diate stress component which is an important influencing
factor of the ultimate failure strength

e The “shear stress” is “produced” by our hugging to the
global coordinate system. Nature and concrete do not
“know” it.

e 2022
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Figure 13: Separation failures in case of uniaxial compression- and
tensile tests as presented by Speck (2007)

Concrete obeys principal stresses only.

Concrete fails in tension, in form of separation cracks.

Concrete has no shear strength!

The researchers were misled by the failure patterns of the

specimens loaded with friction between its surface and the

loading plate.

Summarizing: for concrete the Mohr-Coulomb failure cri-

teria cannot be applied and concrete is definitely not a fric-

tional material.

Extended Rankine failure criteria based directly on the
principal stresses are proposed:

- the greatest (>0) principal stress, ,, cannot be greater than
the actual tensile strength (its size depends on the size of
the o, and o, principal stresses if at least one of them is
compressive stress. (In case of the original Rankine crite-
rion one (fix) tensile strength governed.)

- the triple of the compressive principal stresses 6, = ®(c,,
c,) cannot be smaller than the actual smallest principal
strength, o, which is function of the two other principal
stress components, 6, = ©(c,, 6,).

The author hopes that with introduction of the Extended
Rankine failure criteria based on the principal stresses a ma-
terial-appropriate description of the damage-theory etc. can
be developed.
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7. NOTATIONS

c cohesion

f yield function (MC2010)

£, f’ concrete compressive strength

£*, £ * ultimate strength (compression and tension
resp.) in 2D and/or 3D loading

£, f,f, tensile strength

£, mean tensile strength

g plastic potential (MC2010)

10) inclination of the sliding surface

¢ angle of internal friction

10

y=o0,/0, loading parameter
\=o,/0, loading parameter
x=f£/1£ ratio of characteristic concrete compres-
sive strength to mean tensile strength
G, 0,, O, principal stresses (6,> 6,> 6,)
o, ultimate strength measured in test
c hydrostatic normal stress
com ) . )
u friction coefficient
c, G, normal stress component
T, T, shear stress component
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The extremal distribution is noteworthy because, unlike the normal distribution (Gaussian distribution) and
t-distribution (Student distribution) prevalent in engineering, it is generally asymmetric, and therefore is
well suited for modeling the actual compressive strength distribution of concrete.

Keywords: \\/eibull distribution, extremal distribution, density funciton, concrete, compressive strength, skewness

1. INTRODUCTION

Mistéth wrote in his studies (1974, 1977, 2000, 2001) that
the distribution function of maximum loads follows the upper
Weibull distribution, while that of the minimum strength
of loadbearing materials follows the lower third extreme
(Weibull) distribution. In accordance with Mistéth, Ujhe-
lyi (1978, 1985) wrote that probability distribution of the
compressive strength for an average quality level concrete
production in the lower concrete class range (below C16/20)
or for the highly plastic consistency may be approximated by
the log-normal distribution with right skewness (extending
to the right with positive skewness), while in the higher
compressive strength range (beyond C20/25) or for plastic
consistency it may be approximated by the lower extremal
distribution with skewness to the left (extending to the left
with negative skewness). Compressive strength in the middle
strength range (C16/20 — C20/25) may be considered to
follow the normal distribution.

2. EXTREME VALUE
DISTRIBUTIONS (EVD)

An extreme value is either very small or very large value in
a probability distribution. These extreme values are found in
the tails of a probability distribution (i.e. the distribution’s
extremities).

Extreme value analysis (EVA) is a branch of statistics
dealing with the extreme deviations from the median of
probability distributions. EVD has three types which are
named after their most famous researchers and each type can
be an upper (maximum) and lower (minimum), as can be seen
in Table 1.

Based on experiments of W. Weibull (1939), for
compressive strength distribution of brittle materials (such
as for compressive strength distributions of higher strength
concretes) the lower Weibull extremal value distribution
proved to be right from among the three lower extremal value
distribution functions (Rinne, 2009).

Table 1: Density function of reduced extreme value distributions (Rinne, 2009)

Upper or maximum
extreme value distribution

Type

Lower or minimum
extreme value distribution

u

g f(u |0;1)=e™ "

upper Gumbel distribution

g 2 |0;1)=e"

lower Gumbel distribution

free (|05 1;0) =
Il. =cxXxu “lxe

—C

upper Fréchet distribution

fFr,a (ul0;1;¢) =
= cx (—u)"¢ 1 xe CWF

lower Fréchet distribution

we (u|0; 1;¢) =
. = cX (mu)t x e"(W°

upper Weibull distribution

w, (u|0;1;¢) =

= cxXulxet

C

lower Weibull distribution
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3. THE WEIBULL DISTRIBUTION

In probability theory and statistics, the Weibull distribution -
named after the Swedish mathematician Weibull (1951) - is a
continuous probability distribution.

The most general form of Weibull’s probability density
function has three parameters: y - shape parameter, u - loca-
tion parameter and a - scale parameter. The case where |1 = 0
and o = 1 is called the standard Weibull distribution. The case
where 1 = 0 is called the 2-parameter Weibull distribution. In
the formulation of the single parameter Weibull distribution
the only unknown parameter is the scale parameter, 1, i.e. we
assume that the shape parameter is known a priori from past
experience with identical or similar products.

Note: in the literature different letters are used for the pa-
rameters. In this paper the shape parameter is marked with
“c”, the location parameter with “a” and the scale parameter
with “b”.

The skewness coefficient is the quotient of the third order
moment of the area under the curve of the density function
with respect to the center of gravity (u,) and the third power
of the standard deviation (), (Palotas, 1979), (Hartung et al.,
2009):

i (FxEhG- 9?)

Vskewness = s 3

U Rk - 92)

3

4. DETERMINATION OF WEIBULL
DISTRIBUTION PARAMETERS

To evaluate results of the compressive strength tests
according to the Mistéth theory, values of location parameter
,»a ", of scale parameter ,,b” (in the literature also A) and shape
parameter ,,c” (in literature also k) of the Weibull distribution
must be known.

Our assumptions for their determination are that

» skewness factor of the single-parameter, simplified lower
Weibull distribution equals the empirical skewness factor
obtained from the measurements:

yskewness,Weibull,low(u|O’ 1 ’C) - yskewness,test

» standard deviation of the two-parameter semi-simplified
lower Weibull distribution equals to the empirical standard

deviation obtained from the measurements:
(z|0;bse) = s

SWeibulI,low test

» mean value of the three-parameter lower Weibull
distribution equals to the empirical average obtained from

the measurements:

/uWeibull,low(x|a;b;C) :]pcm,test’

Figure 1: Skewness factor of the single-parameter simplified Weibull distribution as a function of the shape parameter ,c”
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» difference between the mean value of the three-parameter
lower Weibull distribution (which is considered equal
with the empirical average) and the mean value of the
two-parameter semi-simplified lower Weibull distribution

equals to the value of the location parameter ,,a”:

- cm,test_’uWeibull,low(Z|O;b;c)'. .
Recommended steps for the determination of the values of

the location parameter ,,a”, scale parameter ,,b” and shape

parameter ,,c” are the following:

e Step 1: Into the formula of skewness factor for the single-
parameter, simplified lower Weibull distribution the
empirical skewness factor obtained by the measurements
(Vgewnesses) 18 1ntroduced and the shape parameter ,.c”
value of the Weibull distribution pertinent to the empirical

skewness factor is found by implicit iteration:

Figure 2: Standard deviation of the z independent variable of the two-parameter lower Weibull distribution semi-simplified assuming that location

parameter a = 0, as a function of the scale parameter ,.b” and the shape parameter ,c”, if 1.0 <b < 10.0andif 1.0 <c<10.0
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Figure 4: The quotient of the standard deviation/scale parameter quotient ( of the semi-simplified two-parameter lower Weibull distribution (which

is proportional to the standard deviation) as function of the shape parameter ,.c”
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Figure 5: Squared standard deviation/scale parameter quotient ( /¥, ) of the semi-simplified two-parameter lower Weibull distribution proportional
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Yskewness,Weibull,low(ulO:' 1;0) =

5 ) 1 I\ empirical skewness factor best (e.g. to three decimals) is
P(i+ 2)-3xr(1+ 2)xr(1+ ¢)+2xr(1+ 7)

c obtained. Figure I may assist this procedure.

= Yikewness test

2
j (F (1 + %) - [1‘ (1 + %)] ) e Step 2: Into the formula of the standard deviation of the
two-parameter semi-simplified lower Weibull distribution
the already known value of the shape parameter ¢ and the
value of the empirical standard deviation of the concrete

Upon the successive approximation (iteration), calculation
of skewness factor of the single-parameter lower Weibull
distribution is repeated until a value approaching the

Figure 6: Expected mean value of the z independent variable of the two-parameter lower Weibull distribution semi-simplified by the location
parameter ,.a” as a function of the scale parameter ,b” and shape parameter ,c”, if 1.0<b < 10.0and if 1.0<c<10.0
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Figure 7: Expected mean value of the z independent variable of the two-parameter lower Weibull distribution semi-simplified by the location
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Figure 8: Nomogram for determination of parameters to the lower Weibull distribution
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Figure 9: Demonstration for the solution process of the numerical examples in a nomogram
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Table 2: Numerical examples for application of the lower Weibull extreme value distribution in case of concrete strength evaluation

SIGN OF THE NUMERICAL EXAMPLE
1. | 2. | 3. | 4. | 5. | 6.
INITIAL DATA
Concrete compressive strength class, EN 1992-1-1:2004+A1:2014 Eurocode 2
C16/20 | €20/25 | €25/30 | C30/37 | C35/45 [ cao50
Empirical average of concrete compressive strength, N/mm?, £, —
EN 1992-1-1:2004+A1:2014 Eurocode 2
24 | 28 | 33 | 38 | 43 | 48
Empirical standard deviation of concrete compressive strength, N/mm?, s,
3,40 | 3,45 | 3,50 | 3,55 3,60 | 3.65
Empirical relative standard deviation of concrete compressive strength, s,
0,142 | 0.123 | 0,106 | 0,093 | 0,084 | 0,076
Empirical skewness factor of concrete compressive strength, y J—
+0,07 | -0,05 | -021 | 037 -0,52 | -0,68
RESULT OF THE CALCULATION
Mean value of the single-parameter simplified Weibull distribution,
0,897 | 0,904 | 0,915 | 0,927 | 0,941 [ 0955
Mean value of the two-parameter semi-simplified Weibull distribution,
10,271 | 11,802 | 14,436 | 18,230 | 23,660 | 33430
Location parameter ,,a” of the Weibull distribution
13,729 | 16,198 | 18,564 | 19,770 | 19,340 | 14,570
Scale parameter ,,b” of the Weibull distribution
11,445 | 13,054 | 15,780 | 19,656 | 25,157 | 34,992
Shape parameter ,,c” of the Weibull distribution
3,329 | 3822 | 4,698 | 5,968 | 7,787 | 11,080
Empirical characteristic value of concrete compressive strength with Weibull distribution
(5% quantile), N/'mm?, £
18,419 | 22,199 | 26,939 | 31,720 | 36,519 [ 41334
Empirical acceptance distance of concrete compressive strength with Weibull distribution, N/mm?, £ — f
5,581 | 5,801 | 6.061 | 6,280 | 6.481 | 6,666
Acceptance constant of according to the number example
(acceptance distance / standard deviation)
1,641 | 1,681 | 1,732 | 1,769 | 1,800 | 1,826

compressive strength obtained from the measurements
(s,,) are taken into account and the value of the scale
parameter b of the Weibull distribution pertinent to the
empirical standard deviation is found by implicit iteration:

2 1\?
SWeibu“,low(Zlo; b; C) = b X \/F (1 + E) - T (1 + ;) = Stest

Upon the successive iteration, calculation of skewness factor
of the two-parameter lower Weibull distribution is repeated
with input of different b values until a best value approaching
the empirical skewness factor (e.g. to three decimals) is
obtained. Figures 2 and 3 can assist this procedure. These
figures show diagrams of standard deviation for the z
independent variable of the semi-simplified two-parameter
lower Weibull distribution as a function of the scale parameter
,,b” and the shape parameter ,,c”.

Figures 4 and 5 might also be of help: here diagrams for the
z independent variable of the semi-simplified two-parameter
lower Weibull distribution are shown: the standard deviation/
scale parameter quotient

18

2

JE, = Weibulllow _ r<1+3)— [F(1+l>]
c b c ¢

and the square of the standard deviation/scale parameter
quotient

vo= (e~ (r(143)- [r(a+ )] )

Calculated value of the shape parameter ,,c” can be refined by
the use of the scale parameter ,,b”, if required.

e Step 3: Mean value of u ., ..,(20bic) for the two-
parameter semi-simpified lower Weibull distribution is
calculated by implicit iteration using the (already known)
values of the scale parameter ,,b” and shape parameter ,,c” :

1
HUweibulLlow(Z]0;b; ¢) =b X T (1 + E)

Figures 6 and 7 show diagrams of the mean value
Hyeibunion(210505¢) for the two-parameter semi-simplified
lower Weibull distribution, depicted as a function of scale
parameter ,,b” and shape parameter ,,c”.
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Figure 10: Diagrams of Step 1 of the solution for the numerical examples. Curves for the single-parameter generalized (GEV) density function for the
lower Weibull distribution
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Figure 11: Diagrams of Step 1 of the solution procedure for the numerical examples. Curves of the single-parameter simplified density function for
the lower Weibull distribution
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Figure 12: Diagrams for Step 2 of the solution procedure for the numerical examples. Curves of the two-parameter semi-simplified density function

for the lower Weibull distribution
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Value of the location parameter ,,a” can be obtained, when
(corresponding to our basic assumption) the calculated
mean value ., .. (z/0;b;c) of the two-parameter semi-
simplified lower Weibull distribution is subtracted from
the empirical average value of the concrete compressive
strength (f'

cm,test)

(2|0;bsc)

a _fcm,test  Myeibult tow

e Step 4: A nomogram (Figure 8) can be constructed using
Figures I - 7 in which calculated parameters of the Weibull
distribution can be presented in their relations.

5. NUMERICAL EXAMPLE
FOR EVALUATING THE
COMPRESSIVE STRENGTH OF
CONCRETE WITH WEIBULL
DISTRIBUTION

20

Numerical examples have been solved by the calculation
method of parameters to the Weibull distribution as
recommended above. Initial data of the numerical examples
are: empirical mean value of the concrete compressive
strength, its empirical standard deviation and empirical
skewness factor. Major results of the calculation are
characteristics of the two-parameter Weibull distribution: the
mean value, the values of the location parameter, the scale
parameter, the shape parameter, as well as the empirical
characteristic (5% fractile) value and the empirical acceptance
distance of the concrete compressive strength following the
Weibull distribution and its empirical acceptance distance.
The initial data of the numerical examples based on older
experimental results and result of the calculation are shown in
Table 2. Solution process of the numerical examples is shown
in Figure 9.

Curves have been drawn for the following cases applying
the calculated data of the numerical examples: single-
parameter generalized extreme value distribution (GEV)
density function for the lower Weibull distribution (Figure
10), single-parameter simplified density function of the
same (Figure 1I), two-parameter semi-simplified density
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Figure 13: Diagrams for Step 3 of the solution procedure for the numerical examples. Curves of the three-parameter simplified density function for
the concrete compressive strength with the lower Weibull distribution
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Figure 14: Diagrams for Step 3 of the solution for the numerical example. Curves of the three-parameter simplified distribution function for the
concrete compressive strength with lower Weibull distribution
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function of the same (Figure 12), as well as three-parameter
density function and distribution function of the concrete
compressive strength characterized with lower Weibull
distribution (Figures 13 and 14, resp.).

The 5% empirical characteristic value for the concrete
compressive strength represented with lower Weibull
distribution was also shown in Figure 4. Empirical
acceptance distance of the compressive strength (f. st
Jixew) 18 the difference of the empirical average (f, ) and the
empirical characteristic value (f, ). Values of the difference
in our numerical examples exceed 5.5 N/mm? in classes
beyond C25/30 6 N/mm? (Table 2).

If the number n of the tested specimens is also considered,
the acceptance distance is to be multiplied by the ¢ /1,645
quotient, where ¢ is Student’s t-value (Federighi, 1959),
(Stange et al., 1966). Value of the quotient for a test size with
n=73ise.g. 2.92/1.645=1.775, for a test size with n =5 it is
2.132/1.645 = 1.296, for a test with n =15 it is 1.761/1.645 =
1.071 or for a test with n =35 itis 1.691/1.645 = 1.028.

6. CONCLUSIONS

1. Based on the last but one row of Table 2 we can conclude
that the acceptance distance of the concrete compressive
strength (performing a really skew distribution) calculated
with the lower Weibull distribution is much higher than
4 N/mm?, as calculated corresponding to 8.2.1.3.2./Method
A section of the EN 206:2013+A2:2021 standard pertinent
to the initial production, and higher than 1.48xc_ N/mm?
corresponding to 8.2.1.3.2./Method B section (continuous
production) of the same standard.

2. Consequetly, that according to the EN 206:2013+A2:2021
and the subsequent Hungarian product standard
MSZ 4798:2016 with certain concrete compressive
strength class (e.g. C40/50) has actually a lower average
compressive strength — which is the basis for design of
concrete composition — which takes into account the
average compressive strength of the standards Eurocode
(EN 1990:2002+A1:2005) and Eurocode 2 (EN 1992-1-
1:2004+A1:2014, EN 1992-2:2005, EN 1992-3:2006) for
the same concrete compressive strength class (Kausay et
al., 2007).

3. This already unfavorable difference in acceptance factors
(e.g. use of 1.48 instead of 1.645) for concretes with higher
compressive strengths increases in reality, as we have
shown in this publication using the Weibull distribution
according to the actual slope (skewness) of the concrete
strengths.

4. Evaluation of the concrete compressive strength results
with the lower Weibull distribution in the concrete stan-
dard EN 206:2013+A2:2021 would serve the safety
and durability of our concrete and reinforced concrete
structures. Our antecedents who used the k, skewness
factor depending on the average compressive strength in
the kxt xs product (expressing the acceptance distance)
as it was discribed in the withdrawn MSZ 4720-2:1980
Hungarian standard valid until August 2004. This factor k
served an approximate consideration of skewness.
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1. INTRODUCTION

The Paks Nuclear Power Plant established a new cementa-
tion technology to solidify its untreatable liquid radioactive
waste; therefore, CHEMCOMEX Praha a.s. company was
entrusted with the task. The work involved the development
of the mix design and the installation and turn operation of
the technology. Using cementation technology, cement paste
made using liquid radioactive waste is poured onto solid ra-
dioactive waste stored in steel barrels placed in a reinforced
steel container. The qualified so-called compact waste pack-
age (CWP) will be disposed of in the National Radioactive
Waste Repository in Bataapati (Hungary), replacing the cur-
rently used concrete container solution. These regulations are
consistent with International Atomic Energy Agency (IAEA)
standards (IAEA, 1990; IAEA, 1996) and the international
practice (Spence et al., 2005, Ojovan et al., 2011; Bart et al.
2013; Abdel Rahman et al., 2015).

During the mix design development, the contractual con-
ditions imposed on the cement paste, the Waste Acceptance
Criteria (WAC, Radioaktiv Hulladékokat Kezel6 Kft., 2018),
and the technological conditions had to be taken into account.
During the optimisation of the mix proportions, the econom-
ic aspects had to be kept in mind, i.e. the liquid radioactive
waste content of the cement paste had to be maximised while
strictly adhering to the requirements.

2. THE REQUIREMENTS FOR THE
CEMENT PASTE

During the mix design of cement paste development, primary
attention had to be paid to safety aspects, which primarily
meant reducing the leaching properties of the various radio-
nuclides. These must also comply with the WAC of the Na-
tional Radioactive Waste Repository (NRWR).

The further requirements of the mix design development

are the following:

= the cement paste must be made of Hungarian cement,

= the mix must be as simple as it can be with the least num-
ber of supplementary cementing materials (SCMs) and ad-
mixtures,

= with the selected cement type, it must be processed in a
wide concentration range of the characteristic composition
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of the given waste type,
= the mix design must allow all liquid radioactive waste type
procession with the planned technological equipment.

