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( References : Annex 9, Doc 9957, Doc 1002 )

320. Balked Landing :

A landing manoeuvre that is unexpectedly
discontinued at any point below the obstacle
clearance altitude / height (OCA / H).
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321. Balloon :-

A non - power - driven lighter - than - air
aircraft .

Note:— For the purposes of this Annex, this
definition applies to free balloons .

317. Background Check :

A check of a person’s identity and previous
experience , including where legally
permissible, any criminal history, as part of
the assessment of an individual’s suitability
to implement a security control and / or for
unescorted access to a security restricted area.
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( References : Annex 17)

318. Back Lobe :
A lobe of radiated energy to the rear of an
antenna ( 180 in azimuth with respect to the

main lobe ).
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( References : Doc 8071 Volume III )

319. Baggage :

Personal property of passengers or crew

carried on an aircraft by agreement with the
operator .
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323. Barostatic :
An atmospheric pressure, used in forecasting
the weather and determining altitude, derived
using a barometer.
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324. Barrette:

Three or more aeronautical ground lights
closely spaced in a transverse line so that from
a distance they appear as a short bar of light.
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325. Baseline Information :
Required information upon which to measure
certain type of ADS events ( altitude change
event, air speed change event, ground speed

change event, heading change event and track

angle change event)..
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322. Bare Earth :

Surface of the Earth including bodies of water
and permanent ice and snow, and excluding
vegetation and man-made objects .
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327. Base Turn :

Aturn executed by the aircraft during the initial
approach between the end of the outbound
track and the beginning of the intermediate
or final approach track. The tracks are not
reciprocal .

Note:- Base turns may be designated as being
made either in level flight or while descending,
according to the circumstances of each
individual procedure .
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328. Basic Element :
The lowest level object identified within a
specific function .
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326. Baseline Performance :

The term baseline performance refers to the
performance, as described by a collection
of defined indicators, in a given set of years.
This performance may be the planned
baseline performance ( incorporating planned
improvements ) , the measured baseline
performance ( based on historical data ) or
a projected baseline performance ( without
planned improvements, sometimes referred
to as a “do-nothing” scenario ). The projected
baseline performance is expected to be
used when analysing the need for planned
improvements . (Chapter 2, 2.4.3 refers ).

uo)ugl.ed\fdujg
J&Ju)fouYJS‘smLJ}o)‘,oyuo)bb
o,t;wu;,t;wu;uﬁu.\»Aa,o,o.u_m
Guydwmgbyeuja)jcw&g&
BOb (a5l L2505 5L STl 1) oy
M‘)L}‘)’b&:wb&:»:u)}‘)":a G'Ie_)t\bu;h.hrﬁr;e)
I.Mfo),_,ud a)mu.l..nwja)yqb(u\f@,ﬂ
s oy 6)‘—5"-.' S50 O (o)
g ¢ Cogalpsr CnSs (S 3yl 8 O 3
4 5o yy Lin S atigey S S Olasoslar
,I,..S_,;wo‘_;)ufla-dojbaﬂuybfo)}j
(S Y £\“54§,”>ulu49‘_;jm)uﬁjl§~
: gobdl oz aslas

o0 Bgosll pailasdl JI pludl s pallas plhas ydo




Sl yler S )BDS T il gd Co y3& g (go 5L

.Pﬂdiiijaz-)lg)lﬁ(BDSZ);(ﬁ;

: BDS Comm - B &bl las] deghaie
bl doghiie Joxw duod Al BDS JI 50y (e ghad & 5Lé
Comm &lab ol (MB) Jéo> § Jgotw 43l giome (g3
OIS @hd dsy)l ) BDS 1 Lo e gazg dis sl gag - B

(danl J3T ghd dey)1) BDS 2 9 ( deoal
( References : Doc 9688, Doc 9871 )
332. Beam:

A collection of rays that may be parallel,
divergent or convergent .
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(Upper ray of light)
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(Lower ray of light)

333. Beam Diameter :

For the purpose of this manual, the beam
diameter is the radial distance across the
centre of a laser beam where the irradiance
is 1/e times the centrebeam irradiance ( or
radiant exposure for a pulsed laser ).
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329. Basic Parameter :

Reference parameter or constant defined in
the applicable criteria for procedure design
calculations .
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330. Basic Training :
Fundamental knowledge and skills appropriate

to the discipline to be pursued in the ATS
environment .
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331. BDS Comm-B Data Selector :
The 8-bit BDS code determines the
transponder register whose contents are to be
transferred in the MB field of a Comm-B reply.
It is expressed in two groups of 4 bits each,
BDS1 ( most significant 4 bits ) and BDS2 ( least

significant 4 bits ) .
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336. Beam Waist :
The minimum dimension of a cross section of
the beam .
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334. Beam Sharpening :

Atechnique applied to the monopulse antenna

to decrease the plot runlength of SSR replies.