3. THE WASTE ACCEPTANCE
CRITERIA (WAC)

The final disposal conception of radioactive waste is based on

the multi-barrier approach, a combination of technical barri-

ers and protection provided by the geological environment.

The technological barrier system aims to allow only a small

amount of radioisotopes over a long period. This purpose can

be achieved with low leachable waste form (hardened ce-

ment paste) waste isolation by its durable container and in-

filling any free space around the packages. The space-filling

restricts the movement of water and other solutions and can

provide appropriate chemical conditions and have adsorption

properties for leached radioactive isotopes (Chapman, 2003;

Nds et al., 2010; Ojovan, 2011).
The WAC prescribes detailed physico-chemical require-

ments for depositable waste:

= organic matter content and gas formulation (max. 0.5 bar),

= waste with gas content (max. 1,5 bar at 20 °C),

= heat evaluation (max. 2 kW/m?),

= dust content (max. 1 %m/m),

= cavity volume (max. 5 cm, max.10 %V/V)

= free liquid content (max. 1 %V/V)

= content of corrosive substances and complexing agent
(max. 1 %m/m)

= hazardous material (it must not contain flammable, explo-
sive, oxidising, infectious and corrosive substances)

= flammability (combustible, compressible waste must be
compacted with a compression force of 500 kN. The emp-
ty space around combustible, uncompacted waste must be
cast with cement paste or cement mortar.),

= compressive strength (min. 10 MPa),

= chemical stability and homogeneity,

= the value of diffusion coefficient (max. 10”7 cm?¥/s)

= radioactive isotope and nuclear material content
Cementation technology meets both the free liquid content

and the cavity volume requirement for waste. However, the

criteria for the compressive strength and leaching properties

of cement paste, which a testing laboratory will control, must

also be met (Baranyi and Kopecsko, 2021).
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4. TECHNOLOGY REQUIREMENTS

One of the most important requirements for cementation
technology is to ensure the highest space-filling of the com-
pact waste package with the highest water/binder (w/b) ratio
and, at the same time, provide that the waste package com-
plies with the WAC. However, the high water content causes
porosity to increase due to the growth of capillaries (Lian et
al., 2011; Chen et al., 2013; Kondraivendhan et al., 2016).
Multiple capillaries cause a larger surface area, and water
penetrates more easily into the open pores, making it easi-
er for radioactive isotopes to leach out (Carde et al., 1999).
A high w/b ratio can also cause sedimentation and bleed-
ing of cement paste. For bleeding, the requirement is max.
1 %V/ V. About 35 - 40 %m/m of water can be incorporated
into the hardened cement paste; this corresponds to a w/c ra-
tio of 0.35 to 0.40. If the concrete is made with more water,
the water will evaporate from the surface of the cement paste
even in its plastic state. As a result, it begins to shrink (early
or plastic shrinkage), and capillary pores of the cement stone
will form (Powers, 1958; Nehme, 2004). In addition to the
above, cement stone may contain air bubbles from mixing
and casting. The strength of the solidified cement paste de-
pends on the strength and porosity assumed to be non-porous
cement paste.
The strength function according to Powers:

RC,D = Rc,max (1 - %)na

where R is the cube strength of assumed to be non-porous
cement ﬁaste (cc. 200 MPa), p is the porosity, and n is an
exponent (kb. 4,7) (Balazs, 1994). The leaching properties of
hardened cement paste can also be deduced by measuring the
compressive strength.

The thermal stress due to the high hydration heat can cre-
ate cracks in the compact waste package. The requirement
can reduce this if the heat of hydration of the cement paste
should not reach 80 °C in the middle of the container (Amin
et al., 2009; Batog et al. 2017).

The mix design must also ensure the proper consistency
of the cement pastes, which allows the free cavity volume
between the solid waste in the barrels to be filled. At the same
time, it must meet that requirement to minimise the amount
of cement paste remaining in the mixer. For cement paste to
meet these criteria, the Suttard consistency must be in the
range of 150 to 200 mm. It is an essential technological re-
quirement that the value of the consistency does not fluctuate
significantly during mixing and draining.

The expected time of container filling is approx. 3 - 5 hours
depending on the empty cavity of the barrels. It is undesirable
for the cement paste prepared at the beginning of the filling
process to begin to solidify before the last batch of cement
paste is drained, as the bonding of the cement paste during
the vibration of the container will be damaged. Therefore, the
initial set of the cement paste should not be less than 3 hours,
but the too-long setting time prevents the waste package from
being moved. Particular attention should be paid to this phe-
nomenon, as the borates in the solution retard the hydration
of the cement (Csetényi and Glasser, 1995; Coumes, 2003;
Davraz, 2010; Han et al., 2010; Sun et al., 2011; Kratochvil et
al., 2014; Li et al., 2019).
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5. PROPERTIES OF RADIOACTIVE
EVAPORATOR RESIDUES
(CONCENTRATES)

The wastewater generated in the Paks NPP is evaporated to
be stored in a smaller volume. The pH of the evaporated solu-
tion was adjusted at 12 with sodium hydroxide (NaOH) to in-
crease the solubility of the borates. The resulting evaporation
residues (concentrates) contain boric acid (borates) in a con-
centration of 180 — 200 g/dm?; mainly, this causes the high
(200 — 400 g/dm?®) dry matter content of the solution, which
must be taken into account when embedding waste in cement.

The evaporator residues are stored in 17 TW-labelled tanks
containing significant amounts of nitrates in addition to bo-
rates (Table 1). The bottom of the tanks also contains different
amounts of sludge, which may consist of unknown amounts
of undissolved borate crystals in addition to the insoluble
phase. The molar ratio of Na:B = 1 in the solutions indicates
that boric acid is present in the form of sodium metaborate
(NaBO,) in the evaporator residues (Blansdae, 1939; Pungor,
1987).

Concerning the composition of the evaporator, residues
differ in each storage tank and may even vary in the different
parts of the given tank (400 — 500 m?), so the concentrates
must be homogenised in the first step. Therefore, the pre-
homogenisation step takes place already in the storage tank,
and after the liquid waste transportation, it is mixed in the
homogeniser tank of the cementation plant.

Table 1. Composition of the various evaporator residues (MVM Paks

NPP 2019)
Nitrate | Boric acid Molar ratio
PH | wdmy] | [g/dm] (NaOH/H,BO,)
12 5-72 110 - 203 0.95-1.21
O?gl;l(;f::]) te []lzg;l;:z] Dry matter [g/dm’]
1.3-52.1 1.15-1.27 206 - 435

The cementation mix design thus had to cover the evapora-
tion residues for approx. 230 g/dm? dry matter and ca. 90 g/
dm? boric acid concentration difference. During the experi-
ments, the mixtures were designed to its water/cement ratio
(w/c) of 0.5.

6. MIX DESIGN DEVELOPMENT

The followed logic was applied during the process of the mix

design development:

1. laboratory experiment with model (surrogate) solutions,

2. determination of the composition of liquid radioactive
waste,

3. laboratory cementation experiments with model solutions,

4. investigation of laboratory cementation with radioactive
evaporator residues,

5. pilot cementation tests.

The basic condition for the development of a cementation
mix design is the knowledge of the parameters of the liquid
radioactive waste to be cemented that have a significant effect
on the formulation. Hence, we determined the density, pH,
free alkaline (NaOH), nitrate (NO,’), dry matter, and boric
acid (borate) content of the concentrate. Knowing these data,
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we prepared inactive model solutions to simulate the radioac-
tive evaporator residues embedded in the cement matrix.

In the first step of the mix development, the compliance of
the cement paste with the technological requirements (con-
sistency, bleeding, initial setting time, rheological behaviour,
effect of vibration, early compressive strength) was investi-
gated. In the case of appropriate mixtures, we modified the
constituens based on the experience gained during the experi-
ments to improve the cement paste’s technological parame-
ters and the properties of the final product. The measurements
that need a longer time or a particular device (e.g. heat evalu-
ation, leach test) will only be performed on mixes that already
meet the requirements in their other parameters.

6.1 Materials used for the experiments

Cement types available on the Hungarian market were used
for the experiments: CEM I 52.5 N (DDC), CEM 1 42.5 N
(DDC), CEM 1 32.5 N-LH (DDC), CEM III/B 32.5 N-S
(DDC), and CEM III/B 32.5 N-LH/SR (Lafarge). Two types
of metakaolin were tested during the experiments: Metaka-
olin KM60 (KERAMOST) and Metakaolin METAVER N
(NEWCHEM), which composition can be seen in Table 2.

Table 2. Composition of metakaolins used

Metakaolin Metakaolin
KM60 METAVER N

SiO, 50 - 55% 52 -53%
ALO, min. 40% 43 - 44%
Fe O, max. 1.45% <1%
TiO, max. 0.8% <1%
K,0 - <1%
CaO 0.05-0.5% <0.5%
MgO 0.20 - 0.45% <0.4%
Na,O - <1%
K,0+NaO max. 1.5% -

KEMA (KEMA MORAVA) microsilica was also used for
experimental purposes (Table 3).

Table 3. Composition of KEMA microsilica used

SiO, ~90%
CaO ~0.8%
MgO <1.5%
ALO, <1%

Na,0 ~0.5%

Three types of plasticiser, available in the Hungarian
and European markets were used: Sika ViscoCrete 21, Sika
ViscoCrete 1035, Sika ViscoCrete 4035.

6.2 Test methods for cement paste

Consistency

The consistency of the fresh cement paste was measured ac-
cording to the Suttard method (Macijauskas, 2013). The Sut-
tard type viscometer is a 50 mm internal diameter and 100
mm height stainless steel cylinder placed on a horizontal
smooth, scaled base plate. The cylinder must be filled to the
top with cement paste. Then lift the mould and let the ce-
ment paste flow and spread on the base plate for 15 seconds,
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Fig. 1. Consistency measurement with Suttard method Bleeding

then measure the maximum of the cement paste spread in the
two directions after 30 seconds (Fig. /). The diameter of the
spreading paste is calculated from the average of these two
measurements.

Bleeding

Samples of cement paste of known volume are filled in a
sealed sampling bottle, and the amount of water appearing
on the surface is examined after 24 and 48 hours. After de-
termining the extent of bleeding, the liquid is poured back
to the surface of the sample and sealed until the subsequent
measurement. The amount of bleeding is given as a %V/V of
the total volume of fresh cement paste (Fig. 2).

l

Fig. 2. Bleeding and shinkage measurement

Initial setting time (IST)

The initial setting time (IST) of the cement paste was mea-
sured with manual Vicat apparatus according to the EN 196-3
standard.

Measurement of heat evolution

The kinetics of heat of hydration was determined by pouring
the cement paste into a 1 L plastic beaker and then placing it
in a 300x400%300 mm polystyrene insulated box with at least
10 cm thickness. Close the calorimeter and immerse the ther-
mocouple in the centre of the sample (Fig. 3), using another
sensor to record the room temperature using a Comet M 1200
temperature data logger (Kopecské and Baranyi, 2022).

6.3 Test methods of hardened cement
paste

Compressive strength measurement

The compressive strength of the cemented product was de-
termined partly according to EN 196-1 and partly according
to EN 12390-3 standards using a Controls DigiMax semi-au-
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Fig. 3. Measurement of heat evolution

tomatic console with a compression frame with a maximum
capacity of 500 kN and a 3000 kN.

Determination of rebound number

The rebound number of the solidified cement paste was mea-
sured to estimate the compressive strength of the product.
The determination was performed according to EN 12504-2
with a Proceq SilverSchmidt digital Schmidt hammer.

Leaching test

The measurement method for calculating the diffusion co-
efficient was performed according to the ASTM C1308-08
standard. During the test, a cylindrical specimen 28 mm in
diameter and 56 - 69 mm high was immersed in deionised
water tempered at 20 + 1 °C (Fig. 4).

The volume of the leaching water is ten times the surface
of the cylinder, which must be changed to fresh (clean) water
after 2, 7, 24 hours, and daily for the next 10 days by trans-
ferring the specimen. Each leaching water was sampled and
examined with a gamma spectrometer. The diffusion coeffi-
cients of each component were calculated according to Fick’s
second law using the following equation:

o A §

where a /A is the cumulative leached fraction, (Dt) : t  —t

[s] time interval, V is the volume of the specimen [cm?], S is
the surface of the specimen [cm?].

6.4 Cementation experiments with
model solutions

The first experiments were performed with CEM 1 32.5 N-LH
and CEM I 52.5 N cement, for which a model solution was
added with a w/c ratio of 0.5. However, the cement pastes
thus prepared showed a high degree of thixotropic behaviour,
which would not have allowed the plant mixer to be emptied
and was not suitable to fill the free space of the solid radioac-
tive waste.
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Fig. 4. The specimens stored in a climate chamber and the hanging
leaching test specimen

At low salt concentrations, thixotropic behaviour of the ce-
ment paste was also observed. At high salinity, although the
cement paste’s consistency improved, at 0.5 w/c we experi-
enced bleeding, initial set retardation (> 24 hours), and inap-
propriate compressive strength of the product made of CEM
132.5-LH type cement.

Attempts were made to reduce the retarding effect of boric
acid binding with lime hydrate (Ca(OH),), which increased
the early compressive strength of the specimens by 2 to
5 MPa and minimised bleeding. Due to the early thixotropic
effect of the lime hydrate and the need to solidify concen-
trates in a wide boric acid concentration range with only one
type of cement, further experiments are required.

Mixtures made of blast furnace slag cement had better
leaching properties than the Portland cement; therefore, CEM
III/B 32.5 N-S cement experiments were also performed. This
type of cement can be used for the solidification of evapora-
tor residues with model solutions and lime hydrate admix-
ture. The requirements for compressive strength, setting time
and bleeding properties for these mixtures meet the specified
conditions when more than 2% lime is added. Suitable con-
sistency can only be achieved with a low boric acid content
(100 g/dm?) by using vibration. The results show that CEM
III/B 32.5 N-S type cement is appropriate for solidifying the
model solution with a boric acid concentration of 250 g/dm®
at a lime hydrate addition of 1.3 - 5.4%.
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Based on these results and conclusions, the effect of boric
acid concentration and lime hydrate ratio on the properties
and technological parameters of the solidified product was
investigated. We performed the experiments with three model
solutions of different boric acid concentration (80, 140, 200
g/dm?) with a nitrate content of 42.5 g/dm? and a constant w/c
ratio of 0.5.

Table 4. Influence of boric acid and lime hydrate on the technological
parameters of the cement paste

Com-
Boric acid conc. Suttard pressive
[g/dm?] [mm] IST [h] strength?
[MPa]
80 (0.5 —2.5%)" 60 — 95 50 - 60 33-37
140 (0.9 — 4.6%)! 50 0(.)367 20 -26
04—
200 (1.4-6.9%)" | 110-175 07 29 -34

"' Lime hydrate concentration given in cement %m/m, 2at 28 days of age.

It can be seen from the results of Tuble 4 the technological
parameters studied depend on the boric acid concentration.
Still, the addition of lime hydrate has practically no effect
on them. All tested parameters reach the minimum expected
value at medium (140 g/dm?) boric acid concentration; there-
fore, further studies were performed to investigate the effect
of Ca(OH), concentration with lime hydrate-free mixtures.

Table 5. Properties of the mixtures without lime hydrate

Boric acid | Suttard Compressive
[g/dm’] (mm] IST [h] strength [MPa]
7 days | 28 days
80 85 48 28.39 38.09
140 50 <15 21.31 24.20
200 195 <15 22.37 30.15

Our studies confirmed that the addition of lime hydrate
has a negligible effect on the final properties of the solidified
evaporation residue (7able 5). These parameters depend
mainly on the concentration of boric acid in the evaporation
residue.

6.5 Investigation of the kinetics of
hydration heat

The kinetics of the hydration heat evolution of a cement paste
prepared using a model solution with a boric acid concentra-
tion of 150 g/dm? can be seen in Fig. 5. It can state that the
maximum temperature (62 °C) of CEM I 52.5 N cement paste
does not exceed the limit of 80 °C.

6.6 Solidification possibilities of
evaporator residues with CEM II/B
32,5 N-LH/SR type cement

The leaching properties of the hardened cement paste can be
improved by reducing the porosity, which can be achieved
mainly by using materials with pozzolanic properties (e.g.
slag, microsilica, metakaolin) and by reducing the w/c ratio
(Poon et al., 2001). By decreasing the w/c, the cement paste’s
viscosity is increased; at the same time, the porosity and the
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Fig. 5. Heat of hydration comparison of cement paste by using the
model solution with CEM [ 52.5 N and CEM I1I/B 32.5 N-LH/SR type
cement

diffusivity are also reduced, as well as the bleeding of the ce-
ment paste but, which means a higher consistency. Therefore,
in addition to the change of cement type, we also examined
the effect of w/c factors on technological parameters. At the
same time, we studied whether the conditions for the prepara-
tion of cement paste and the results of the experiments with
pure CEM 1 42.5 N Portland cement can be used to apply
CEM 1II/B 32.5 N LH/SR cement. These experiments were
also performed with evaporation residue model solutions
containing 120 g/dm?, and 210 g/dm? boric acid in the pres-
ence of 1.25 %V/V nitric acid (HNO,). The rheological prop-
erties (densifying) of the cement paste can be affected by the
decrease in pH, thus the optimal volume of the nitric acid was
determined in previous examinations.
Based on the results shown in Table 6, the w/c ratio

should be reduced below 0.54 to achieve better bleeding and
compressive strength values.

Table 6. Parameters of mixtures made using 120 g/dm? boric acid
concentration model solution and CEM IlI/B 32.5N LH/SR type cement

w/c 0.54 0.56 0.58

IST [h] 18 | 24-48 | 24-48

Suttard consistency [mm] 128 143 150

Bleeding after 24 hours [%] 0.7 0.9 1.1

c ) 7 days 4.92 4.05 3.45

. tfemngfls[sﬁga] 14 days 9.03 | 8.06 7.78
28 days 19.96 | 20.55 18.24

Table 7. Parameters of mixtures made using 210 g/dm? boric acid
concentration model solution and CEM ll/B 32.5N LH/SR type cement

w/c 0.46 |0.48 0.50
IST [h] <15 |<15 <15
Suttard consistency [mm] 120 | 135 140
Bleeding after 24 hours [%] |0 0.90 0.88
Compressive 7 days 8.87 |8.28 8.32
strength [MPa] | 14 days 1423 [12.88 | 13.95
28 days 26.67 | 22.66 20.09

The best parameters were shown in the sample with a bo-
ric acid concentration of 210 g/dm? and a w/c ratio of 0.46
(Table 7), but early thixotropic behaviour was also observed
in this case. Increasing the w/c ratio to 0.47 could improve
these properties but would increase the certainty of cement
paste bleeding.
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6.7 Cement pastes with the addition
of metakaolin and microsilica

Henceforth, experiments were performed to improve the
properties of the mixture using CEM 1 42.5 N using metaka-
olin and microsilica at a constant nitric acid content of 1.43
%V/V (Table 8 — 11).

Table 8. The main properties of cement paste made using 120 g/dm?
boric acid and metakaolin KM60 (w/c = 0.50)

Metakaolin KM60 [%] 0 5 10

Suttard [mm)] 170 150 125

IST [h] 3-45|25-3 | 25-3

Bleeding after 24 hours

[%] 0.4 0.3 0

Bleeding after 48 hours

[%] 0 0 0

c ) 7 days 24.81 18.07 27,47

ompressive

strength [MPa] 14 days 28.95 27.27 37.95

28 days 35.78 30.70 39.49

Table 9. The main properties of cement paste made using 210 g/dm?
boric acid and metakaolin KM60 (w/c = 0.48)

Metakaolin KM60 [%] 0 5 10

Suttard [mm] 170 150 125

IST [h] 3-45|25-3|25-3

Bleeding after 24 hours

[%] 0.4 0.3 0

Bleeding after 48 hours

[%] 0 0 0

c ) 7 days 24.81 18.07 27.47

ompressive

strength [MPa] 14 days 28.95 27.27 37,95

28 days 35.78 30.70 39.49

Table 10. The main properties of cement paste made using 120 g/dm?
boric acid and KEMA microsilica (w/c = 0.50)

Microsilica [%] 0 5 10
Suttard [mm)] 170 145 113
IST [h] 3-45| 142 2
Bleeding after 24 hours [%] 0.4 0 0
Bleeding after 48 hours [%] 0 0 0
) 7 days 24.81 22.17 | 19.68
S;)emngﬁs[sﬂga] 14 days 28.95 | 24.14 | 2826
28 days 35.78 32.07 | 31.47

Table 11. The main properties of cement paste made using 210 g/dm?
boric acid and KEMA microsilica (w/c = 0.48)

Microsilica [%] 0 5 10

Suttard [mm)] 180 155 120

IST [h] 1.5 2-3 2-3

Bleeding after 24 hours

[%] 0.50 0 0

Bleeding after 48 hours

[%] 0.37 0 0

c ) 7 days 24.76 19.02 17.01

ompressive

strength [MPa] 14 days 31.30 26.14 24.45

28 days 36.14 30.57 35.40

28

It can be seen from the data in Table 11 that the addition of
microsilica and metakaolin increase the consistency of the ce-
ment paste, while these SCMs reduce the bleeding tendency.
There is a slight decrease in compressive strength for both
materials; however, even at 7 days of age, these values ex-
ceed the required 10 MPa.