The reduced runlength is required to improve

the resolution capabilities of the extraction

system .
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335. Beam Sharpening :
A technique applied to the LVA antenna to
decrease the runlength of SSR replies. The
reduced runlength is required to improve
the resolution capabilities of the extraction
system. On the interrogation path , a part
of the power of the P2 pulse is transmitted
through the interrogate (P1 - P3) pattern to
raise the peaks of the control pattern . The
crossover points may be raised by about 9dB
thus reducing the effective beamwidth. On the
reply path, the sum and difference receivers
are used to compare the incoming signal. The
plot runlength will be adjusted by tuning the

amplifier .
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340. Benefit :
Reduced cost to the user ( to the ATM
community as a whole ) in the form of a saving
in time and / or fuel ; increased revenue; and /
or an improvement to safety .
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341. Best Practices :
Practices that, over time, have proven
cost - effective , efficient and successful in
bringing quality products and services to the

marketplace .
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337. Beamwidth :

An angle subtended ( either in azimuth or
elevation ) at the half — power points ( 3 db
below maximum ) of the main beam of an
antenna.
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338. Becquerel (Bq) :
The activity of a radionuclide having one
spontaneous nuclear transition per second .
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339. Benchmarking :

The process of either making comparisons
over time within a single organization
(internal benchmarking) or of comparing the
performance of two or more organizations
( external benchmarking ) in order to make
improvements .
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345. Blip —to — Scan Ratio :

An approximation of detection probability ( PD)
(i.e. for a given observation time, the number
of blips actually detected for a selected aircraft
divided by the number of radar scans ) .
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346. Bond :

Documentary promise to repay long - term

borrowed money with interest at a definite or
determinable future date .
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347. Booking Aircraft Operator :
An aircraft operator or his authorized agent
with whom the passenger makes his original
reservation ( s ) or with whom additional
reservations are made after commencement
of the journey .

s Oluylod) Juasdl
S e (30 Lalgazr el ne Sl I Oluslod]
Yo Olaass Olaxtig Tl o3 & lamlos lg3eliSs
. 5392l

( References : Doc 9161 , Doc 9562 )

342. Bit Error Rate (BER) :

The number of bit errors in a sample divided
by the total number of bits in the sample,
generally averaged over many such samples .
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343. Blind Transmission :
A transmission from one station to another
station in circumstances where two - way
communication cannot be established but
where it is believed that the called station is
able to receive the transmission .
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344. Blip:

A presentation on an analogue radar display of
the received signal from a target.




350. Bracket Decode :

A decoding of the F1 - F2 framing pulses
(nominal interval 20.3 us ) without regard to
the content of the data pulses between these
framing pulses.
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351. Briefing :

Oral commentary on existing and / or expected
meteorological conditions .
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352. Broadcast :

A transmission of information relating to air
navigation that is not addressed to a specific
station or stations .
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353. Broadcast :

The protocol within the Mode S system that
permits uplink messagestobesenttoallaircraft
in the coverage area, and downlink messages
to be made available to all interrogators that
have the aircraft wishing to send the message

under surveillance.
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348. Border Integrity :

The enforcement, by a State, of its laws and/

or regulations concerning the movement of
goods and / or persons across its borders .
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349. Boresight :
A main lobe electrical ( radio ) axis of an
antenna.
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356. Built — In — Test Equipment ( BITE ) :
Internal self — check facilities in electronic
equipment which allow the correct operation
to be monitored on a continuous basis. Many
checks may be GO — NOGO tests, with a failure
causing a visual ( or possibly audio ) alarm
to be given. The BITE is usually part of the
remote control and monitoring system of a
radar. Moddern BITE can isolate faults down to
a line —replaceable unit ( e.g. a printed circuit
board ) in a majority ( e.g. 80 per cent ) of all
fault conditions .
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354. Buffer Angle :

An angle added to the beam divergence or

intended laser projection field in order to
ensure a protection zone .
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355. Buffer Zone :