6.8 Leaching tests of cement paste
made of model solution containing
137Cs tracer

The cementation experiments were performed with '¥’Cs-
labelled model solutions, which showed the efficiency of re-
placing part of PC with SCMs to improve the leaching prop-
erties of the final cemented product. The experiments were
implemented at Nuclear Research Institute (Ustav jaderné¢ho
vyzkumu ReZ u Prahy). The leaching test was performed ac-
cording to standard ASTM C1308-08. During the specimen
preparation CEM 1 42.5 N, CEM 11I/B 32.5 N-LH/SR type
cement, metakaolin, and microsilica were used with '3’Cs-
labelled, 120 and 210 g/dm? boric acid concentration model
solution. The results showed that the diffusion coefficient of
37Cs corresponded with the defined value in the WAC (107
cm?/s) even without SCMs; but using these materials, the dif-
fusion coefficient can be reduced by an order of magnitude.

6.9 Experiments with evaporator
residues

Based on observations of cementation experiments with
model solutions, test mixtures were performed using differ-
ent evaporation residues, which showed similar results to the
inactive model solutions; therefore, further optimisation ex-
periments were performed using CEM I 52.5 N and supple-
mentary cementing materials (SCMs).

Table 13 shows that we achieved better results for all tech-
nological parameters using CEM 42.5 N cement.

Table 12. The main properties of cement paste made using type CEM
1 42.5 N cement and evaporation residue from the tank 02T 10B003

w/c 0.43 0.49
pH (concentrate) 11.5 11.7
Suttard [mm] 125 160
IST [h] 25.5-40 28 -40
Bleeding after 24 hours [%] 0 0.4
Compressive strength [MPa] 26.75 24.82

Table 13. The main properties of cement paste made using two types
of cement and evaporation residue from the tank 02TW/10B003 (w/c =
0.49, pH = 11.8)

Cement type CEM152.5| CEM42.5
N N
Suttard [mm] 125 160
Suttard after 30 min. [mm)] 118 155
IST [h] 48 28 -40
Bleeding after 24 hours [%] 0 0.4
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6.10 Experiences with cementation of
evaporation residues from tank
02TW80B003

The concentrate to be processed for the first time with the cur-
rent cementation technology is located in tank 02TW80B003,
which contains a high-salt, alpha-emitting (trans-uranium-
containing) solution generated during a malfunction at the
Paks Nuclear Power Plant in 2003 (7able 14).

Table 14. Composition of evaporator residue in tank 02TW80B003
(550 m?) (MVM Paks NPR, 2019)

Molar ratio (NaOH/H,BO,) [ll:;;ldsllrtl};] Dlé/gllzger
1.08 1232 | 362.60
Nitrate Boflc
pH [g/dm’] acid
& [g/dm’]
12 2259 | 184.54

During the further mix design development, we tried to in-
crease the waste content, so the concentrate/bonding ratio of
the cement paste also ruled out the importance of using other
admixtures such as superplasticiser or nitric acid. Finally, the
cementation results have shown that the optimal mix propor-
tions of the evaporator residue from the 02TW80B003 tank
was achieved using 0.61 w/b (w/c = 0.44) and 25% KM60
type metakaolin. Thus the desired mixing ratio was as fol-
lows: concentrate : cement (CEM I 42.5 N) : metakaolin
(Keramost KM 60) =1 : 1.32 : 0.33. During the laboratory
experiments, compressive strength tests were performed on
40%x40%x40 mm specimens, and then during the pilot tests, we
also performed on standard specimens with an edge length of
150 mm. The results are summarised in Table 15, which are
the averages of three parallel measurements.

Table 15. Compressive strength results of solidified cement paste
made using evaporation residue from tank 02TW/80B003

Speci KM60 Compressive strength
Exp | P | o [MPa]
0
P 7 days | 14 days | 28 days
Lab 40 mm 11 6.30 38.65 48.16
P [a0mm |25 [2296 |5080 5538
. 40 mm 25 1.47 18.56 40.28
Pilot
150 mm 25 n.a. n.a. 36.96

It should be noted that the 7-day demoulding of the speci-
mens was problematic in some cases, on the one hand, due to
the slow setting of the cement paste; on the other hand, due to
the adhesion of the cement paste to the mould. Another criti-
cal parameter for a cemented product is the leaching prop-
erty of each isotope, i.e. the value of the diffusion coefficient.
Measurements were performed according to ASTM C1308-
08, previously described in Chapter 6.2. In our experience,
the Co isotope is only slightly, while the *’Cs isotope is
more soluble from the specimens. However, its diffusion co-
efficient is still two orders of magnitude lower (4 - 10° cm?/s)
than the 107 cm?/s as prescribed in the WAC.
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7. CONCLUSIONS

In this study we summarised the inactive and radioactive lab-
oratory experiments of the cementation mix design of differ-
ent types of liquid radioactive waste; we presented the used
materials and test methods.

The first step of the mix design development was to de-
termine the composition of the evaporator residues, which
followed by the cementation of inactive model (surrogate)
solutions with CEM 132.5 N-LH, CEM 1 52.5 N, CEM 11I/B
32.5 N-S and CEM II/B 32.5 N-LH/SR types of cement.
Henceforth, attempts were performed to reduce the set retar-
dation effect of boric acid with lime hydrate. The measure-
ments show that the lime hydrate has a negligible impact on
the final parameters of the hardened cement paste, but the
boric acid content has a great effect on it. During the further
experiments, supplementary cementing materials (SCMs)
were added to the cement paste to decrease the porosity and
improve the leaching properties. For this purpose microsilica
and metakaolin were used, but in order to decrease of diffu-
sion coefficient, the w/c ratio of the cement paste must be
reduced. During these measurements, the effect of nitric acid
(1.25 — 1.43 %V/V) on the rheological properties were ob-
served. Since the most important property of the cement paste
is the low diffusion coefficient, thus the w/c and porosity must
be reduced. Finally, CEM I 42.5 N type Portland cement and
20 %m/m Keramost KM60 type metakaolin was used, and
with this mix design all technological parameter of the ce-
ment paste was provided.

In the case of evaporation residues, the composition can
vary from tank to tank, a protocol for the development of
proper and applicable mix design was also determined. As a
result of the inactive laboratory experiments, all studied ra-
dioactive evaporator residues can be solidified, and the prop-
erties of the fresh and hardened cement paste meets the WAC
and all technological requirements.
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Re-life of aged load-bearing structures may be more efficient and economical than complete re-building.
Nowadays, the strengthening of an RC structure can be designed using non-linear FE analysis, taking a
realistic structural behaviour into account. Within the current article, this process is demonstrated in con-
nection with the strengthening of a monolithic RC slab. The slab must be strengthened due to a change of
function which increases live load. To ensure satisfactory operation in SLS for increased load, the flexural
strengthening of the slab by CFRP strips and bonded steel plates was considered. Static verification of the
slab for original and increased loads is performed by linear FE analysis. The load-bearing capacities of
the original and the strengthened slabs are also determined by non-linear FE calculation. A comparative
analysis of the results highlights the effectiveness of different strengthening methods in increasing the stiff-
ness and SLS capacity of the slab. To perform real-time monitoring of the slab in question, an SHM system
is also suggested with the installation of three different types of sensors. This system increases the safety of
operation and reduces future maintenance and strengthening costs.

Keywords: monolithic concrete slab, damage diagnostics, 3D nonlinear FE analysis, CFRP strengthening, steel plate strengthen-

ing, monitoring, SHM installation.

1. INTRODUCTION

Reinforced concrete slabs are essential structural elements
in buildings and bridges. Nevertheless, they might encoun-
ter damages under different loadings such as fatigue, aging,
overloading, earthquakes, and further natural disasters during
their service life (Ahmed, 2016)such as permanent, sustained
and transient during their lifetime. Reinforced concrete slabs
are one of the most fundamental structural elements in build-
ings and bridges, which might be exposed to unfavourable
conditions such as, impaired quality control, lack of main-
tenance, adverse environmental effects, and inadequate ini-
tial design. Therefore, the resistant capacity of the affected
elements would dramatically be reduced which most likely
leads to the partial or whole collapse of the structure. Non-
destructive testing (NDT. Excessive cracking is one of the
most common damages in reinforced concrete slabs, in ad-
dition to deflections at midspan (Nejadi, 2022). Therefore,
damage detection is vital to guarantee the integrity and
safety of civil structures (Fujino, 2002). The conventional
procedure is based on human visual inspection, which can-
not locate any hidden or minor damages (Kot et al., 2021)
which involves inspection, monitoring, and maintenance to
support economics, quality of life and sustainability in civil
engineering. Currently, research has been con-ducted in order
to develop non-destructive techniques for SHM to extend the
lifespan of monitored structures. This paper will review and
summarize the recent advancements in non-destructive test-
ing techniques, namely, sweep frequency approach, ground
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penetrating radar, infrared technique, fiber optics sensors,
camera-based methods, laser scanner techniques, acous-
tic emission and ultrasonic techniques. Although some of
the techniques are widely and successfully utilized in civil
en-gineering, there are still challenges that researchers are
addressing. One of the common challenges within the tech-
niques is interpretation, analysis and automation of obtained
data, which requires highly skilled and specialized experts.
Therefore, researchers are investigating and applying artifi-
cial intelligence, namely machine learning algorithms to ad-
dress the challenges. In addition, researchers have combined
multiple techniques in order to improve accuracy and acquire
additional parameters to enhance the measurement processes.
This study mainly focuses on the scope and recent advance-
ments of the Non-destructive Testing (NDT. Therefore, other
non-destructive techniques are necessary to complement vi-
sual inspection and can be used to inspect for defects without
further damaging the tested component and provide meth-
ods for detecting hidden damages (Triantafillou, 1998)such
as permanent, sustained and transient during their lifetime.
Reinforced concrete slabs are one of the most fundamental
structural elements in buildings and bridges, which might be
exposed to unfavourable conditions such as, impaired quality
control, lack of maintenance, adverse environmental effects,
and inadequate initial design. Therefore, the resistant capac-
ity of the affected elements would dramatically be reduced
which most likely leads to the partial or whole collapse of the
structure. Non-destructive testing (NDT.

In this manner, static linear and non-linear finite element
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(FE) models have been extensively applied for structural
analysis (Ding et al., 2022)the instantaneous characteris-
tics of the mono-components are firstly extracted from the
structural dynamic response and applied to the calculation of
likelihood function. Then, the posterior probability density
function associated with Bayesian theorem is derived under
the assumption of Gaussian prior distribution by using instan-
taneous characteristics. Afterwards, to calculate the posterior
probability density function and improve the sampling effi-
ciency, the delayed rejection adaptive Metropolis-Hastings
(DRAM, where FE modelling can perform a global damage
detection, and can even predict the possible damages that can
appear, for example after a function change that increases the
imposed loads on the structure (Durmazgezer et al., 2018).
FE analysis is also essential as it verifies the structural ele-
ments by examining their load-bearing capacity to withstand
the applied dead and live loads; for example, an FE model can
predict residual deflection (Zhao & Ye, 2022). For instant,
Scamardoa non-standard finite element (FE et al. (Scamardo
et al., 2022)a non-standard finite element (FE used FE models
to approximate the directions of in-plane tensile cracks, and
Foti (Foti, 2014) Italy developed a 3D FE model of Normand
tower town of Craco (Matera, Italy) to evaluate the structural
behaviour of the tower.

With the decreasing life of existing structures, research
and industry are continuously striving to find innovative and
cost-effective methods that can increase the life span of these
structures to satisfy the needs of owners and users (Khalifa
et al., 1999). Strengthening could be achieved by section en-
largement, external post-tensioning, externally bonded steel
elements, advanced fibre-reinforced polymer (FRP) com-
posites, textile reinforced concrete (TRC), and near-surface
mounted (NSM) system, or a combination of these techniques
(Heiza et al., 2014).

External bonding of steel plates to damaged RC structures
is an important method. It has proved to be efficient and a
well-known strengthening technique similar to composite
materials like carbon fibre reinforced polymers which can be
an alternative to steel plates (David et al., 1998). Steel plates
have been used for many years due to their simplicity in man-
aging and applying and their effectiveness for strengthening
(Brosens & Van Gemert, 2014).. Externally bonded steel
plates to rehabilitate reinforced concrete members were first
reported in 1964 in Durban, South Africa (McKenna & Erki,
1994). In 1972, externally bonded steel plates were employed
on the tension face of a concrete T-beam bridge in France to
correct a permanent deflection of 80 mm due to creep (Merter
& Ucar, 2013). The bonding of the steel plates or steel flat
bars to the surface of concrete members is ensured by epoxy
adhesives, and, in some cases, extra fastening is provided us-
ing dowels or bolts glued to the holes drilled in the concrete
members (Garg et al., 2020). In the case of RC slabs strength-
ening, steel plates are used to enhance the bending resistance
of structural members. They can be applied to flexural zones
of the slab to improve its positive flexural capacity (Pryl et
al., 2015).

In recent years, the strengthening and retrofitting of struc-
tural members using externally bonded carbon fibre reinforced
polymer (CFRP) materials has achieved much attention (Lima
et al., 2016). Initial developments of the FRP-strengthening
technique took place in Germany and Switzerland (Triantafil-
lou, 1998); besides, it revolutionized the strengthening field
and appears to be a superb solution for the retrofitting and
strengthening of reinforced concrete elements because of its
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unique properties, including high strength-to-weight ratio,
high fatigue endurance, environmental degradation, and cor-
rosion resistance and user-friendliness (Lima et al., 2016).
CFRP has proved to increase the flexural stiffness of the stud-
ied samples and increase the axial, flexural, or shear capaci-
ties (Azizi et al., 2019), ductility, remaining fatigue life, and
durability against harsh environments (Lima et al., 2016).
Moreover, Piatek and Siwowski noticed a 22-33% increase
in RC beams* ultimate load-bearing capacity strengthened by
CFRP (Piatek & Siwowski, 2022). Several vital contributions
involving the design of RC elements with externally bonded
FRP laminates are present in the literature ( Pryl et al., 2015,
Khalifa et al., 1999, Szab6 & Balazs, 2007).

The installation of wireless sensors as Smart Health Mo-
nitoring (SHM) tools for buildings is getting boom day by
day. The applications of these sensory systems can be vi-
sualized by their implementation as an SHM system in the
world’s famous San Pedro Apostol Church in Peru (Macwil-
liam & Nunes, 2019). The effects of specific parameters like
temperature, strain, acceleration, and wind, were monitored
and analysed in an ancient building of the ottoman empire
(Urla, Izmir) by installing different sensors constituting the
SHM system (Kilic, 2015). Large-scale SHM application
can be observed on China’s 600 m tall canon tower, where
the existing condition and associated damages were exam-
ined based on SHM data (Sivasuriyan et al., 2021). SHM
system helps carry out real-time monitoring of multi-story
buildings subjected to dynamic loading close to coastal areas
where structures can be subjected to hydrodynamic forces
produced due to tsunami (Lopez et al., 2017). The applica-
tion of 3D linear and non-linear FE techniques for stress and
deformation analysis of buildings was utilized for hospital
buildings where piezoelectric sensors were used for proper
SHM of buildings (Roghaei & Zabihollah, 2014)the building
may suddenly goes to failure, requiring a reliable yet efficient
health monitoring system. An array of piezoelectric sensors is
mounted at desired location to measure the deformation and
stress at critical points. The voltage generated by piezoelec-
tric sensors is sent to computer via a data acquisition system.
Measuring and monitoring the trend of changing sensors volt-
ages indicate the probability of existing damages and the rate
of propagation. The performance-based seismic is reported
based on the nonlinear static analysis (pushover. Similarly,
the same sensors have already been used for damage evalu-
ation of a building based on impedance measurement (Park
& Inman, 2007) and measure the impedance of structures
by monitoring the current and voltage applied to the piezo-
electric transducers. Changes in impedance indicate changes
in the structure, which in turn can indicate that damage has
occurred. An experimental study is presented to demonstrate
how this technique can be used to detect structural damage
in real time. Signal processing methods that address damage
classifications and data compression issues associated with
the use of the impedance methods are also summarized. Fi-
nally, a modified frequency-domain autoregressive model
with exogenous inputs (ARX. In case of multi-story build-
ings, the primary consideration is given to the vibration re-
sponse mode of buildings that affects the period of building
and produces severe stress concentrations at different floor
levels, which ultimately produces severe cracks in the slabs
of different floors. These vibration response modes provide
installing various sensors at the prescribed locations (Hasan
et al., 2002).
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FEM modelling and simulation are currently used for
long-term monitoring of buildings where the dynamic behav-
iour of the building is observed by executing the operational
ambient survey (Pierdicca et al., 2017)it has been possible to
follow the dynamic evolution of the structure, using Finite El-
ement Method (FEM. Nowadays, online damage monitoring
tools are also available to observe cracks and deflections of
structures without the application of measurable input. These
tools use the Operational Model Analysis technique for moni-
toring (Pierdicca et al., 2016). Rainieri and Fabbrocino used
model-based damage detection algorithms to identify civil
structures’ modal parameters based on the data observed from
the SHM system (C. Rainieri & Fabbrocino, 2011a), (Rai-
nieri & Fabbrocino, 2011c¢), (Rainieri & Fabbrocino, 2011b),
(Rainieri & Fabbrocino, 2015), (Wierzbicki et al., 2020). The
significance of SHM monitoring of buildings can be easily vi-
sualized because 102 papers were presented in an internatio-
nal workshop held at Stanford University in September 1997
(Fawad et el., 2019). The technical presentations highlighted
the advancements in sensing technology, modelling, and di-
agnostic methods, system integration, and applications.

Considering the importance of monitoring systems, three
different sensors were used in this research to monitor the
deflection, strain, temperature, and cracks on different floors
in a concrete building, especially on the 2™-floor slab. The
applied sensors include Inclinometers for deflection monitor-
ing, optical Fibre Bragg Grating (FBG) sensors for strain and
temperature monitoring, and crack monitoring smart film for
monitoring of cracks. The applications of these sensors can
be found in the existing buildings highlighted in many re-
search works (Avci et al., 2021), (Zhang et al., 2014), (Zhang
& Xiong, 2018)as an important component of buildings and
structures, require inspection for the purposes of crack de-
tection which is an important part of structural health moni-
toring. Now existing crack detection methods usually use a
single technology and can only detect internal or external
cracks. In this paper, the authors propose a new sensing sys-
tem combining BOFDA (Brillouin optical frequency-domain
analysis, (Juraszek, 2019).

2. DESCRIPTION OF THE
ANALYSED BUILDING

The analysed structure resembles a 7-story monolithic rein-
forced concrete office building located in Hungary. The build-
ing height is approximately 20.75 m above the ground and its
overall floor plan dimensions are 25.13x51.96 m. The build-
ing sits on an 800 mm thick slab foundation. Floors 2-7 de-
note 30 cm thick reinforced concrete slabs and 3.10 m height
and 20 cm thick shear walls with openings. The ground floor
is 3.5 m high and includes a green roof of 30 cm thickness.
The authors examined the monolithic RC slab on the 2™ floor
(Figure 1) Within the above structure due to reclassification
from category B to category E, which increased the imposed
load from 3 kN/m? to 7 kN/m? at the customer’s request.

3. LINEAR FE ANALYSIS

There are some methods for the analysis of structures.
These methods may be linearly elastic or non-linear as well
as static or dynamic (Merter & Ucar, 2013). In the context of
condition control and damage assessment of civil engineering
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Fig. 1: General view of the building and the location of the examined
slab
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Fig. 2: Deflection of the slab in case of increased live load

structures, static load tests are widespread (Mahowald et al.,
2010); they can also be used for research studies to explore
the progressive collapse behaviour of structural members and
sub-structural structures under severe deformations (Garg et
al., 2020b).

In the first part of the research, the authors carried out a
3D linear static FE analysis for the whole building using Ax-
iSVM software to obtain the examined slab’s internal forces,
vertical deflections, and load-bearing capacity before and
after function change. In the numerical model, the slab is
supported by load-bearing concrete walls and columns. The
structural elements were modelled as shells or line elements.
Table 1 shows some details about applied materials and loads.
The 3D model was also exposed to wind loads according to
Eurocode.

Table 1: Material grades and characteristic loads used in the linear
numerical model

Concrete grade C25/30
Steel grade S500B
Concrete density (self-weight) 25 kN/m?
Permanent load 2,00 kN/m?
Live load before function change 3,00 kN/m?
Live load after function change 7,00 kN/m?
Live load on stairs 3,00 kN/m?
Live load on green roof 5,00 kN/m?
Snow load 1,00 kN/m?

Based on the calculated internal forces, the applied rein-
forcement of the slab was satisfactory for bending, torsion,
and shear also after increasing the live load. Deflections were
determined on the cracked slab, considering the actual rein-
forcement, as well as the shrinkage and creep of concrete. The
maximum calculated deflection was 18.4 mm and 22.1 mm in
case of original and increased live loads, respectively. Both
values were less than the limit value (span/250 = 32 mm)
from EC2. Calculated deflections are illustrated in (Figure
2) in case of the increased live load level. The maximum
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crack width was 0.35 mm for the original live load, but after
increasing the load it increased to 0.43 mm, exceeding the
0.4 mm limit value from EC2. Based on this, we concluded
that the slab was not satisfactory for SLS after increasing the
live load, which necessitated the strengthening, for which we
have analysed two different solutions.

4. NON-LINEAR FE ANALYSIS

Linear clastic analysis can only give a vague idea about the
distribution of internal forces, whereas 3D non-linear FE
analysis helps learn the plastic moment redistribution (Pryl
et al., 2015) and the collapse load of the slab. Since geomet-
ric nonlinearity and behaviour of materials beyond the lin-
ear elastic limit are considered, it can provide an effective
way to determine and evaluate the realistic behaviour of RC
structures by civil engineers (Merter & Ucar, 2013). The
non-linear behaviour deals mainly with changes in the bend-
ing stiffness caused by cracks (Mahowald et al., 2010). The
non-linear analysis is either force-controlled or deformation-
controlled.

In our research, force-controlled analysis was used, where
the load was applied step by step until the maximum load was
attained or the collapse of the slab was reached (Dasgupta
et al., 2020). In this context, ATENA 3D non-linear analy-
sis software was used to model the examined slab, first in its
original state, then after strengthening.

One can benefit from the symmetricity feature in ATENA
3D, so given this, only a portion of the slab was modelled
(S2) instead of the whole second-floor slab (Figure 3). Anal-
ysed slab portion is 300 mm thick and has 4.00x14.4 m floor
plan dimensions. The columns were implemented as surface
supports for the slab, acting on 30 mm thick steel plates; this
gives more realistic results than applying the supports direct-
ly to the concrete. Shear walls were also modelled as fixed
surface support acting upward on 30 mm thick steel plates
with dimensions identical to the cross-section of the corre-
sponding wall.

According to the actual slab reinforcement, top and bottom
rebar mesh of @#10/200 mm were used in both directions in
the slab. In addition to a top reinforcement of ¥25/200 mm
was also applied around the column heads in both directions.
The top and bottom basic meshes of steel grade SS00B were
modelled as ‘smeared’ reinforcement; this method assigns the
reinforcement in an average sense to the element by specify-
ing an appropriate reinforcement ratio P [%] which can be
calculated: .

ATENA 3D offers a variety of material models that can
be used. Based on the experiences of Roszevak and Haris
(Roszevak & Haris, 2021), the concrete was modelled as 3D
Non-linear Cementitious2 material using f, = 30 N/mm? con-
crete cube strength, £ = 31 kN/mm? elastic modulus, f = 2.6
N/mm? tensile strength, and G, = 5.5x10° MN/m specific
fracture energy (Roszevak & Haris, 2021). For the modelling
of supporting steel plates, the 3D elastic isotropic material
was selected, with an elastic modulus of £, = 210 kN/mm?
and a Poisson’s ratio of u = 0.3. The modelling was done
using a 0.2 m average mesh size; thus, 19480 finite elements
were created altogether. Table 2 demonstrates the boundary
conditions employed for the examined slab segment (S2).

In the strengthened slab, the applied CFRP strips and high
yield strength steel plates were introduced as 3D elastic iso-
tropic material with their specific properties.
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Fig. 3: Location and bottom view of the analysed slab segment (S2)
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Fig. 5: Calculated crack width and deflection of un-strengthened slab S2
after increasing the load

Due to the applied advanced material models and finite
element types, the results of the non-linear analysis may be
more accurate than the linear analysis mentioned before. To
make the two methods comparable, the original slab was also
modelled for the original and increased live load in ATENA
and confirmed that the load-bearing capacity of the slab is
satisfactory in both cases. However, ATENA calculation also
indicated some problems in SLS for the case of increased
load (Table 3).

Table 2: Support conditions for the analysed slab segment (S2)

Support direction
Macro-element/Surface
X y z
1/6 Fixed Free Free
1/4 Fixed Free Free
2/6 Fixed Fixed Fixed
3/6 Fixed Fixed Fixed
4/6 Fixed Fixed Fixed
5/6 Fixed Fixed Fixed
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Table 3: Differences between AxisVM and ATENA results in SLS

Criteria | AxisvM ATENA
Original load
Max. deflection [mm] 18.4 22.0
Max. crack width [mm] 0.35 0.31
Increased load
Max. deflection [mm] 22.1 80.0
Max. crack width [mm] 0.43 0.80

As described before, the total load acting on the slab in-
creased from 12.36 kN/m? to 16.36 kN/m? due to the change
in the function of the second floor; this caused a serious in-
crease in deflections and cracks appeared. Nevertheless, the
slab maintained its load-bearing capacity since the load-dis-
placement curves (Figure 4) show no failure at the maximum
load levels. The maximum deflection and crack width values
calculated by ATENA for the case of increased load (Figure
5) are significantly higher than the AxisVM values. This is
mainly because ATENA is able to consider the yielding of
steel bars and plastic behaviour of the RC material, while
AxisVM is always taking elastic material behaviour into ac-
count, regardless of the level of internal forces. Calculated
maximum deflection and crack width values imply that limit
values according to EC2 were exceeded, again indicating the
need for strengthening the slab to maintain its safety and re-
duce the possibility of crack and deflection occurrence.

5. ANALYSIS OF THE
STRENGTHENED SLAB

5.1. Strengthening by CFRP strips

The need to strengthen the concrete slab in question was
revealed previously; therefore, the authors considered two
different strengthening solutions. The first one was the ap-
plication of bonded, pre-impregnated Carbon Fibre Rein-
forced Polymer (CFRP) strips. The second one was bonded,
high-strength steel plates, both applied parallel to the main
load-bearing (y) direction as additional external flexural rein-
forcement. Two separate numerical models were prepared in
ATENA software for these two solutions, taking advantage of
non-linear calculation into account.

HM-3.0T carbon fibre laminate strips fixed by HM-120CP
adhesive were used in the first model. The applied strips are
3 mm thick and 100 mm wide, and they were modelled as a
group of 26 strips of length 4.00 m and 50 mm spacing. CFRP
strips were applied to the bottom surface of the slab at the po-
sition where the maximum deflections occurred (Figure 6).
CFRP material was modelled as 3D elastic isoelastic material
with a mean tensile strength of 3100 N/mm?, a modulus of elas-
ticity of 65 kN/mm?, an ultimate strain of 1.7%, and a density
of 1.6 g/lcm’. A perfect connection was assumed between the
concrete and the CFRP strips, but the maximal contact stresses
were manually verified and found to be less than the stress-
causing delamination.

The construction stages were modelled to obtain more re-
alistic internal force distribution for the strengthened slab. In
the first load step only the self-weight of the slab was ap-
plied to the un-strengthened structure. After that, the CFRP
strip macro-elements (figure 6) were activated, and the rest of
the loads were applied in several steps. During the analysis,
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Fig. 7: Calculated crack width and deflection of slab S2 after applying
strengthening by CFRP strips

it was assumed that any existing cracks inside the slab are
injected before strengthening to restore the original stiffness
of the slab. Considering the CFRP strengthening the maxi-
mum deflection and crack width values were significantly
decreased. (Figure 7) shows that deflection decreased to 23
mm and crack width to 0.35 mm, which are below the cor-
responding limit values.

(Figure 8) illustrates the load-displacement curves for the
un-strengthened and CFRP strengthened slab. Thanks to the
CFRP material’s linear elastic behaviour, the strengthened slab
maintained most of its initial stiffness at higher load levels re-
sulting in smaller deflection and crack width. Curves in (Fig-
ure §) are plotted only until the maximum load was applied to
the slab but increasing the load until failure revealed that the
strengthened slab possessed significantly higher load-bearing
capacity too. Although the first cracks appeared at the same
load level in both cases, internal steel bars started to yield much
later, and the post-cracking stiffness was much higher in case
of the strengthened slab.

5.2. Strengthening by steel plates

Another numerical model was created to analyse the effect of
bonded steel plates as additional external flexural reinforce-
ment at the bottom of the slab. For this purpose, S690QL
high yield strength steel plates were used, with a minimum
yield strength of 690 N/mm?, a tensile strength of 770 N/mm?,
and 14% minimum elongation before fracture. Steel plates
were used as a group of 8 strips of 500 mm width and 6 mm
thickness (Figure 9). In ATENA, 3D elastic isotropic mate-
rial was assigned to steel material with an elastic modulus of
E =210 kN/mm? and a Poisson’s ratio of u = 0.3. Between
the concrete and the steel plates, a 3D interface contact sur-
face was used to represent the epoxy resin layer. The con-
nection was assumed to be perfect, but again it was manu-
ally verified that no delamination of the steel plate would
occur. Construction stages were modelled the same way as
described for CFRP strengthening.

Compared to the un-strengthened slab, the maximum de-
flection was significantly reduced by applying external steel
plate reinforcement to 24 mm. In contrast, the maximum

35



14 /

Load (kN/m?)
[=-]

4 ———un-strengthened slab
2 ——— CFRP strengthening
. | |
0 0,02 0.04 0.06 0.08 0.1

Displacement (m)

Fig. 8: Load-displacement curves of the un-strengthened and CFRP
strengthened slab for increased load

steel plates

Fig. 9: Load-displacement curves of the un-strengthened and CFRP
strengthened slab for increased load

Fig. 10: Calculated crack width and deflection of slab S2 after applying
strengthening by steel plates

crack width reached 0.36 mm, meaning that SLS require-
ments are fulfilled. Calculated cracks and deflections are pre-
sented in (Figure 10).

(Figure 11) illustrates the load-displacement curves for the
un-strengthened and steel plate strengthened slab. In case of
the strengthened slab, the initial stiffness was mainly main-
tained after cracking of concrete. The first jump in the load-
displacement curve of the strengthened slab was related to
the yielding of internal steel reinforcement, which was later
followed by the yielding of external steel plates. Regardless
of these, the stiffness of the strengthened slab remained much
higher than the original slab, resulting in smaller deflections
and crack width. Again, the curves in (Figure 11) were plot-
ted only until the maximum load was applied to the slab. But
increasing the load until failure revealed that the strengthened
slab possesses significantly higher load-bearing capacity.

5.3. Comparison of the proposed
strengthening methods

The previous analyses showed similar improvements in de-
flection and crack width for the slab in case of both strength-
ening methods. Table 4 illustrates that CFRP strengthening
gave slightly better results in decreasing the deflection and
crack width, but the difference was small. CFRP material is
more expensive than steel, but on the other hand, the construc-
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tion is faster and easier in CFRP, resulting in lower labour and
machinery costs. Yooprasertchai found that FRP materials are
competitive compared to steel materials (Yooprasertchai et
al., 2022). Ibach Bridge in the county of Lucerne, Switzer-
land, was also strengthened by CFRP sheets instead of steel
because it suffered accidental damage due to a prestressing
tendon in the outer web with some of its wires completely
severed by an oxygen lance, and, as a result, the load capacity
of the bridge decreased. It was estimated that 175 kg of steel
plates would have been required to strengthen the bridge to
its original design load. However, only 6.2 kg of CFRP sheets
were used instead (McKenna & Erki, 1994).

(Figure 12) compare the load-displacement curves of
CFRP strengthened and steel plate strengthened slabs. Be-
cause of the linear elastic behaviour of CFRP material, the
stiffness of the CFRP strengthened slab remains higher as
the load was increasing. The capacity of the slab in SLS was
similar in case of both strengthening methods. However, after
reaching the maximal load and un-loading the slab again, we
had less residual deformation left using CFRP strengthening
because of the linear elastic behaviour of CFRP material.

Based on the above considerations, the application of
CFRP strengthening was proposed, as it was feasible in terms
of price and was better in terms of overall structural perfor-
mance.

Table 4: Calculated deflections and crack widths in case of slab
strengthened by steel plates and CFRP strips in case of increased load

Original Slab strength- | Slab strength-
Criteria g ened by CFRP | ened by steel
slab .
strips plates

Max. deflection 20.0 3.0 24.0
(mm]
Max. crack
width [mm] 0.80 0.35 0.36

6. PROPOSAL OF THE SHM
SYSTEM

The changing trend of the construction industry and the boom
of the building monitoring system is urging the owners of this
building to install the proper monitoring system for the whole
building. As the building is quite young, the owners are not
planning dismantling or complete reconstruction in the near
future and want to monitor the performance of the building
for at least the next 15 years. Therefore, the installation of the
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Fig. 12: Comparison of load-displacement curves of the CFRP
strengthened, and steel plate strengthened slabs for increased load

SHM system is not only fulfilling the needs of the owners but
also provides a cost-effective and user-friendly solution for
monitoring the building during its entire life cycle.

Before going for the full-scale monitoring of the whole
building, owners are interested in carrying out a study by
just installing an SHM system to the problematic areas of the
building, which are highlighted on the second floor in this
study. Considering the scenario, the authors decided to design
the SHM system for the second floor of the building initially,
and upon the satisfaction of the owners‘, results could be pro-
jected to the whole building with minor modifications.

In order to install the SHM system, critical zones of struc-
ture in terms of deflection and crack width are identified.
These identified locations are considered the installation
points of sensors. Damage detection data is usually used to
establish a new SHM system, but in this research, numerical
analysis data will be used to model this system. For this task,
linear analysis done by AxisVM software provides the loca-
tions of critical points where the parameters mentioned above
have the maximum values. These locations are marked for the
installations of different sensors, identified as the sensory sys-
tem for SHM of the building that is capable enough to high-
light the main causes of the damages and warn the concerned
authorities of any preventive measures well before time.

6.1. Location identification of deflection
sensors

Deflection is calculated as per the real loading and support
conditions, considering the actual reinforcement inside the
slab, as along with the shrinkage and creep of concrete.

Measurement of span displacements usually requires a
fixed point of reference. Although displacements without
contact (laser, radar) can be measured, but certainly not at
many points at the same time. In addition, some places (es-
pecially near the beam-column joints) will show such small
displacements that will not be measurable. Alternatively, the
authors suggest an indirect measurement with inclinometers.
The angles of rotation of a bending span can be measured
relatively easily and accurately. In this way, it can be assessed
whether the span has lost its stiffness. This may be due to
repeated cracks, progressive corrosion, or deterioration of the
concrete‘s mechanical properties.

For the whole floor level, two sets of sensors are recom-
mended, one set at the centre locations of grid B and C, where
six sensors will cover the maximum deflections of each of the
grids 1-6, and a second set along the grid A, where two sensors
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Fig. 13: Planned location of inclinometers along the second floor

will calculate the deflection along the centreline of the grid.
(Figure 13) shows the locations of these sensors. In the cross-
section, sensors are located along the slab’s length. Sensors of
each set are connected by a single cable to the central data ac-
quisition system. In this way, the measured angle of rotations
will be giving the deflected shape to each section along with
the whole floor level. So, a total of eight sensors are recom-
mended for the entire floor.

6.2. Location identification of strain and
temperature sensors

In such a condition where excessive loads might cause prob-
lems for the floor slab, strain (axial and bending), and tem-
perature sensors are certainly of significant importance. In
the case of this building static and transient strains, and tem-
perature gradient at the height of each floor level are critical
factors that need attention. The traditional method of strain
measurement involves a dense network of strain gauges
which not only increases the size of the test set-up but also
produces a very complex electric wiring network. Moreover,
strain gauge installation is not favourable in case of the exist-
ing conditions of the subject slab, so authors suggest the in-
stallation of optical Fibre Bragg Grating (FBG) optical wire.
Their installation is very easy as they can be inserted directly
into structural elements. Considering their ability to measure
strain and temperature using a single wire, their noise tol-
erance, and their efficiency, these sensors are highly recom-
mended in this case. The location of this wire is suggested
along with the points of maximum stress concentrations as
the maximum stresses are observed at each of the connec-
tions of the beams between the columns, so, this is why these
locations require monitoring of the strain values. So, the opti-
cal fiber wire will run along the length between the columns,
connecting it to the central control unit of the slab. Locations
of FBG optical wires are shown in (Figure 14). These optical
fiber wires will be connected directly to the reinforcement
inside of the concrete.

Fig. 14: Planned locations of FBG fiber optical wires
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6.3. Crack width monitoring sensors

From the results of linear and 3D non-linear analyses, it can
be observed that some damages like concrete cracks may
occur to the slab (regardless the level of maximum applied
load). Not to mention other possible future problems like cor-
rosion of the reinforcement. The most important thing here is
to monitor the progression of existing cracks and the forma-
tion of new ones. This can be done in various ways, but the
most advanced approach is to use the smart film method. This
smart film contains a group of insulated enamel copper wires.
It forms the shape of an optical fiber that sends the electri-
cal signal among different terminals of the film that are con-
nected to a secondary processor at different intervals along
the film where the signals are simultaneously detected. Initia-
tion of a crack will break the wires carrying these signals and
instantaneously results in the failure of signal detection at the
other end. The width of the crack in this system is calculated
by the diameter of copper wires used for crack detection us-
ing the relation shown in the following equation:

-4l Al
Rn=p—=*r5

Where 4 is the area of wire before the crack opening, 4’
is the area after the crack opening, is the resistivity of the
bar which is taken as 1. 7x1078Q.m, 1 is the length of the sec-
tion before fracture and D/ is the length of the fractured sec-
tion. Using the diameter of the wire before and after the crack
opening, crack width can be calculated. The benefit of us-
ing this film is its efficiency for the short-term and long-term
crack monitoring of buildings without disrupting its regular
usage. Further, specific dynamic properties of the material
can also be monitored in real-time with this film.

An important task is to identify the location of the instal-
lation of smart film. From the results of linear analysis, it is
evident that the stress concentrations are producing severe
cracks at the beam-column joints. So, the film will be glued
externally at the bottom of the slab surrounding these joints
throughout the floor. The film will emerge from the central
control station and will pass through each of the secondary
processors, and after collecting the data from each of the sec-
ondary processors, it will end at the other end of the control
station. The film will be glued, protected by the plastic cover-
ings, and covered by the false ceiling. The control station will
then yield the results about the length, width, and propagation
of the cracks. The installation plan of the smart film can be
seen in (Figure 15).