A volume of air surrounding the laser beam,
all potential locations of the laser beam and
all hazardous diffuse or specular reflections,
where the maximum permissible exposure
(MPE) or visual interference levels are
exceeded. It includes the beam divergence
or scanning extent of the laser beam plus
the buffer angle and the full range of the
laser beam to the point where the MPE or
any applicable visual interference level is not
exceeded . Natural terrain or beam masks may
truncate part of this volume .
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357. Bypass Ratio :

The ratio of the air mass flow through the
bypass ducts of a gas turbine engine to the air
mass flow through the combustion chambers
calculated at maximum thrust when the engine
is stationary in an international standard
atmosphere at sea level .
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Exhibit 51, Minimum Design Spocds for Local Rural Roads

Metric US Customary
Design Dessgn
S0ppng Mopping
Inma sight Rate of verbcal nial sight Rate of vertical
spona distance _ cutvature K" (mM%) R distance curvabare, K* (%)
(v} () Crest Sag {mph) ) Crost Sag
20 2 1 3 15 80 3 0
qg 3% - J L] b 118 r LE
50 4 9 ] 155 12 26
50 L] T 13 ¥ 200 19 ar
60 a5 1" 18 s 250 29 4%
0 108 "W 3 40 305 44 64
BO 130 26 30 45 360 61 ™
o0 180 ¥ = S0 425 B L
100 188 2 a8 a5 405 114 18
&0 510 151 126
' Rate of vertical curvature, K, is the length of curve per percent aigebraic diference in the
Inteesecting grades (Le., K = L/A) (See Chapter 3 for dotads )

Exhibir 5-2. Design Controls for Stopping Sight Distance and for Crest and

Sag Vertical Curves
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Metric US Customary
Rate of Rate of
Design Design vertical Design Design vertical
spoad passing sight  curvature, K* spood passing sight  curvature, K*
(krmih) distance (m) (V%) (mph) distance (A1) (%)
30 200 45 o) 710 180
40 270 B4 25 900 289
S0 138 Y 1090 424
60 41 195 35 1280 585
70 465 w2 40 1470 72
80 338 45 1625 043
90 615 438 50 1835 1203
100 870 520 &5 1985 1407
- N o &0 2138 1838
" Rnu o‘ mluil curvature, K, is !P‘o !coqth 01 Cuve por percent -19.!:7»( ¢ "orﬂc. in the
__intersecting grades (Le., K = L/A). (See Chaptler 3 for detads )

Exhibit 5-3, Design Controls for Crest Vertical Curves Based on Passing Sight Distance
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that when increasing the number of layers, the flexural
strength decreases due to inconsistency, a high ratio of
moisture content and air trapped between layers.

| Different layers with 1% PP fibre
| Different layers without PP fibre

& 0 0

Flexural Strength (MPa)
W

< <>
4 =
o g\e\} )
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fibre and without fibre for a circular nozzle of 14mm after 28 days stored in
.controlled laboratories at the desired temperature

Figure (23) shows the effect of different nozzles on the :

result of flexural strength. It is noted that the highest

flexural strength is in the 3rd printed layer of the :
rectangular nozzles when investigating the highest :
flexural strength in circular and rectangular nozzles in

the wet medium cure. In Figure

(23) all the layers of the rectangular nozzle have a similar :

result, but for the circular nozzle each layer has unstable

results. Therefore, it shows that the load distribution of

the circular nozzle is reduced with the reduced surface

area and width. This directly affected the mechanical
strength results of the printed object, see Figure (9). :
Consequently, the result suggests that a rectangular or :

square shape has a constant result and a better result

than a circular nozzle print. This is consistent with the

study of [20]. Conversely, it has been shown that wet

medium curing is better than curing at air-temperature in :
vitro, as demonstrated by [43], Figure (23). In addition, it
is highly recommended to use fly ash in the mix to reduce
the voids between particles and increase the durability of

the mortar [44].

Flexural Strength (MPa)
'y

»

3

@

'S

1layer

Number of layers (Circular Nozzle (20)mm)
Figure (23) Flexural strength for the (1,2,3,4) layers of mortar mix for a circular nozzle (20)| :
.mm and a rectangular nozzle (35x10)mm at air temperature and with water curing