7.CONCLUSIONS

The main topic of this article was to analyse the condition
of a monolithic RC slab in connection to function change
that increases live load. The slab in question was, on one
hand, calculated using AxisVM linear FE analysis software,
and, on the other hand, 3D non-linear FE analysis was also
performed using ATENA 3D software. Both calculations
showed sufficient load-bearing capacity also in case of in-
creased loads. However, linear and non-linear analysis also
highlighted some problems in the serviceability limit state,
the maximum deflection and crack width were beyond the
corresponding limit values given by EC2 standard.
Considering the above problems, two different strengthen-
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Fig. 15: Planned locations of smart crack monitoring films

ing methods (application of bonded CFRP strips and bonded
steel plates as additional external reinforcement) were sug-
gested and analysed using 3D non-linear FE analysis. Based
on the analysis results, both strengthening solutions gave
similar and acceptable results, as not only load-bearing ca-
pacity was increased, but maximum deflection and crack
width were also decreased to a satisfactory level. Because of
the linear elastic behaviour of CFRP material, the stiffness of
CFRP strengthened slab was slightly higher in general, and
the residual deformations were smaller in case of repeated
loads. Taking the better corrosion resistance also into ac-
count, the application of CFRP strengthening provides better
overall structural performance. Therefore, it was suggested as
suitable strengthening solution.

Considering the expected future damages to the analysed
concrete slab, and SHM system was also suggested in this
study. The suggested system aims to provide real-time moni-
toring of the slab using three different types of sensors. The
locations of these devices have been extracted from the re-
sults of linear FE analysis. To properly monitor the deflec-
tion of the whole slab, eight inclinometers are suggested to
be installed. Further, monitoring of strain and temperature is
planned by using the FBG optical wire that will run through
the structural grids of the slab. Besides this, monitoring of
existing cracks and the formation of new ones is planned to
be done using the smart crack monitoring film that uses the
primary and secondary processors to send and receive signals
through the concrete, which helps to quantify the size and
shape of cracks. Installation of the suggested sensor will give
rise to the proper SHM system of the slab. That will provide
the safe operation for the next 15 years and save financial
resources for the owners.
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The 3D printing technologies have been initially developed in the 1980s. Currently, these technologies
have become an integral part of modern product development and have been successfully applied in a wide
range of industries including automotive manufacturing, biomedical, consumer, food, and construction.
Since material efficiency is becoming a critical design driver in the construction industry, many strategies
for improving material efficiency have been developed such as recycling materials, reusing components,
reducing waste, extending life spans, etc. Furthermore, in the design phases, there are different design
models that reduce the use of materials such as hollow-core and pre-stressing construction systems, or by
applying concept of Topological Optimization. Topology optimization is a design method used in 3D print-
ing technologies to reduce material without affecting the functionality of an object.

Keywords: 3D printing, topological optimization, structural aspects

1. INTRODUCTION

Material efficiency is becoming a critical design driver in the
construction industry. While many strategies for improving
material efficiency focus on the end of a building’s lifecycle
(recycling materials, reusing components, reducing waste,
extending life spans, etc.), there is also great potential for
reducing material use in the early design phases especially
for materials that are difficult to recycle, such as concrete
(Allwood et al.,, 2011). The usual means for achieving
material reduction with concrete are hollow-core construction
systems, pre-stressing, and the use of lightweight concrete.
Computational methods, such as the optimization of size,
shape, and topology, can also be used to ensure the efficient
distribution of concrete for a given part. While significant
material reduction can be achieved with these methods, the
resulting geometries are often so intricate that fabrication
becomes problematic (Dombernowsky and Sendergaard,
2011). Topology optimization is a powerful design tool aiming
to maximize the performance of a structure by optimizing its
material layout within certain conditions (Rong et al., 2022).
This result is obtained by applying the concept that lies in
the fact that no specified initial structural topology needs to
be presumed a priori (Zhu et al., 2016). Several topology
optimization techniques have been recently developed
such as the homogenization method (Bendseoe and Kikuchi,
1988), the solid isotropic material with penalization (SIMP)
(Zhou and Rozvany, 1991; Sigmund and Maute, 2013), the
level set (Allaire et al., 2002; Wang et al., 2003), the bi-
directional evolutionary structural optimization (BESO) (Xie
and Steven, 1993; Huang and Xie, 2009), and the moving
morphable components (MMC) (Guo et al., 2014). These
techniques have been considerably applied in different fields
such as mechanical engineering, advanced manufacturing,
architectural design, and aerospace engineering. Finally,
advanced manufacturing techniques such as 3D printing can
be used to fabricate free-form designs generated by structural
topology optimization (Rong et al., 2022).
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The American Society for Testing and Materials (ASTM)
International Committee F42 on AM technologies defines
3D printing as “the process of joining materials to make
objects from 3D model data, usually layer upon layer”
(ASTM F42, 2015). Topology optimization can be used as
a design method to reduce material without affecting the
functionality of an object. It is a process that promises almost
no fabrication constraints, potentially enabling the production
of topologically optimized complex geometries. Despite
being one of the most demanding economic sectors in terms
of material consumption, the construction industry has not
yet adopted such design methods. This is generally because
computational optimization algorithms produce solutions
that are difficult to fabricate, especially at a large scale (Jipa et
al., 2016). Furthermore, the conventional approach of casting
concrete into a formwork limits geometrical freedom for the
architects to build in various geometries, unless high costs
are paid for bespoke formworks. Rectilinear forms not only
limit creativity of the architects, but they are also structurally
weaker than curvilinear forms owing to stress concentration
(Nematollahi et al., 2017).

Regarding the environmental aspects, the current
construction industry has serious issues with sustainability.
In general, the current construction methods and materials
are not environmentally friendly. The entire construction
process, including off-site manufacturing, transportation of
materials, installation and assembly, and on-site construction,
emits huge amounts of greenhouse gases and consumes
large quantities of energy (Yan et al., 2010). In addition,
conventional concrete made by ordinary Portland cement
(OPC) is not sustainable. Manufacture of OPC is highly
energy and carbon intensive (Nematollahi et al., 2015).
From another hand, astonishing data presented in Llatas’s
paper (Llatas, 2011) showed that the construction industry
is responsible for generating approximately 80% of the total
waste in the world. Application of three-dimensional (3D)
printing techniques in concrete construction could solve the
challenges stated in the literature. 3D printing technology
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Figure 1: Different computational optimization processes: size, shape, and topology (Perrot et al., 2019)

is recently gaining popularity in construction industry. In
the last few years, different 3D concrete printing (3DCP)
technologies have been explored (Nematollahi et al., 2017).

2. TOPOLOGY OPTIMIZATION (TO)

Designing for efficient material distribution can be achieved
through size, shape, or topology optimization processes. Size
optimizations are contained within a fixed shape, while shape
optimizations are constrained by a fixed topology (Figure I).

Topology optimization processes are the most versatile and
most broadly applicable of improving material distribution in
terms of size, shape, and topology (Mijar et al., 1998).

Topology optimization is an iterative computational
process that works within a confined, discretized space. For
given loads and supports, the algorithm will refine material
distribution to meet a prescribed set of performance targets.
There are a number of different topology optimization
algorithms, including Solid Isotropic Microstructure with
Penalization (SIMP), Evolutionary Structural Optimization
(ESO), and Topological Derivatives (Rozvany, 2009; Aremu,
2010). Despite the computational differences between these
algorithms, they all produce a family of typical geometric
features: interconnected networks of thin ribs and narrow
tubular structures with dynamic changes in porosity (Jipa etl.,
2016).

3. IMPORTANT DEVELOPMENTS
OF TO

Three important developments of TO might directly influence
the manufacturing and design process of 3D printed concrete
structures, as follow (Vantyghem et al., 2018).

3.1 Compliance-Based Topology
Optimization

The minimum compliance problem is one of the most well-
known TO problems in literature. In this problem, the strain
energy (also called compliance) is a global measure of the
displacements. By minimizing the strain energy, the stiffness
of the structure is maximized. Additionally, a volume
constraint is added to act as an opposing restriction, and is
comparable to a cost factor in reality. Mathematically, this
material distribution problem is solved very efficiently using
gradient-based optimizers coupled with adjoint sensitivity
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analysis (Vantyghem et al., 2018). In the example presented
in Fig. 1, a benchmark problem and its optimal shape are
presented.

3.2 Stress-Based Topology Optimiza-
tion

In the previous section, an optimal printing path and the
positioning of the steel (chain) reinforcements was extracted
from TO results. However, the use of steel reinforcements is
today not commonly seen in 3D concrete printing processes.
This lack of use of embedded tensile reinforcements
hampers the fabrication of “functional” large-scale building
components. A viable solution to this problem is studied,
where carbon, glass and basalt fibers are being added to the
cement mix before (or during) extrusion. Study showed that
using reinforcing short fibers can result in materials that
exhibit much higher flexural (up to 30 MPa) and compressive
strength (up to 80 MPa). Additionally, “an alignment of
the fibers, caused by the 3D printing extrusion process is
observed, opening up the possibility to use the print path
direction as a means to control fiber orientation within the
printed structures” (Wu et al., 2016). The use of ultrahigh
performance fiber-reinforced concrete was reviewed in some
studies, and their superiority in comparison to conventional
FRC structures proven (Yoo and Yoon, 2016).

The optimized structures are in fact oversized in the
compression zones and would crack or break rather easily
in the tensile zones. By introducing stress constraints in
the topology optimization algorithm, optimal shapes can be
generated which are optimized and take into account this
strength asymmetry. Figure 2 illustrates this concept and
presents a small concrete specimen which was optimized
using Drucker—Prager yield criterion. For this case study,
the maximum compressive strength was 60 MPa and the
maximum tensile strength 15 MPa. The mathematical
formulation was based on a study by (Bruggi and Duysinx,
2012) and optimized using special globally convergent
version of MMA (Svanberg, 2002). In post-production, the
resulting topology was reverse engineered in Fusion 360, and
using Abaqus, a few manual design iterations were performed
to further improve the model.

3.3 Multi-physics Topology Optimization

In this last example, traditional structural TO techniques are
extended to include multi-physical requirements. By using
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Figure 2: (a) Mohr-Coulomb (red), Drucker-Prager (blue), (b) yield criterion optimized concrete specimen using stress-based TO, and (c) 3-point-

bending test (Vantyghem et al., 2018)

such multi-physics approach, an optimal design can be found
which not only meets structural requirements, but where also
the heat transfer characteristics of the structure are optimized
(Bruggi and Taliercio, 2013; Vantyghem et al., 2017). In
the case that is presented here, the thermal transmittance
through the dome wall is minimized, the weight or volume
of the structure is restricted, and the domain is subjected to
gravity and surface loads. Similar to previous examples, the
Young’s modulus of each element depends on the density.
However, in this example, the element’s thermal conductivity
is also calculated from this density. In contrast to previous
studies, the design variables (element densities) have three
optimal states. One state symbolizes the surrounding air
(where, x, = 0), another state represents the solid structure
(x,= 1), and finally, a third optimal state is created (x, = 0.5)
which symbolizes a thermally efficient mesostructure made
from an intermediate density (Fig. 3). Originally, this idea
was inspired by the infill pattern used in plastic 3D printing.
However, the principle can be applied to concrete 3D printing
as well, where one extrusion nozzle uses plain or fiber-
reinforced concrete, and another nozzle could use a thermally
efficient substitute such as “Foamcrete” (Othuman, 2013).

4. COMPUTATIONAL MODELING
AND OPTIMIZATION

Computational modeling and topology optimization
techniques provide for the possibility to design and optimize
the 3 D printed cement-based element on a multitude of

scales and materials and to achieve more sustainable and
cost-effective designs. Topology optimization consists of the
discretization of an object or structure into small elements
and optimization of the material composition, volume
fractions, and spatial distribution within each element to
achieve functionally graded objects or structures with desired
properties and/or functional performance. New computational
frameworks for topology optimization with microstructures
that supports design spaces of multiple dimensions are
emerging and are being combined with 3 D printing in
many fields (Zhu et al., 2017; Liu et al., 2019; Martens, et
al., 2018; Kazakis et al., 2017; Nguyen et al., 2019). Another
application of topology optimization techniques for concrete
concerns the optimization of the cement binder itself by
tuning the internal topology at different scales. Advances and
challenges in this area are discussed in (Martens, et al., 2018).

Despite the remarkable achievements in the field of
structural topology optimization, there still remain many
challenging issues which require further research. For
example, an interesting issue is how to make the design
domain automatically and intelligently evolve during the
form-finding process. In case that the resolution is specified,
the larger the design space, the higher the computational
cost. The design space cannot be excessively large due
to the limit of computing resources. In the conventional
topology optimization, the predefined design space keeps
fixed. However, it is desirable to update or reshape the
design space due to the following reasons. First, in many
optimization problems, the designer cannot predefine
an optimized design space that guarantees a satisfactory

Figure 3: Multi-physics topology optimization of a dome structure where the element density variable has three optimal states. xe = 0 (void), xe = 0.5

(mesostructured), and xe=1 (solid) (Vantyghem et al., 2018)
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Figure 4: Examples for large-scale application, a) Architectural context for the multifunctional wall element, and b) Concrete 3D printed acoustic

damping wall element (Gosselin et al., 2016)

solution. Second, in transdisciplinary form-finding problems
such as biomechanical morphogenesis, the evolution of the
design space is necessary to mimic the real biological growth
in nature. A grid-based method was proposed to adjust the
design space layer by layer (Kim and Ewak, 2002; Jang and
Ewak, 2006). However, the grid is predefined and fixed, and
the expansion of the design space features low efficiency.

There is a lack of an adequate method for updating the
design domain during the form-finding process. Such a
method should help broaden the application of structural
topology optimization in many disciplines. Rong et al.
(2022) proposed a subdomain-based method that performs
topology optimization in an adaptive design domain (ADD).
A subdomain based parallel processing strategy that can
vastly improve the computational efficiency is implemented.
In the ADD method, the loading and boundary conditions
can be easily changed in concert with the evolution of the
design space. Through the automatic, flexible, and intelligent
adaptation of the design space, this method is capable of
generating diverse high-performance designs with distinctly
different topologies. Finally, this approach might help
broaden the applications of structural topology optimization
(Rong et al., 2022).

5. APPLICATIONS OF TO

3D printing is a disruptive technology which offers novel
solutions that reconciliate non-standard shapes, and low costs.
Targeting unprecedented efficiency and/or multifunctionality
through geometry can push the boundaries of the design space
available for engineers, architects, and designers. Additional
functions can be embedded in the structural parts, i.e., not
only mechanical properties but also thermal insulation,
soundproofing, etc. Two examples for large-scale application
are presented in this paper. Both cases are relevant examples
for demonstrating feasibility of the technology developed for
application in architecture and construction (Gosselin et al.,
2016).

5.1 Multifunctional wall element

This element was designed within a context of structural
rehabilitation, starting from the damaged structure, i.c., one
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floor and its upper level without any structural support. The
element was designed with the aim of optimizing what would
become the external supporting wall, as shown on Fig. 4 a.
The element consists in an absorptive formwork to be filled
either with ultra-high performance fibre-reinforced concrete
on structural parts or with an insulating material such as foam
for thermal insulation. Some parts are also left intentionally
empty to be able to host pipes or electrical wires. The
formwork has two column-like parts, linked to two straight
plates in-between which waves a bi-sinusoidal shell (Gosselin
et al., 2016).

5.2 Acoustic damping wall element

Another example is the following element which was
designed as a generic element both structural and acoustic
performance, to be assembled alongside with others in order
to form a complete wall. The different hole geometries could
provide enhanced soundproofing properties to the element,
by damping the acoustic waves passing through depending
on the geometry of the wall cells and material properties. The
produced element sizes roughly 650 mm x 650 mm X 300
mm and is shown in Fig. 4 b. It was printed in 2 h (26 layers),
orthogonally to the plan of the wall in order to allow lace
support (Gosselin et al., 2016).

6. CONCLUSIONS

Topology optimization is a powerful design tool aiming to
maximize the performance of a structure by optimizing its
material layout by applying an approach that no specified
initial structural topology needs to be presumed a priori.
Several topology optimization techniques have been recently
developed and considerably applied in different fields
such as mechanical engineering, advanced manufacturing,
architectural design, and aerospace engineering. Finally,
advanced manufacturing techniques such as 3D printing can
be used to fabricate free-form designs generated by structural
topology optimization.

Despite being one of the most demanding economic
sectors in terms of material consumption, the construction
industry has not yet adopted such design methods. This is
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generally because computational optimization algorithms
produce solutions that are difficult to fabricate, especially at
a large scale. The conventional approach of casting concrete
into a formwork limits geometrical freedom for the architects
to build in various geometries unless high costs are paid
for bespoke formworks. Rectilinear forms not only limit
creativity of the architects, but they are also structurally
weaker than curvilinear forms owing to stress concentration.
At the current study, the authors review the aspects
of topology optimizations in concrete alongside with its
potential structural, economic, and environmental impacts.
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Digital production has been applied in many branches of the industry, however, the construction industry
was an exception. Applying this new technology could help to reshape the construction world as we know
it today. Using 3D printing technologies in construction offers significant potential to increase efficiency in
terms of speed construction, waste reduction, design freedom, reduce human error as well as green build-
ing construction materials. In the current research, the authors review the structural and non-structural
applications of the 3D concrete printing, as well as the potential applications, challenges, and possible

solutions, respectively.

Keywords: 3D concrete printing, digital manufacturing, structural application, non-structural application

1 INTRODUCTION

1.1 3D concrete printing geometry

3D concrete printing or cementitious 3D construction printing
(3DCP) is a form of additive manufacturing used to fabricate
buildings or construction components in completely new shapes
not previously possible with traditional technologies. Concrete
is extruded, using this new technology, through a nozzle to
build structural components layer-by-layer without the use of
formwork or any subsequent vibration. Extrusion/deposition
method of 3D printing is one of the most studied techniques
where material has three planes, with perpendicular symmetry
between these planes producing an orthotropic material (Fig.
1). Hence, its mechanical behaviour differs based on the three
axes as defined by the direction of the deposition, the layer
width and the structure height to be printed. In addition, the
interfacing between layers conjectural appears to be a critical
zone, which can have a large effect on the overall mechanical
characteristics of the printed material (Perrot, 2019).

1.2 Functionality of 3D printed materials

Specific requirements must be taken into a count at the phase
of designing a structure. Structural requirement is one of the
important requirements that deal with safety, ability of the
structure to support all loads, and to completely understand
the mechanical properties of printed structures. In addition,
the degree of orthotropy should be taken into considerations.
This could be possible by contrasting its mechanical behaviour
in different directions of loads, as shown in Fig. 2, or by
comparing the properties of a 3D printed material with the
same conventional cast material. Several studies measured the
perpendicular and parallel compressive strength and compared
to the cast concrete, in which all results were higher than the
conventionally cast samples. The compressive strength in the
parallel direction is slightly lower than the cast samples while
the perpendicular is the same (Lim et al., 2012). Moreover, they
concluded that anisotropy in terms of compressive strength is
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due to defects at the interface of the layers whereas the flexural
strength in all direction is higher than the cast concrete. As a
result, the printed materials have a better bending strength than
conventional poured concrete (Malaeb et. al., 2015, Nerella
et. al., 2017).

Furthermore, several authors have proposed combinations
that contain natural fibres, silica fume and fly ash to improve the
mechanical propertied particularly tensile characteristics to the
printed cementitious materials (Ogura et. al., 2018, Sonebi et.
al., 2018). The studies have concluded that it is possible to print
concrete or mortars with obtained mechanical characteristics
that can be qualified as high or very high performance by
choosing the best methods of printing (Xia and Sanjayan, 2016,
Weger et. al., 2016, Shakor et. al., 2017, Weger et. al., 2018,
Pierre et. al., 2018 and Gaudilliére et al., 2019). In addition, it
is suggested to reduce time intervals between layers to improve
the bonding between the layers and prevent cold joints to be
formed (Wangler et. al., 2016). Finally, spraying the water
on the layer before the print of a new layer increases the
compressive strength compared to the sample printed without
wetting (Sanjayan et. al., 2018).

2 STRUCTURAL APPLICATION

2.1 Formwork freedom

Architects and designers often attend to create especial structure
resulting in complex structure that is a challenge to perform.
Nevertheless, 3D printing concrete provides matchless freedom
of form for architects and designers of concrete elements.
From this point of view, this new digital production might
open new fields of chances that were previously difficult for
architects. In addition, it has a green impact on environment,
since the production and management of forms can produce
a large amount of waste, particularly in the case of forms for
complex structures with assembly components that are utilized
just a single time.

However, this method does not provide completely freedom
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Fig. 1: Extrusion/deposition of 3D printing process (Wangler et
al. 20106)

from the formwork. One of the challenges of the 3D printing is
the overhanging parts of structures as shown in Fig. 3, because
they are limited by the elastic properties of the material while
it is in a fresh state (Wolfs et. al., 2018, Leventon, 2019). A
common way to deal with overhangs is by generating support
structures. These are towers that rise up from the ground to
hold the sections that can’t hold themselves up (Fig. 4). They
can come in a variety of patterns and forms, depending on what
software was used to generate them. After the print is finished,
they can be ripped out to leave the model as intended (Higgs,
2018), or use printers have two nozzles that are able to print
two separate materials in the same print. Special foundation
materials can be used in these prints to make support structures
that come cleanly off the rest of the print without hassle.
Many research projects today focus on simultaneous and
collaborative works performed by a team of robots with two
different materials, Fig. 5 (Duballet et. al., 2018). Although it
sounds as ideal, it is also the downside to this method, in which
the places where the model had support structures attached will
have a rougher and less clean finish.

2.2 Structures with shape optimization

2.2.1 Topological optimization

Digital manufacturing can also help to optimize the amounts
of materials installed since the materials are only placed
where they are important for the structural stability. Thus, the
building design and structural construction can be done using
the concept of topological optimization. In many areas of
application, digital manufacturing is related to a design using
this topological optimization (Hollister, 2005, Brackett et.
al., 2011). Topological optimization is a design tool that uses
mathematical methods that allow the amounts of materials

Fig. 3: A 3D-printed overhang of less than 45 degrees generally needs
support structures to prevent it from crumbling (Leventon, 2019)

Fig. 5: Production of concrete walls with two robots working together
(Duballet et. al., 2018)

to be minimized in each volume subjected to mechanical
stress (Bendsoe, 2001). Figure 6 (a) shows the application of
topological optimization on simply supported beam subjected
to concentrated load at the mid-span (Vantyghem et. al.,
2018), while Figure 6 (b) shows the reduction in quantities
of materials using topological optimization during the design
phase (Tripathy, 2016).

2.2.2 Inspired by nature

It is also possible to print designs from the living world and
inspired by nature through a slow process of natural selection.
This process has ultimately been able to produce structures that

Fig. 2: Testing direction (a) compressive strength and (b)flexural strength (Marchent, 2017)

Testing direction Top Testing direction Front

F

A
7

(a)

Testing direction Top Testing direction Front

F

(b)

48

2022+ (ONCRETE STRUCTURES



P OPTIMIZATION STRATEGY FOR ADDITIVE MANUFACTURING

Sriginal Design 430 Grams —

- Conceptual Topalogy Optlmization
Vor Finding of StM and Lightweight

s Shupe Dprmiasdon e € AUDNROCONSLIC LGN

Final Design: 315 geaers
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Fig. 6: Topological optimization concept, (a) simply supported beam subjected to load (Vantyghem et. al., 2018), and (b) reduced amounts of

Fig. 7: Column inspired from human bones, (a) initial sketch, and (b) printed (Nadja et. al., 2019)

optimize the use of materials to design load bearing elements
that can decrease the volume of the material. From this point
of view, a porous structure inspired by human bones is shown
in Fig. 7. The structure was printed in segments at the factory
and then assembled on site. The finished piece stands 4 meters
tall and blends seamlessly with the concrete of the preschool
building (Nadja et. al., 2019).

The concept of optimization offers the advantage of a
potential reduction in the supplies of raw materials, especially
aggregates, which have become increasingly scarce. However,
it is important to note that the formulas of cement-based
materials tested in the literature often use reduced maximum
grain sizes, which significantly increases the cement dosage.
Similarly, a significant use of chemical admixtures has also
been reported in many cases. As a result, the environmental
impact of the printable material is greater than that of
conventional concrete. Thus, for the printed concrete to have
less of an impact, the design must be optimized at least to
compensate for the higher environmental cost of the formulas
used for printing. Therefore, this technology encourages us to
reconsider the way in which buildings are designed, in order
to have structures that optimize the forms and the quantities
of materials used (Martens et al., 2017).

2.3 Possibility to print shell elements

One more component of 3D concrete manufacturing is to print
structures that are only subjected to compression loads, like
masonry structures in the form of a dome or an arch. Since the
concrete tensile strength is low, this method allows to overcome
on the natural tensile fragility of the concrete. This technique
has been especially utilized by the set of Pr. Block at ETH
University, Zurich, Switzerland (Rippmann and Block, 2013).

CONCRETE STRUCTURES
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Fig. 8: Shell construction by reducing the tensile forces (Veenendaal
and Block, 2014)

The thought is to utilize the strategies of the digital production
of forms dependent on reinforcing cables and fabrics as a help
for the projection of a thin strata of concrete to be utilized
in compression (Fig. &). Other digital production methods
using concrete (injection into particle beds or by extrusion/
deposition) may be utilized in the future in a trail to reprinting
traditional structural forms, active in compression, as in
cathedrals, like arches and keystones without steel reinforcing
(Veenendaal and Block, 2014).
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2.4 Prominent 3D printed construction
models

The highest 3D printed building across the
globe, in China

2.4.1

The world’s highest 3D printed building was built in 2015 in
China. The apartment building was consisted of five-story (Fig.
9). The method of construction was off-site, elements such as
walls, doors and windows were fabricated, transported and
assembled on-site. Finishing works were carried out using
traditional methods (Winsun, 2015).

2.4.2 The world largest 3D printed office, in Dubai

The first largest 3D printed office building was opened in 2016
in Dubai, UAE, known as the “office of the future” (Augur,
2016). The office was designed by an Emirati Architecture Firm
and 3D printed in Shanghai. Once all parts were ready, they
were shipped to Dubai, where the components were assembled.
The construction process took only 17 days to print 240-square-
meter, which were followed by an on-site installation that
took an additional two days. According to Gensler, using 3D

Fig. 9: 3D printed five story apartment building in China (Hossain et
al., 2020)

Fig. 11: 3D printed villa in China (Hossain et al., 2020)

printing technology instead of conventional methods has saved
labour cost by 50-80%, and reduced construction waste by 30-
60% (Ferro, 2016). This 3D printed office is a fully functional
building featuring electricity, water, telecommunications, and
even air-conditioning systems, (Fig. 10).

2.4.3 3D printed two-story villa, in China

The two-story villa as shown in Fig. 1/ was completely printed
on site in Beijing, China, in 2016. The entire construction
process of 400-square-meter villa took only 45 days. However,
a same building with traditional construction would take up to
7 months. In contrast with other 3D printed construction, the
construction process was first carried out by installation the
frame of the villa with steel reinforcement, then the C30 class
concrete was printed by a huge 3D printer on site. Seismic
testing estimates found that this 3D printed villa could be able
to withstand an 8.0 earthquake on the Richter scale (Scott,
2016).

2.4.4 The first 3D printed footbridge, in Spain

The world’s first 3D printed footbridge was inaugurated in 2016
in Madrid, Spain. The building was designed with a total length
of 12 m and width of 1.75 m (Fig. 12.b), taking a total process
to complete, of one year and a half. The 3D printed footbridge
shows difficulties of the forms of nature, it was developed
through parametric and computational designs that allows
optimizing the distribution of materials and maximizing the
structural performance. This enables the engineers to use the
material only where it is needed, with total freedom of forms
(Valencia, 2017).
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2.4.5 3D printed bike bridge in Netherlands

The process of designing and printing the bike bridge was
started in the Netherlands in 2017, with a total length of 8
m and width of 3.5 m (Fig. 12 a). The goal of the project
was announced to “connect the future, to look for a newer,
smarter approach to addressing infrastructure issues and thus
making a significant contribution to improving the mobility
and sustainability of society,” (Saunders, 2017).

3 NON-STRUCTURAL
APPLICATION

Current 3D concrete printing technology limits its applications
to non-structural applications such as stamped concrete,
outdoor living area, fountains, pool areas. Visual arts are
perhaps the most obvious non-structural application of 3D
printing technology. Art installations, sculptures, and other
3D printed objects can be found almost anywhere. 3D printing
gives these artists more freedom to create complex structures
that would otherwise be almost impossible to make, or
extremely time-consuming and difficult. It also gives artists
more creative freedom because they don’t require specialist
abilities to manufacture the 3D printed objects; all they need
is basic CAD design knowledge and a 3D printer (Asherian,
2019).

Fig. 13 shows 3D printed sculpture introduced by an
American digital artist Joshua Harker. The declaration of the
piece of art was to push the limits of form and dimensions to

Fig. 13: 3D printed sculpture (Harker, 2014)
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Fig. 12: 3D printed bridges, (a) bike bridge in Netherlands (Saunders, 2017), and (b) footbridge in Spain (Valencia, 2017)

share vision and exploration into what can be made and how
to accomplish it in effort to tell a story or create an experience.
Digital tools, software, and technology as well as traditional
mediums were incorporated to create art that is unique and
engaging. Bolstered by the advent of organic modeling
software, visions are now able to be realized sculpturally
in archival materials. Never have forms of this organic
complexity been able to be created. This boon of technology is
a revolutionary time for the arts and one which will be boldly
marked in history.

3D printing has spread across many different areas, and
the furniture industry is no exception. Furniture is still mass-
produced using traditional manufacturing methods, but 3D
printing has come in handy for designers who want to bring
innovation into the market. However, 3D printing still is not the
most appropriate tool for furniture. 3D printing offers a great
tool for producing high-end furniture, often developed by
famous designers who want to explore new shapes and ideas.
Such furniture is produced in rather limited quantities and often
features complex geometries, which is easier to produce using
3D printing. This often results in extraordinary designs, which
are hard or impossible to produce with molds. Fig. /4 (a) shows
3D printed concrete furniture piece (Aduatz, 2020). Fig. 14
(b) shows intricacy of the shapes and surfaces (artificial reefs)
that can be made through the digital manufacturing methods
of 3D concrete printing. The servals air holes produced by the
concrete encourage sea animals to settle in the region (Xtree,
2018).
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Fig. 14: Non-structural 3D printing concrete, (a) furniture (Aduatz, 2020), and (b) artificial underwater reefs (Xtree 2018)

4 CONCLUSIONS

3D concrete printing is an innovative construction method that
promises to be highly advantageous in the field of construction
in terms of optimizing construction cost, time, error reduction,
design flexibility and environmental effect. It can be utilized
to build the affordable housing in low-income countries,
constructs military bunker in the wild, build in Mars or Lunar
using in site material, and print the complex structure when the
form is difficult to production, manufacture, restore or repair.

However, the behaviour of 3D printed concrete is orthotropic,
changing the conventional concrete behaviour which exhibits
as isotropic material. Thus, the utilization of the principles
and test techniques utilized for traditional concrete may not be
suitable for printed materials and structures. It is important to
modify the standards and the new regulations to measure and
assess the mechanical exhibition of the 3D concrete printing,
as well as to develop new theoretical models to evaluate their
structural behaviour. New standards design is very crucial to
make sure the 3D printed elements able to carry all loads. At
present, many constructions have been printed successfully
and even put into practice, but it still needs a lot of work to do
to encourage the growth of 3D concrete printed technology.

Non-structural applications of 3D concrete printing are
still limited. The most used of this technology is sculptures,
art installations and interior decorations. However, one of the
extraordinary applications of this technology is 3D concrete
printing artificial reefs with various air hols that helped
underwater animals to settle in it.
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This review paper provides a report on the up-to-date research on the 3D printing technology for the con-
crete in terms of materials. It reviews the required characteristics of concrete rheology, printing process
and discusses the challenges for reaching compatible mix proportions using eco-friendly binders, aggre-
gate, and chemical admixtures. The recent research on the durability behaviour of 3D printed concrete

needs future research and identification.

Keywords: concrete 3D printing; extrusion; printable concrete; rheology; printing process parameters, durability

1. INTRODUCTION

3D concrete printing (3DCP) is a new emerging construction
technique, and it has the capacity to revolutionize industrial
building by enabling the use of construction automation. 3D
printing is also known as additive manufacturing (AM),
which gained its popularity in the construction field in recent
years (Buswell et al., 2018; Lim et al., 2012; Mechtcherine
et al., 2019). The process entails printing layers of materials
product that are subsequently set up on top of each other. This
technology was developed by Charles Hull in 1986 in a pro-
cess known as stereolithography (SLA), then it was followed
by other subsequent developments with different techniques
and technology such as powder bed fusion, fused deposition
modelling (FDM), inkjet printing and contour crafting (CC).
3D printing has involved various equipment, materials, and
methods that gave it the ability to transform manufacturing
and logistics processes. AM has been applied in different
applications including construction, prototyping and biome-
chanical. However, the uptake of 3D printing in the field of
construction industry was very slow and limited despite the
advantages (Ngo et al., 2018). Compared with the existing
construction methods, 3D printing can offer enormous advan-
tages such as increased speed-related construction, architec-
ture freedom, less work-related injuries and reduced waste
material, less labour and fewer costs (Wangler et al., 2016).
Therefore, such advantages have forced the construction in-
dustry to include this technique in some specific cases.
Generally, flowable cement paste contributed to increase
strength particularly in the use of particle bed method. Mean-
while, it affects the shape accuracy. During the printing pro-
cess, the accuracy of the printed shape relied on the size of
the used particles in the bed. In which, particle with small size
and layer thickness would provide high accuracy. Yet, it could
also cause an increase in printing time during construction
in large-scale application. Generally, the accuracy demand is
not as high as in mechanical properties in the construction in-
dustry. Based on the reasons above, it is important to develop
a new printing routine in order to use large particles for the
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expansion of the adoption of particle-bed 3DCP. Compared
with other printing techniques, particle-bed printing is easier
to adopt a large coarse aggregate volume.

Coarse aggregate is an important concrete part as it pro-
vides the highest strength, highest durability, less shrinkage,
and cheapest cost among concrete components (Shen et al.,
2010). Current research in 3DCP faced difficulty in using
large aggregate size due to the requirement of extrudability.
Jietal. (2019) have made the first attempt in extrusion-based
printing whereas, the design of 3DCP machine limited the
size of the used coarse aggregate. In case of particle-bed
printing method, coarse aggregate could be placed as the
skeleton, then to be filled with cement paste.

At the moment, 3D printing technology, particularly con-
crete, is in its infancy. Consequently, the life-cycle behaviour
is yet to be assessed. A limited number of studies on 3DCP
structures have developed several methods and materials,
some common of them are briefly discussed hereafter.

2. SUSTAINABILITY ADVANTAGES

Sustainability is a vast term that specifically goes beyond the
decrease of the usage of raw material and decreasing environ-
mental impact. Treatment of sustainability for environmen-
tal, economic, and societal effects has become worldwide ac-
cepted, with different procedures to quantify the impacts. The
most feasible to quantify it are the economic consequences,
especially in the context of construction, and the most com-
plicated one are the societal implications. When 3DCP is
compared with conventional construction, some advantages
are stated such as savings in cost which is counted due to
lower project durations, the non-use of formwork and labour.
On the other hand, using unconventional ingredients and
stricter control in 3DCP mixtures proportions may increase
the cost of the concrete. The environmental impact would be
decreased by the non-use of formwork and lowering in mate-
rial wastage but may increase if the content of binder is high.
The beneficial societal impact of using 3DCP in the construc-
tion site and prefabrication plant is predicted to be significant

2022 =



because of the decrease of manual labour for pouring and
compaction of concrete, the lifting of formwork, and the de-
crease of errors and accident probabilities due to automation.

3. RHEOLOGY

The fresh printable concrete mix process requires contra-
dicting rheological properties. It requires high workability
at the pumping stage before extrusion, whereas after extru-
sion, it needs low workability and high thixotropy in terms
of buildability of concrete (Perrot and Rangeard, 2019; Lu
et al., 2019). During the process of printing, a balance is re-
quired between the rheological properties’ requirements for
pumping, extrusion, and buildability phases (Wangler, 2019;
Papachristoforou et al., 2018). If the printable concrete has
low yield stress used for helping the pumping and extrusion
phases, then the extruded concrete will negatively affect the
shape retention.

Workability is an essential parameter for the printable con-
crete, high dosages of superplasticizer are needed because
of using low water to cement (w/c) ratios (Aitcin, 2019).
Phase separation as apart from workability is also essential
for pumpability and extrudability of concrete. Evaluation of
phase separation has been conducted by desorptivity param-
eter (Rahul et al., 2020), and a decrease in w/c ratio was ob-
served to decrease desorptivity.

4. MAIN METHODS

4.1 Inkjet printing and contour crafting

Inkjet printing is a method used for printing complex geome-
tries and advanced ceramic structures for applications such as
scaffolds for tissue engineering. A similar printing technology
to inkjet method, named contour crafting, is used for large
building structures. This method has the capacity for extrud-
ing concrete paste by adopting large nozzles and with high
pressure. Contour crafting technology has been prototyped to
be applied for construction on the moon (Nerella et al., 2020).

The fresh properties of concrete used for contour craft-
ing are the most important aspects for successful application.
The 3D printing of complex geometries demands high work-
ability for extrusion, shape retention, or printing open time,
and requires high early strength for buildability (Le et al.,
2012). A mix design that can achieve the requirement of work-
ability for extrusion before setting and at the same time have
high early strength to bear successive layers without collapse
needs designed materials and supported equipment. Gosselin
et al. (2016) developed a printing method that could pump
the accelerator and the premix mortar in different pipes and
then combines it before extrusion at the printhead. The rheol-
ogy properties of the premix mortar can be controlled for a
longer period without losing the early strength of the printed
layers to successfully retain the stability of subsequent layers.
This method builds complex and larger structures by using a
robotic six-axis arm and governing the behaviour of mate-
rial during and after the extrusion. Fig. / shows a Contour
Crafting machine used for concrete processing.

4.2 Aggregate-bed 3D concrete printing

Particle-bed is one of the promised AM printing techniques,
in which water-based binder is throwed pre-selected zones in
order to bind the granular materials for each layer. A detailed

e 2022

Fig. 1: Contour Crafting technology (Zareiyan and Khoshnevis, 2017)

research review of these studies was carried out by (Lowke et
al., 2018). Rapid-hardening Portland cement (Gibbons et al.,
2010), slag and fly ash-based geopolymer (Xia et al., 2019), a
combination of OPC and calcium aluminate cement (Shakor
et al., 2019) have been used to print components in ZPrinters,
USA.

4.2.1 Aggregate-bed 3DCP process

A schematic of the proposed technique showed the printing
process is shown in Fig. 2. The system contains three main
key components: (1) aggregate feeder, (2) paste feeder, and
(3) blade. The aggregate feeder serves to store and spread ag-
gregate to each layer. Not similar to powder-based printers,
it is impractical to govern the volume of aggregate for each
layer due to the increased uncertainties of aggregate, such as
particle shape, and size distribution. Therefore, an additional
blade could be utilized to control the aggregate and height
of each layer. The paste feeder should have the capacity to
extrude the paste at a regular and accurate flowability rate.
More discussion for the extrudability details can be referred
to (Nerella et al., 2019).