Different layers cured in water
Different layers cured in lab temp. room

I Different layers cured in water
B Different layers cured in lab temp. room

S
©
o
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1 m'yev 2 wz}e' 3 layer 4 tayer
Number of layers (Rectangular Nozzle (35"10)mm)
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: 5.CONCLUSIONS :
: This paper presents an

investigation of extrusion

printing involved in developing 3D printed mortar and
concrete geometries using a 6DOF Industrial Robot.
gDifferent mix designs, which are used to optimize
cementitious mix design with different delivery systems,
were discussed. In addition, how these mixes have been
evaluated by numerous trials and tests were explained
in detail. Furthermore, it was found that optimisation
of the cementitious mixes has a significant impact on
. the structure created” by the robot. The results show
that mortar is more suitable and efficient for printing
Figure (22) Flexural strength for the (1,2,3,4) layers of mortar mix with 1% pp : @Nd construction of layers due to the smaller number
: of voids and less porosity between particles, while the
concrete mixes with large particles allow more openings

and internal porosity due to trapped air. Thus, printed

: specimens needto be cured using advanced technologies

for different media to contribute to AM technology to print
mortar members. The main contributions of the paper are:
» Validation of the optimum mix proportions in

conjunctions with the different delivery mechanism for

printing cementitious slurry.

: = Presents limitations and challenges inherent to this

printing process.

« Comparison of different sized and rectangle- and circle-

shaped printer nozzles, for a variety of layer thickness
and heights.
* Relative slump, spread-flow and squeeze flow tests for

the optimum mix It is recommended that for upcoming

studies, the focus should be on predictive models,

feedback to reduce the chance of errors and online

sensing to integrate more online coincidences for the
robot. It is also recommended that different waiting time
intervals between layers be investigated, as well as
checks of the different heights of the nozzles from the

platform.
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4.1.4-Compressive strength test :

For each of the optimum trials that were printed
successfully, a uniaxial compressive strength test was
conducted. Figure (18) presents the results of the test
conducted for the manual concrete mix,

which included polypropylene fibres with a different ratio.

W 7 days curing (50x50)mm B 25 Gays curing (50x50)mm|
80
N 6361 6312 = €8.95
56.42 7 7704 59.7
60- & \ 55.39
® &
| sl
2
40 4 @ 404
2
30 iw‘
204 § 20
o
10 104
0 -

T5 control Polypropolyne 1.5%  Polypropolyne 1% TS5 control Polypropolyne 1.5%  Polypropolyne 1%
e Sample Descriotion Samole DeSCONO0
Figure (18) Compressive for manual concrete mix after 7-day and 28-day curing (the values:

.(Specify the actual strengths

The printed short column was tested using the uniaxial
loading test. The mix design and detail of the materials’
properties are described in Table (14).

The compression strength result for the 7 layers of the
printed mortar is shown in Figure (19). It can be observed
that the highest compression result for printed mortar
without curing and after 28 days was 13.45 kN as a
maximum load. The printed specimens were left in the
control temperature room at 20+2°C without any extra

post-curing.
—— Sample 1 without fibre —— Sample 1 with 1%PP,
Sample 2 without fibre Sample 2 with 1%PP
5 Sample 3 without fibre 20+ |—— Sample 3 with 1%PP
#1345
*17.65
124 12540, mza0} *643],
{ 15 L1565
b f/ \ = \
\ z
/( =
E ¢ / § 10 %\
° ~~
. / \ w ” \
;/
44 ' 7, 54 ,r'/
2/ /
4
0 v - v - v , 0 v - v T v J
00 0s 10 15 20 25 30 00 05 10 15 20 25 3
e OiSOIAGEMENL(IT), R G M e
Figure (19) Results after 28 days for the short column (7 layers) without any time lapse|
.between printed layers and without post-curing

Figure (20) shows the printed sample after drying at the
control temperature in the lab. No shrinkage cracks or
hairline cracks on the printed specimens resulted. After
loading, cracks appeared on the edge of the printed
column, as shown in Figure (20b). The results for the
printed column showed that the average rate of the
printed column is (12.83+0.54 kN). This is equal to the
strength of 2.37 MPa, however, this needs to be improved
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by post-curing and the use of large particle sizes. It is
also obvious that the low strength was due to the number
of layers. The printed column was a mortar mix rather
than a concrete mix which normally has less resistance
than normal concrete after curing for 28 days.

o o N

a b

Figure (20) (a) Printed specimen after drying at lab temperature; (b) Printed specimen under,
.uniaxial load

The short column under the uniaxial load cracked and
ruptured at the edge of the sample, which showed the
weakest part of the column. The edge of the column was
revealed as the weakest part of the column due to the
irregular movement of the robot while printing the column.
4.1.5 - Flexural strength test :

The three-point bending test was applied for the optimum
mix of mortar using a different type of fibre and different
ratios. The flexural strength results for the different ratios
are shown in Figure (21).