5. INFLUENCING PARAMETERS ON
3D PRINTABLE MIXTURES

3D concrete printing process needs concrete with special
properties and characteristics. Mixtures are designed based
on three important material parameters, i.e., pumpability, ex-
trudability, and buildability (Panda and Tan, 2018; Nerella et
al., 2020). The pumpability and extrudability are controlled
by the fresh properties such as consistency, stability, cohe-
siveness, and probability of separation under pressure (ACI
304.2R-96, 2008; Vanhove and Khayat, 2016). The extrud-
ability and pumpability of concrete are further controlled by
the rheological properties of the lubricating layer (Kim et al.,
2017; Roussel, 2018). The main parameters governing the
rheology of fresh concrete are yield stress, viscosity, and thix-
otropy (Roussel, 2006; Perrot et al., 2016). The buildability
of the 3D printable concrete is affected by the static and dy-
namic shear yield stress (Kruger et al., 2020; Jeong et al.,
2019), green strength and early age elastic modulus (Wolfs
and Suiker, 2018; Panda et al., 2019). These properties further
evolve with time as a result of hydration of cement and are af-
fected by the conditions of curing (Diggs-McGee et al., 2019;
Suiker, 2018). The other affecting parameters for the print-
ing process of concrete are the workability open time, thix-
otropy open time, printability window, bond strength of layer
and printing time gap (Panda, 2018; Zhang et al., 2018). The
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Fig. 2: Aggregated-bed 3D concrete printing process (Yu et al., 2020)

bond strength of layer is depended on the time gap of print-
ing process, geometry of layer and environmental conditions
affecting the properties of the surface (e.g., drying of surface)
(Marchment et al., 2017; Keita et al., 2019).

Fig. 3 shows an illustrative comparison of concrete mix
proportions for all of the 3D-printable concrete, self-com-
pacting concrete (SCC), and conventional concrete. 3D print-
able mixes were designed with higher fine aggregate and
binder content than SCC and conventional concrete mixes to
increase their properties, such as yield stress and shape reten-
tion capability. Based on previous research, the design of a
3D printable mix is an iterative process.

5.1. Influence of different types of

Supplementary cementitious
materials (SCM)

The inclusion of SCM in 3D printable concrete could have
significant consequences for its properties. For instance, the
early age strength is presented to be low, whereas the usage
of a low dosage of metakaolin (MK) would enhance it. In
addition, the presence of SCM provide a less porous micro-
structure, leading to an increase in durability properties such
as using fly ash (FA) and silica fume (SF) can be used to
improve resistance against chloride penetration.

3D printed concrete with binary and ternary blended mix-
tures have the capacity of resisting phase separation under
pressure, providing optimized plastic viscosity and yield
strength, and therefore improve the stability of the concrete.
FA is suitable material in terms of workability (Long et al.,

2017), while SF is beneficial to resist phase separation, it im-
proves yield stress and plastic viscosity (Yazici, 2008; Meng
et al., 2019; Vikan and Justnes, 2007); additionally, it im-
proves the mechanical properties and impermeability of 3D
printed concrete at hardened state (Kazemian et al., 2017).
The volumetric stability and robustness of fresh concrete are
also improved by the incorporation of SF (Kazemian et al.,
2017; Rahul et al., 2019). Adding ultra-fine FA was found
to be beneficial for the workability of printing mixture in
terms of reducing yield stress and viscosity at fresh mix early
stage. The combination of ordinary Portland cement (OPC),
SF, FA, and fine sands achieve a high packing density, bet-
ter rtheological behaviour, and improved the strength (Nerella
and Mechtcherine, 2019; Ma and Wang, 2018).

From environmental aspects, FA or ground granulated
blast-furnace slag (GGBS) are ecofriendly materials. The
estimation of sustainability for printable concrete with SCM
should emphasize functional parameters such as pumpability,
extrudability, and buildability, which are eased by the adop-
tion of SF and FA. From this section could be concluded that
the judicious use of SCM is essential for the design of sus-
tainable 3D printable concrete.

5.2. Influence of aggregate content

and type

Researchers have studied the effect of aggregate on the be-
haviour of 3D printable concrete. Zhang et al. (2019) inves-
tigated the influence of increasing the aggregate content on
the rheology of concrete mix with a high thixotropy. Using

Binder Waler

Fine Aggregate

Air

Coarse Aggregate

Conventional concrete

Self compacting concrete

3D printable concrete

[ 1 I I

0% 100 0% 30

Fig. 3: An illustrative of volumetric comparison of percentage materials used in 3D-printable concrete, self-compacting concrete, and conventional

concrete (Rehman and Kim, 2021)
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different sand to binder ratio i.e., 0.6, 0.8, 1.0, 1.2, and 1.5.
Results showed an increase in plastic viscosity and yield
stress by 16.4% and 129.8%, where the sand to binder ratio
increased from 0.6 to 1.2, while the thixotropy is reduced by
18%. Mohan et al. (2020) have noticed that increasing the
sand to binder ratio from 1.0 to 1.4 increases yield stress and
viscosity from 0.67 to 0.82 kPa and from 17.1 to 43.1 Pa-s,
respectively.

Researchers have studied the use of recycled aggregate
in 3D concrete printing, positive results have been observed
in terms of buildability (Bai et al., 2021). Mine tailings resi-
due was experimentally studied as a substitution for sand in
the printable concrete (Alvarez-Fernandez et al., 2021). The
test results showed that using 30% of sand as mine tailings
replacement produces optimum buildability and mechanical
properties (Ma et al., 2018). Ding et al. (2020) investigated
replacing natural sand with 25% and 50% recycled sand for
printable concrete in terms of green strength and modulus of
elasticity. Results showed that using recycled sand had an in-
significant effect on mechanical properties up to the age of 90
min, whereas after 90 min, compressive strength and modu-
lus of elasticity increased.

A few attempts to use printable concrete mixtures contain-
ing coarse aggregate have been reported: Rahul and Santha-
nam (2020) have printed mixtures containing lightweight
coarse aggregate with sizes up to 8 mm (by using 30% of
total aggregate content). Mechtcherine et al. (2019) used
coarse aggregate up to 8 mm and printed ten layers (height
of 500 mm).

While the experimental studies for 3D printing of cement-
based materials generally focus on the printing process and
on the mechanical properties of mortars (Roussel et al., 2020;
Li et al., 2020), there are serious deficiencies such as early
shrinkage cracking, long-term durability, weak interlayers,
etc. Thus, this shortage of this technology seriously restrict
its practical applications (Ma et al., 2020; Menna et al., 2020)
and increases sustainability issues. The inclusion of coarse
aggregate decreases the hydration heat and shrinkage, and
it improves the volumetric stability of concrete (Shen et al.,
2010). Therefore, incorporating coarse aggregate in printable
mixtures is one of the important directions for researchers
(Souza et al., 2020).

One of the challenges is that the use of coarse aggregate
demands a nozzle with a larger cross-section to accommo-
date larger particles. The increase in the cross-section layer
results in an increase in rate of concrete deposition, which is
the product of cross-section layer and printhead speed, being
a major parameter concerning productivity and thereby for
economic sustainability. For instance, for a 0.4 m/s printhead
speed, there is an increase of deposition rate from 0.58 m*/h
to 10.8 m*h for an increase of cross-section layer from
20 mm %X 20 mm—150 mm X 50 mm (Storch et al., 2020). In
this direction, using coarse aggregate provide additional val-
ues of static yield stress, helping obtain better shape stability
and buildability for the print element.

However, Mechtcherine et al. (2019) stated that the pres-
ence of coarse aggregate in 3D-printing concrete, become
more challenging compared to paste or mortar, especially at
the printhead and on the rheological properties. 3D Printing
of concrete having coarse aggregate requires more ambitious
on the concrete conveyor in addition to the shaping tools of
the printhead in terms of robustness, delivery rates, and re-
sistance to wear (Mechtcherine et al., 2019). Yu et al. (2020)
have proposed a solution for incorporating coarse aggre-
gate by using particle bed printing method in which gravels
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with particle size range of 1.18—7 mm were spread over paste
or mortar layers. The content of aggregate could reach 40%.

Several authors have used particle packing to minimize
the binder content, to optimize the w/b ratio, and to mitigate
the drying shrinkage (Kwan and Mora, 2002; Roziére et al.,
2007). For a given paste volume, the increase in aggregate
packing density could improve workability as a result of the
increase in the paste excess thickness surrounding the par-
ticles of aggregate (Goltermann et al., 1997; Kwan and Li,
2012).

5.3 Chemical Admixtures

Concrete designed for printing purposes such as extrusion
and buildability requires a high dosage of chemical admix-
tures. Dorn et al. (2020) studied the effect of admixtures on
the setting time of printing concrete, results showed that the
setting time can be controlled by accelerators such as sodium
carbonate (Na,CO,), potassium carbonate (K,CO,), trietha-
nolamine (TEA), and calcium nitrate (Ca(NO,),). The proper
use of these accelerators can judiciously regulate the setting
time of printed mixtures within 5-150 min. However, the
above admixtures affect the binder hydration and the crystal-
linity of a few hydration products. Khalil et al. (2017) investi-
gate the effect of calcium sulfoaluminate (CSA) as a potential
accelerator to control the concrete printability. A mixture con-
taining 7% of CSA cement and 93% of OPC showed better
extrudability and buildability and it improved the yield stress
by 17 and 30 times compared to the reference mixture at the
age of 20 and 25 min, respectively.

5.4 Nanomaterials

Researchers incorporated nanomaterials to concrete in order
to modify the fresh performance in favour of 3D concrete
printing (Song and Li, 2021; Sikora et al, 2021). Zhang et
al. (2018) reported that cement containing 2% of nano-clay
increases the concrete buildability by about 150% compared
with the reference mixture. Moreover, presence of nano-clay
in the concrete mix increases its shape stability (Kazemian
et al., 2017). Kruger et al. (2019) concluded that using 1%
nano-silica increased the concrete thixotropy. Chen et al.
(2020) reported that the addition of bentonite improves the
thixotropic behaviour of the printable concrete. Szostak and
Golewski (2020) results showed that adding nano-calcium
silicate hydrate (CSH) seeds to concrete mix reduces the set-
ting time and shows a rapid increase in the earlier strength.
Using nano-graphite platelets improve the thermal conduc-
tivity of the cementitious materials as well as provide self-
sensing capability in concrete.

Incorporating nanoparticles to printable concrete increased
the buildability, shape retention, mechanical properties, and
interlayer bond strength. Several studies suggest that nano-
materials are beneficial for regulating concrete rheology and
for optimizing the printability, but still the cost of nanomate-
rials is higher compared to the other ingredients of concrete.

6. DURABILITY

Several researchers have been performed different studies on
the durability of 3D printed concrete. The properties of con-
crete constructed by layers is affected by the printing time
gap and environmental conditions and therefore limit the
durability. Formation of microcracks at the layer as a result
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of shrinkage during the printing time gap could permit the
ingress of water, chloride penetration. Meanwhile, the freeze-
thaw cycling could make the interlayer joints vulnerable and
weaken the bond strength (Van Der Putten et al., 2020a; Van
Der Putten et al., 2020b).

7. CONCLUSIONS

This paper reviews the latest research on 3D concrete from
the standpoint of materials. Rheological properties, compat-
ible design mix, and the effect of SCM, aggregate, chemical
admixtures on the 3D concrete mix are discussed to help re-
searchers and engineers recognize the procedures for reach-
ing their own mix. The following co points are concluded
from this review work:

e SCM binders such as silica fume, metakaolin, fly ash,
nanoparticles, and chemical additives are very useful for
governing the rheology of printable concrete according to
the requirements of the process.

e The effect of rheology, printing process, porosity, and
shrinkage cracks on the durability behaviour of printed
concrete require investigation.

e Special attention should be applied to the mechanical
properties of 3D-printed concrete.

e Incorporating coarse aggregate into printable concrete is
an important future direction for researchers. The pres-
ence of coarse aggregate decrease the hydration heat and
shrinkage of concrete and improves volumetric stability, in
addition to its low cost.
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This paper presents a review of 3D printing technology in medical application, materials used in 3D bio-
printing, benefits, challenges as well as the future of additive manufacturing in medicine. This technology
is going to revolutionize medicine, the flexibility of 3D printing allows designers to make changes easily
without the need to set up additional equipment or tools. 3D bioprinting have a promising potential in
organ transplantations and help to overcome in donor shortages issue. Printed highly accurate 3D model
depending on the patient’s MRI or CT scans, help the surgeons to planning before surgery and have more
successful operations, as well as reduce time in the operating room

Keywords: 3D bioprinting, tissue engineering, organs printing, prosthetics

1. INTRODUCTION

1.1 General

3D printing or also known as Additive manufacturing or lay-
ered manufacturing are used to create a physical 3D object
layer by layer from computer-aided-design (CAD) software.
Due to numerous benefits of this technique such as quick pro-
duction with any complex shape and enhancement of printing
speed and precision, has been applied to and utilized by many
different industries, including medical technology. The surgi-
cal planning, preparation of organ models, fast production of
personalized scaffolds, and immediate printing at the defect site
can be carried out by additive manufacturing technology
based on a patient’s imaging data such as X-rays, computed
tomography (CT) scans, magnetic resonance imaging (MRI)
scans and ultrasounds (U.S. FDA, 2020), which is subse-
quently fed into the 3D printer (Pati et. al. 2016), printed
model of congenital heart defects from CT scan data using
two different 3D printing technics (Fig. I).

Layered manufacturing brings new pos-
sibilities to  the medical fields for building
bionic organs or tissue and solving the problem of donor
shortage (Kalaskar, 2017). In this regards, current paper
shows the materials used in 3D printing technology in medi-
cal field, advantages, limitations, applications and the future
of 3D printing technology in medicine.

1.2 3D bioprinting Materials

Generally, the 3D printed materials used in medicine must be
printable, have adequate mechanical characteristics, biocom-
patible and biodegradable.

Bioactive and degradable materials used for drug delivery
and tissue engineering applications such as ceramics, poly-
mers and hydrogels. These materials should have the right
chemical and physical qualities to support and maximize re-
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Fig. 1: 3D printed congenital heart defects model from CT scan data
(Pati et. al. 2016)

generation, and it should degrade into harmless compounds
that the host tissue can remove from the implantation site
once the job is done (Jones, 2013; Mok et al., 2016).
Williams (2008), defines the biocompatibility as ‘the abil-
ity of a biomaterial to perform its desired function with re-
spect to a medical therapy, without eliciting any undesirable
local or systemic effects in the recipient or beneficiary of that
therapy, but generating the most appropriate beneficial cel-
lular or tissue response in that specific situation, and optimiz-
ing the clinically relevant performance of that therapy’. For
example, use non-degradable implants such as metals, poly-
mers and ceramics for long term, they may corrode or wear,
leading in the release of ions and wear debris, which may
have undesired local or systemic consequences (Hallab et al.,
2001; Gepreel and Niinomi, 2013). As a result, materials for
long term use should be corrosion and wear resistant, emit
little debris, and not cause the host system to react negatively.
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2. ADVANTAGES

3D printing technology offers remarkable advantages for bio-
medical devices and tissue engineering due to its ability to
produce low-volume parts that can be customized to meet
the exact needs of patients. For instance, surgical implants
are actually fabricated by casting in a mold for a desired part
followed by chemical treatments for mechanical properties,
required surface and aesthetic effects. These processes de-
mand costly machinery, as well as the difficulty of titanium
alloys crafting because of low elastic modulus, high mechani-
cal strength and low thermal conductivity compared to steel
make these material more expensive to manufacture a specif-
ic graft (Balazic et al., 2007). These operations can also pro-
duce a huge a mounts of material waste and energy intensive.
3D printing offers a new way to make a verity of practical
biomedical products such as orthopedic grafts.

The advantages of using layered manufacturing technol-
ogy over traditional manufacturing methods include its abil-
ity to provide designers with more freedom to create light-
weight and customized implants and effectively solve the
donor shortage problem for organ transplantations. Although
3D printing doesn’t require specific tools or components,
the cost per part remains constant. From minimally invasive
surgery to cancer therapy, and from birth defect treatment to
functional prostheses for amputees, all sectors of medicine
and surgery are looking for advances enabled by 3D printing
to improve human life quality or help patients live longer.
Further development of human tissue and organs using this
technology is still challenging due to its various limitations
(Woodruff et al., 2012; Hutmacher et al., 2013).

3. LIMITATIONS

Despite the potential advantages of 3D printing in the medi-
cal product is still require extensive research and develop-
ment to be truly effective. The lack of variety and diversity in
3D printable biomaterials is one of the major challenges. Al-
though many printable materials have excellent properties for
many other external applications, biocompatible implantable
materials require specific properties that take into account
both physiological conditions and interactions with the local
body environment, making development much more difficult
(Tasoglu and Demirci, 2013). For example, metal materials
commonly used for permanent implants due to good me-
chanical properties, but the high elastic modulus of the met-
als might cause an elastic incompatible between the bone and
the implant. Natural polymers such as sodium, collagen and
alginate have a strong biocompatibility but low mechanical
properties. Furthermore, there are no international standards
for selecting medical materials for 3D printing; as a result,
only synthetic evaluations based on function, structure, and
clinical effects, rather than evaluations based on reliable indi-
cators and sufficient experimental evidence.

Although cells can be directly printed at this stage, con-
siderable work remains to be done in order to attain the aim
of in vitro tissue engineering (Quan, 2015). Because the Ex-
tra Cellular Matrix (ECM) is a complex system with various
components, it is challenging to reproduce its structure and
biological activity in vitro. Current approaches, which pre-
dominantly stack cell-seeded hydrogels, are unable to address
cellular nutrition and oxygen supply concerns. A significant
number of cells cannot be provided for larger scaffolds at this
time. Preprophase cells do not acquire an appropriate supply
of nutrients as compared to cells that connect to the surface

e 2022

of scaffolds. That is, the cells persist in 3D space in a state of
disequilibrium (Yan et al., 2010). For the continued develop-
ment of printed scaffolds, tissues, and organs, further restric-
tions such as cell survival, development, differentiation, and
fusion must be overcome.

4. 3D BIOPRINTING APPLICATIONS

Blood vessels, cells, cartilages, bandages, bones, maxillofa-
cial implants and liver tissues for drug tests have all been suc-
cessfully printed using 3D printing technology (Ozbolat and
Yu, 2013; Ventola, 2014). In the following sub-sections will
discuss the medical applications in tissues and organs print-
ing, surgical planning, prosthetics and implants and medical
training.

4.1 Tissues and organs printing

3D printing is already being utilized in studies to create tissue
structures and human organ (Mannoor et al., 2013; Sawkins
et al., 2015). 3D bioprinting can be combined with biocom-
patible microfluidics to produce highly complex structures
that work similarly to natural human organs and able one to
print living tissues with high speed and precision (Kolesky
et al., 2014). This technology has the potential to transform
medicine, printing organs directly in the body in the operating
room, or printing organs that could be transferred to human
donors. However, it’s a challenging task to use biocompatible
tissue constructs perfused with vascular network, also creates
time constraints when printing living cells because to avoid
cell damage due to the lack of oxygen.

One of the potential ways to print 3D cell structure is to
add the cells in a scaffold. Scaffold is made out of biodegrad-
able materials, due to facility of bio-printability and naivety
of the structure, are widely used by researchers (Chua and
Wai, 2015). However, it can be a challenge when use to con-
struct small diameters blood vessels (Weinberg and Bell,
1986). (Kachouie et al., 2010) produced a new technique free
from scaffold where cells encased in hydrogel were utilized
to form tissue blocks that mimicked the target tissue or organ
in specified geometric patterns.

Autologous grafts have traditionally been utilized to re-
place missing segments. These grafts are taken from another
region of the patient’s body, and this procedure has the poten-
tial to result in the loss of function at the donor site (Millesi,
2007). Functional nerve grafts for the treatment of peripheral
nerve lesions were also produced using this technology, re-
searchers were able to bio-print a nerve graft (Marga et al.
2012).

Faulkner et al. (2015) showed the ability of 3D bio-print-
ing to print mini-livers using cultivated, patient-specific cells
to introduce 3D objects that are function and viable for weeks
after printing like a native liver. The goal of this research to
develop personalized medicine and animal-free medication
trials. While (Reiffel et al. 2013) showed the capability of the
3D printing technique to construct complicated geometries
by printing a human-sized artificial ear.

4.2 Surgical planning

Surgical planning is one of the potential applications of 3D
printing that has surfaced (Fig. 2). A highly trained and ex-
perienced surgeon who can make quick decisions during the
operation is required for operational surgery on complex or-
gans like the brain and heart, as well as anatomical specimens
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like the pelvis and spinal cord. Surgeons can use 3D models
to evaluate the damaged organs, explore various approaches,
and gain hands-on experience. This approach dramatically
reduces operation time and, as a result, improves the surgi-
cal outcome for patients, surgeons, and their care providers
(Klein et al., 2013).

4.3 Prosthetics and implants

Recent advances in 3D printed affordable and patient custom-
fit prosthetics help to improve people’s life who suffered from
hereditary deformity or accident (Elahinia et al., 2012) (Fig.
3). Within 24 hours, prosthetic limbs of any shape, size, or
complexity can be created using a patient’s CT or MRI pic-
tures (Ventola, 2014).

Making customized dental implants was one of the first
medical applications of 3D printing. Rapid prototypes, dental
crowns and trial restorations are all regularly prepared using
3D printing technology (Eggbeer et al., 2005, Berman, 2012).
The preparation of dental prosthesis can be greatly acceler-
ated and improved with 3D printing. It was discovered that
fabricating surgical guides enhanced the accuracy of dental
implant placement (Liu et al., 2006).

Fig. 3: 3D printed titanium thumb prosthesis (Adams et. al., 2018)
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Fig. 2: 3D printing- medical applications (a) 3D printed brain model
(Ploch, et. al. 2016), (b) Patient holding her heart model used in
planning for a double aortic arch surgery at Nicklaus Children’s Hospital
(Adams et. al., 2018)

Several cases of successful procedures using 3D printed
polyetherketoneketone implants to replace parts of the skull
have been described (Foletti et al., 2012). Printed cranial
implants can be used to replace a patient’s skull and can be
designed to fit the defect properly using MRI or CT images.
Plastic implants can also be manufactured more quickly than
traditional titanium cranial implants. This is a significant fac-
tor since it allows patients to save time and reduces the risk of
infection and brain damage.

4.4 Medical training

The use of cadaveric materials to train new medical doctors
has been controversial. This is due to both ethical concerns
and the high cost of the procedures. For many circumstances,
including those in which using a cadaver is not an option,
3D printing technology may offer an innovative and success-
ful substitute by replicating accurate complicated anatomical
organs using high resolution MRI or CT scans. Furthermore,
3D printing’s capacity to generate several replicas of any ana-
tomical subject in various sizes provides a significant benefit
in training facilities (Sheth et al., 2016).

5. 3D BIOPRINTING FUTURE

3D bioprinting of in vitro models is an exciting area of re-
search that has yielded some promising preliminary results
in recent years. The large range of 3D printing processes now
accessible has enormous potential for facilitating the creation
of realistic in vitro models. A comprehensive grasp of the
principle, optimization, and standardization of the printing
process with respect to the ultimate desired objective, as well
as compliance with good manufacturing practice, are required
for the effective application of 3D printed tissues as in vitro
disease models. As a result, tactics aimed at understanding
the various stages of disease progression and development
within 3D printed tissue grafts are in high demand.

Using these revolutionary 3D printing technologies, the
cost of drug screening on illness models can be significantly
decreased by miniaturization while keeping its unique physi-
ological features. The cost can be decreased even more by
sharing digital data among users in research communities. 3D
printed in vitro disease or tissue models, on the other hand,
could be a potent substitute for in vivo animal models or even
human clinical trials in drug development, cosmetics devel-
opment, and toxicological testing, making it an attractive al-
ternative for translational medical research.

Because of its adaptability, 3D printing may be used in
a variety of nontraditional medical applications, including
the construction of smart sensors for monitoring, precise
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bio-scaffolds, mechanobiology platforms, small implanted
devices, and the integration of sensing and signaling. This,
however, necessitates more research into a new class of print-
er-friendly biomaterials. Aside from novel materials, new
hardware and software interfaces are needed to print varied
materials at higher spatial resolutions than are now accessible
(Kalaskar, 2017).

6. CONCLUSION

The development of 3D printing applications is a significant
step forward in modern biomedicine. 3D printing’s flexibility
allows designers to make modifications quickly and simply
without the need for extra equipment or instruments. These
capabilities have inspired a surge in interest in medical 3D
printing. There is no doubt that 3D printing, in general, may
serve hugely persisting needs in today’s healthcare systems,
as it is projected to facilitate the supply of necessary devices
and materials, making the entire manufacturing process less
time and money consuming.

When choosing a material for medical applications, a vari-
ety of factors must be considered; not only must the material
properties be adequate for the use, but the host tissue reaction
after implantation must also be considered. In general, mate-
rials use in 3D bioprinting should be biocompatible, biode-
gradable and have good mechanical properties.

3D printing technology is going to transform medicine,
whether it is patient specific surgical models, custom-made
prosthetics, personalized on-demand medicines, or even 3D-
printed human tissue. As its core 3D printing is the use of
computer guidance technology to create 3D objects.

In the future, 3D bioprinting technology may be used to
create therapeutically appropriate tissues and complex or-
gans, which could change organ transplantation by address-
ing challenges such as donor scarcity, rejection and infection.
In an ideal world, stem cells taken from a single patient might
be developed into organ-specific cells and put into a bioprint-
ing technology to create a personalized functional organ.

In medicine, 3D bioprinting still offers a lot of potential,
and it will undoubtedly transform areas like tissue engineer-
ing, drug screening, and high-throughput biological testing.
Despite its enormous potential for tissue regeneration and
drug screening, this technology is still in its early stages and
a lot of biological and engineering challenges still have to be
addressed.
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Concrete is the second frequently used material in our planet. Being the most consumed construction ma-
terial for infrastructures and buildings, the demand for concrete is very high at present and expected to
have the same significance in the future. On the other hand, conventional concrete could not be considered
as an environmentally friendly construction material. This comes from the perspectives of reducing natu-
ral resources, high energy consumption, and produce a huge amounts of construction waste. 3D printing
construction with earth materials provide the potential solutions to reshape the construction world and
answering the current demands of sustainability, energy efficiency and cost in construction. This paper
presents a review of 3D printed constructions made from earth materials benefits, limitations and current

applications.

Keywords: 3D printing, additive manufacturing, earth materials, earthen construction

1. INTRODUCTION

Additive manufacturing also known as 3D printing was first
developed in the 1980s, but at that time was a difficult and
expensive operation and so had few applications. It is only
since 2000 that it has become relatively straightforward and
affordable and so has become viable for a wide range of uses
including product design, component and tool manufacture,
plastics, metalworking, aerospace engineering, dental and
medical application and construction industry. 3D printing is
a promising technology in construction work that can help
improve the efficiency and minimize the errors of the con-
struction and providing a matchless design freedom to de-
signers and architects, as well as can help to optimize the
structure shape by reduce the amount of the material used (Le
et al., 2012, Lloret, 2015). This procedure is mainly used for
minimizing the time and cost of the project (Fig. I) (Nada-
rajah, 2018). Extrusion-deposition additive manufacturing is
one of the most studied techniques. This method involves the
use of multiple layers of concrete by a machine to create con-
struction components or to print entire buildings (Lim et al.,
2012, Perrot, 2016).

Fig 1: 3D printing process Vs conventional construction (Nadarajah, 2018)

Constructions made from earth material are becoming
more prevalent in today’s energy-efficient homes and build-
ings. Their low ecological footprint makes them an ideal al-
ternative to fossil fuels. At all stages of its use, clay doesn’t
require much energy. It can be reused, and it is easy to main-
tain. Also, due to its thermal inertia, mud constructions can
help lower energy costs and provide a healthy indoor climate
(Azeredo et al., 2008, Aubert et al., 2015). Although earth
material is readily available, but its development is still limit-
ed by the high cost and the problematic durability. This issue
is mainly due to the time needed for the material to harden
and the labor cost to produce a good quality mud product.
Many of research and experimental have been carried to im-
prove the mix design made from earth material to have quick
casting and good strength in the hardened state (Moevus et
al.,2015, Landrou et al., 2017).

Digital manufacturing with earth materials could intro-
duce the concept of traditional materials to our modern cul-
ture. This material could provide solutions to the issues of
quality, cost, and efficiency. Although this technology is in its
infancy, examples of digital manufacturing with earth materi-
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als already exist in the literature. Perrot et al. (2018) printed
3m wall made from earth material with addition of alginate to
increase the strength as well as to improve the productivity.
Dubor et al. (2018) tested the structural and environmental
performance of full scale printed wall made of clay.

This paper aims to show the possibility of merge the 3D
printing technology with natural and locally found materials
to produce more economic and eco-friendly constructions.

2. 3D EARTHEN CONSTRUCTION
BENEFITS AND LIMITATIONS

2.1 Advantages

Concrete is one of the most plentiful man-made composite
materials worldwide that has steadily reached its popularity
since its inception. It is used in buildings, roads, highways,
retaining walls, dams, bridges and other all types of civil con-
struction work, the demand for concrete is very high at pres-
ent and projected to have the same importance in the future.
Nevertheless, traditional concrete could not be considered
as an environmentally friendly construction material. This
comes from the perspectives of depleting natural resources,
high energy consumption, and construction waste disposal
(Ismail and Ramli, 2013). Consequently, the necessity for the
utilization of renewable and recyclable resources in concrete
industries is of prime importance.

In this regard, one of reasonable alternative options is the
use 3D printed construction with earth materials, additive
manufacturing provides a matchless freedom of form for ar-
chitects of concrete members, and this can lead to reduce the
construction waste since the production and management of
forms, can produce a large amount of waste, particularly in
the case of forms for complex structures with assembly com-
ponents that are utilized just a single time, as well as reduce
amount of material used by using topological optimization
concept and construction time and error. Meanwhile, the earth
material can reduce the demand for conventional materials,
since the major constituents of concrete are the aggregates
and cement and the continuous mining create the shortage
problem of the construction materials, as well as cement pro-
duction process responsible of about 8% of the world‘s CO2
emissions (Chatham House, 2018). To avoid this issue, it is
a quite important search for alternative materials, and earth
material such as clay or mud could be a good solution, since
they freely available. Erath materials also offers the benefits
of natural insulation, fire protection, air circulation, low first
cost, 100% recyclable structures, thermal flywheel effect, low
greenhouse emissions, regulating the climate and providing a
healthy Indoor environment.

Earthen construction can be utilized to build the affordable
housing in low-income countries and disasters refuges using
soil from the surrounding area. Natural disasters thing cannot
be prevented by any technology leaving the victims home-
less and exposed to the external actions. According to previ-
ous disasters refuges analyses, state that to build hundreds or
thousands of refuges its take years (Fig. 2). Utilization of 3D
printing technology with the use of local materials for con-
struction of the refuges, this can reduce the construction time
to months and reduce the cost of materials and the cost of the
project in half, since the refuges are temporary, its good al-
ternative to save money throughout the construction process.
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Fig. 2: Disaster shelters (Nadarajah, 2018)

2.2 Challenges

The use of concrete for 3D printing needs a specific type of
concrete. The concrete mixture should flow like a paste and
harden once it has been placed. The concrete should not set
too quickly while in use, since this would block the nozzle
and cause the printing process to be disrupted. As a result, the
concrete’s open time is critical in the printing process. Ex-
trudability, flowability, and open time are all concepts that are
intimately related to concrete consistency and setting time.
Therefore, specific qualities of concrete should be adjusted
and adapted for printing in order to optimize it for 3D printing
settings. Another issue with using Additive Manufacturing on
a wide scale is the cost of acquiring infrastructure by building
companies. The cost savings obtained from this technology
mainly include savings in materials, labor and time, with-
out considering the detailed costs of the 3D printer/robot,
and necessary hardware, software, training, etc. As seen in
Building Information Modeling (BIM), many construction
companies, especially those in developing countries, have
not yet implemented the Additive Manufacturing due to
huge costs engaged for hardware, software and training, etc.
(Aitbayeva and Hossain, 2020).

Moreover, because of the cost, insurability issues, and
poor durability due to high water sensitivity, the development
of earthen building is still limited. The high cost is primar-
ily due to the high cost of labor and the time it takes for the
material to solidify, as well as a slower production rate than
the concrete industry. Having a mix design that allows for
both rapid casting and appropriate strength in the dry state is
problematic at the moment. Therefore, more researches are
need to address these problems.

3. APPLICATIONS OF 3D PRINTED
EARTHEN CONSTRUCTION

In the mid-2000s researcher from the University of South-
ern California, Dr. Behrokh Khoshnevis developed a process
called Contour Crafting (CC) that prepare for the present
day’s 3D Printing Concrete (Khoshnevis, 2004). Since that
several researches are engaged in the expansion of large-
scale 3D printers for the construction industry, the world has
now witnessed many printed structures ranging from offices,
houses, bridges, shelters and many more. 3D printed con-
structions with earth materials are presents in the following
sub sections.
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Fig. 3: Gaia house (Gaia, 2018)

3.1 Gaia house

WASP (World’s Advanced Saving Project), an Italian com-
pany cooperated with RiceHouse that work in the field of sus-
tainable building by the use of waste from rice production, to
build Gaia, (Fig. 3), the first sustainable house model with
earth material from the surrounding area and natural waste
materials, coming from the rice production chain, aiming to
achieve an efficient product from a bio-climatic perspective.

For the construction of Gaia, RiceHouse and WASP used
vegetable fibers to create a compound that included 25% of
on-site soil (30% sand, 30% clay, and 40% silt), 25% rice
husk, 40% straw chopped rice, and 10% hydraulic lime. The
muller was used to knead the mixture, which resulted in a
homogenous and workable composite.

The Crane WASP printer was created with the goal of
integrating natural ventilation, thermal-acoustic insulation,
and plant engineering systems all inside the same space. The
deposition of raw soil, rice production waste and straw are
regulated by articulated weaves capable of giving both con-
structive firmness and geometric diversity throughout the
wall’s development. The precision and speed of 3D technolo-
gies enable the diversity of computational design in building
practice, allowing for intricate geometries that are impos-
sible to recreate with traditional construction systems. The
printed area was 30 square meters with wall thickness of 40
cm, the production time was only 10 days due to its masonry,
it doesn’t need air condition or heating system, as it keeps
moderate and comfortable temperature inside both in summer
and winter.

Gaia is a high-performing module in terms of energy ef-
ficiency and indoor air quality, with approximately no envi-
ronmental impact. (Gaia, 2018).

3.2 Tecla house

Tecla house (the name Tecla, a combination of the words
Technology and Clay), is a new circular model of housing
entirely created with reusable and recyclable materials, col-
lected from local soil, (Fig. 4). The first model was designed
by the Italian architecture studio Mario Cucinella Architects
(MCA) and engineered and built by Italian 3D printing spe-
cialists WASP (World’s Advanced Saving Project) by April
2021, becoming the world’s first house 3D-printed entirely
from a mixture made from mainly local earth and water.
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The material consists of local soil mixed with water, fi-
bers from rice husks and a binder. The house is made up of
two modules up to 4.2 m in height, has an area of about 60
m?. The house was built with 200 hours of printing, formed
of two connected dome-shaped volumes with a ribbed outer
wall that is made up of 350 stacked layers of 3D-printed clay
with thickness 12 mm, with circular open on its roof allow-
ing light to enter the house throughout the day. The clay is
arranged in undulating layers that not only provide structural
stability but also to act as a thermal barrier

The prototype was constructed using a multileveled, mod-
ular 3D printer that uses two synchronized arms, each with a
50-square meter printing area that can print modules simul-
taneously. Tecla was the first 3D printed building that con-
structed by using two printers at the same time, due to WASP
software capable of optimizing movements, preventing colli-
sions, and ensuring simultaneous operation.

Tecla was developed as part of an eco-sustainability re-
search study that looked to bioclimatic principles and ver-
nacular architecture and construction to produce low-carbon
homes. By using this technology, housing modules can be
built within 200 hours while consuming an average of six
kilowatts of energy for 60 m*® of natural materials and re-
ducing typical construction waste. WASP founder, Massimo
Moretti explains, “TECLA shows that a beautiful, healthy,
and sustainable home can be built by a machine, giving the
essential information to the local raw material,”(Tecla, 2020).

4. CONCLUSIONS

3D construction using soil materials may become one of the
important innovations in the world of construction, that com-
bines ancient building techniques with modern technology
to form recyclable, low-carbon, climate-adaptable buildings.
Take the benefits of additive manufacturing in terms of freely
design, reducing construction time, cost and error, as well as
take the advantages of the earth materials due to unlimited
existing quantity and zero environmental impact.

Erath materials also offers the benefits of natural insula-
tion, fire protection, air circulation, low first cost, 100% re-
cyclable structures, thermal flywheel effect, low greenhouse
emissions, regulating the climate and providing a healthy In-
door environment.

Earthen construction can be utilized to build the afford-
able housing in low-income countries and disasters refuges.
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Utilization of 3D printing technology with the use of local
materials for construction of the refuges, this can reduce the
construction time from years to months and reduce the cost of
materials and the cost of the project in half, since the refuges
are temporary, its good alternative to save money throughout
the construction process.

Moreover, the earthen construction development is still
limited, due to the insurability issues, and poor durability due
to high water sensitivity. Further efforts are needed to safely
print more economic-sustainable construction.
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Abstract:

There has been continued global growth in tall building construction over recent
years. The variation in the use of such buildings is remarkable, from lavish hotels
and apartments to socially affordable units. As the world struggles to cope with
growing numbers of people, dwindling resources and movements from rural to
urban habitats it is unavoidable that population densities will increase, and more
efficient use of scarce land will be needed. Taller buildings are the inevitable con-
sequence.

Tall buildings can use several different types of material to form their frame-
work and envelope. Those materials are mixed to provide an optimum building
solution to suit client requirements such as structure, occupancy, vision, afford-
ability, timing, sustainability and quality. Precast concrete is one of those materi-
als, and has been used from whole frameworks to facades, and elements mixed
with structural steelwork and cast in place concrete.

This state of the art report shows how precast concrete can be effectively inte-
grated into tall buildings using modern materials and techniques, drawing on the
experience and expertise that is currently available in the global precast concrete
industry. The report is aimed at not only building professionals and students, but
also at contractors, investors, owners, public bodies and any other parties inter-
ested in the possibilities for use of precast concrete in tall building construction.
Extensive case studies at the end of the Bulletin illustrate the benefits and applica-
tions discussed in the earlier chapters.
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Abstract:

The idea of preparing a technical document for the repairs and interventions upon
concrete structures goes back to the former fib COMS: Structural Service Life
Aspects, being the goal of the then TG5.9. After a long period of reduced activity,
and taking into account the reorganization of fib commissions that meanwhile
took place, on June 2017 a different approach was proposed to push forward the
task of TG8.1 (formerly TGS5.9).

The (new) goal of TG 8.1 was to deliver a ‘how-to-do’ guide, gathering to-
gether protection, repair, and strengthening techniques for concrete structures.
Chapters are intended to provide both guidelines and case-studies, serving as sup-
port to the application of fib MC2020 pre-normative specifications.

Each chapter was written by an editorial team comprising desirably at least a
researcher, a designer and a contractor. Templates have been prepared in order to
harmonize the contents and the presentation of the different methods. Following
the writing process, chapters were reviewed by experts and, after amendments by
the authors, they underwent a second review process by COMS8 and TG3.4 mem-
bers, as well as by different practitioners.

For each protection, repair and strengthening method addressed in this guide,
readers have a description of when to adopt it, which materials and systems are
required, which techniques are available, and what kind of equipment is needed.
It then presents a summary of stakeholders’ roles and qualifications, design guide-
lines referring to most relevant codes and references, the intervention procedure,
quality control measures and monitoring and maintenance activities. Due to the
extent of the guide, it was decided to publish it as bulletin 102, addressing pro-
tection and repair methods, and bulletin 103, addressing strengthening methods.

We would like to thank the authors, reviewers and members of COMS8 and
TG3.4 for their work in developing this fib Bulletin, which we hope will be useful
for professionals working in the field of existing concrete structures, especially
those concerned with life-cycle management and conservation activities.

As noted above, this Bulletin is also intended to act as a background and sup-
porting document to the next edition of the fib Model Code for Concrete Struc-
tures, which is currently under development under the auspices of TG10.1 with
the working title of “fib Model Code 2020”.
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Guide to good practice
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“Development of concrete products with improved resistance to chemical corrosion, fire
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or freeze-thaw”.
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MATERIAL SCIENTIFIC STUDIES FROM NANO-LEVEL TO MACRO-LEVEL
1. PHENOM XL Scanning Electron Microscope (SEM) with elemental analysis of EDS
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E:L’ b NG
w!i&- Lo o

4t
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