Bl 7 days curing (160x40x40)mm B 26 cays curing (160x20x40)mm
204
17.76 18.97
Lol 16.41 16,06 21 18.22 18.06
164 = 4 I
I
4 a
1“4 g 154
124
& 10
84 E
2
 °] &
4 51
24
04
T5 control Polypropolyne 1.5%  Polypropolyne 1% 5 control Polypropolyne 1.5%  Polypropolyne 1%
—A006. DS CrRtD. REIU IV I—

Figure (21) Flexural strength of manual concrete mix after 7-day and 28-day curing (the
.(values specify the actual strengths

The three-point bending test and flexural strength
for the one, two, three and four layers of cementitious
mortar with 1%PP fibre and without fibre are shown in
Figure (22). The maximum result of 5.78 MPa for 28 days
curing was observed in the single layer with 1% PP fibre
content in the sample. Another high result was achieved
for three printed layers which recorded 5.65 MPa. It is
worth noticing that using PP fibre increased the flexural
strength in all variable layers. In addition, it is noticeable
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Table 5 shows the results of the relative slump for all

main mixes which were used for the printed samples. :
The minimum flow and slump occur in trial number 5 with
1% polypropylene fibre, which was expected due to the
consistency and cohesiveness of this mix and the fibre
content. The use of polypropylene fibre increased the
mechanical strength of the structural element (section
4.1) and it reduced flowability (Figure 16) and shrinkage
(Figure 14). In addition, fibre increases the buildability
of the mortar and stiffens the mass of the printed layer.
For that reason, it is recommended that fibres be used in
the printed specimens to increase stiffness and mitigate

shrinkage in the printed part.

Table (5) The relative slump value and height of the slump

for selected trials.
4.1.2-Squeeze flow test;

The results of the squeeze flow tests showed different
values in the single, double and triple layers for each
of the selected trial mixtures (5, 8, 12), as shown in
Figure (17). In the single layer mortar mix test, higher
results were obtained in the reaction force value until
it reached the required displacement. For instance, at a
displacement of 2.99mm, the required loads in trial 12
(concrete mix with small aggregate) were approximately
956.51 N. While at the same displacement for trials 5 and
8 (cement mortar), the load was approximately 277.82 N
and 153.11 N, respectively. An examination of the results
of the tests that utilised a double layer found significant
differences in comparison to the single layer results.
Trial 5 (cement mortar) had a reaction force which%
reached approximately 622.54 N when the displacement
was about 3.99 mm, while for trials 12 and 8 the loads :
were 536.05 N and 275.75 N, respectively. At the same
displacement, the results for the triple layers exhibited a

similar pattern.

These results show that the mortar is more coherent than
the concrete mixtures in the fresh state. Thus, it does :
not allow trapped air bubbles to remain in the mortar
mixture. This is consistent with the study by Surendra,
et al. [42], who discovered that the mortar in the first 24
hours had a greater compressive strength by comparison
with normal concrete. Hence, a much higher percentage
of open pores will exist in the concrete mixtures by :
comparison with the cementitious mortar due to the
presence of aggregates. The larger particle sizes lead to

a higher porosity within the concrete mixtures.

: The reaction force is dependent on the number of chains

(layers) and the force between the particles. Trial 12, a
single layer test, showed that the presence of the small
aggregate in the mixture can resist more force over the
given displacement, Figure (17). Furthermore, Figure (17)
shows that the mortar mix for more than one layer has
better resistance than the concrete mix and that less
penetration will occur between layers when the loads
are applied (Figure 17).

T5SL T5-0L 15T
. T8SL TBOL | %0 T8 TL
| T208L 0% T20.0L |
14004 - 50004 T20-TU
12001 8000 |
00
2" £ o g 1 /
8 g / 8™ y
S 1 R /8w /)
4004 / { 2
o) 2000 4 1009
o — 0 B 3: e
e, e e e —
0 1 2 3 4 5 0 2 4 6 8 0 2 ¢ 6 12 w
isplacement (mm Di om (VR W] —
Figure (17) Single layer (SL), double layer (DL), and triple layers (TL) for the trials (5,8,12

4.1.3-Setting time:

In Table (6), the setting time results for the different trial
mixes is shown. There are minimal differences in the
initial setting times of these trials.

Table (6) The setting time results for the three main trials.

Trial No | Initial setting time (min) | Final setting time (min) -

S 75 120
T8 85 225
T12 75 90

The setting time has a crucial effect on the bond between
printed layers and penetration rate between each printed
layer.

The buildability tests, which depend on the setting time,
have been applied for each trial by printing using an
extrusion caulking gun.

Table (7) relates to trial 5, this trial was based on the
original mix design, which used a 1:1 cement to fine sand

ratio with a water/cement ratio of 0.33. This is able to

be printed with the caulking gun and a circular nozzle
of 14mm diameter. The settling observed was, to some
extent, expected with the relatively similar levels of sand
and cement in the mix. Not much change was observed
in the heights of the sample. Sample number 6 showed a
failed extrusion as it had collapsed considerably.
Table (7) Caulking gun extrusion nozzle (@14mm).

| Buildability
p2iisralns el 2 s as e
15 x| x [ x [ x [ x [ x| 12] 11.5] 12] 12| 12.5] 8*

30| x X X X X = = = - - - 2

*Failed extrusion.

Time } Height (imm)
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or mortar remains in the hopper, the more advanced
the reaction and the higher the increase in temperature,
which subsequently leads to an increase in the viscosity
of the mortar. A temperature rises from 21°C to 35°C
was measured after 30 minutes of the mixing process
occurring .

Earlier studies explained the two types of powder flow
pattern in the hopper: mass-flow and core- flow [39]. The
most noteworthy is the core-flow that emerges while

feeding the concrete through the pump (deliver) to the :
i the cohesiveness of their particles. Consequently, all the

robot. According to Fitzpatrick, et al. [41], the moisture

content has a high impact on powder particles in terms :

of flowability. Consequently, the surface forces between

B L

The printed part is shown in Figure (14). Shrinkage
cracks appeared on the printed part after one day of
curing in the laboratory temperature environment. To
reduce the cracks so the printed materials are stronger
and exhibit fewer shrinkage cracks, chopped strand fibre
was introduced .

} 4.1.1-Slump test :

the powder particles or slurry and the wall surface play a :

major role in shaping the nature of the powder flow, see
Figure (12).

Figure (13) shows a hopper with an angle of @ 45°, which
reduced rat-holing but did not eliminate it completely.
This
flocculates of the particles and maintains particles in the

rat-holing phenomenon happens due to the

static state. Improving this situation requires consistent
mixing in the hopper.

For most of the trials that were prepared in the
experimental program, a set of prisms and cubes were
prepared to validate the mechanical behaviour of the
mixing property. The printed prisms have been created by
selected trial 5 cementitious mortar as a mix proportions.
So, the printed mortar has been tested for each of the
layers from (1 to 4) by caulking gun.

The outcomes suggest that a waiting time between
layers of 10 minutes is necessary and the ratios of water
to admixture need further investigation.

Shrinkage -
crack

Figure (14) (a) The printed part immediately after printing; (b) The printed part afte

.one-day drying

TR R

B P

B R LR R R TR R R

B R R R PR

This test showed the different results of the three different

i trial mixes which have three various slump results. This

difference in results was based on their w/c mix ratio and

trial results have a different slump ratio. The deformation

: of each slump was 8.5 mm, 8.8mm, and 12mm for trials

5, 8 and 12, respectively. It is noteworthy that trial 8 has
a lower slump than trial 5, with the difference likely due
to the amount of w/c and superplasticizer in this mortar
mix. It is also interesting that the mixing time and the
time taken to pour into the slump have a great influence
on the resulting mix. Each trial was, therefore, mixed for
5 minutes. As a result, trial 5 was expected to achieve
higher penetration than trial 8, but trial 5 was more
coherent than trial 8, as explained in the squeeze flow
test, see Figure (15) and (16) .
[

L

% sﬁf

-0

.Figure (15) Mini-cone slump test for trial 8

Figure (16) Spread-flow test: (a) for trial 5 which did not use fibre; (b) for the same trial b
.adding fibre with 1% polypropylene fibre

Tl iy sk Yorx e g

Twentieth year No : 1 Summer 2022



L] E :. o
J I J h J | =¥ ﬂ-lm‘ Hiﬁ A study into the effect of different nozzles shapes and fibre "ib i

Considering the forces applying to differently shaped
particles, the higher forces emerged between flat cubic
particle surfaces compared with the curved surfaces
characteristic of spherical particles.

Distributed
T < Load

B A E—— .
Printed circular Printed =%
rectangular
shape
shape
: b

Figure (9) (a) Real printed circular and rectangular shape; (b) Lubrication squeeze flow
between two spherical particles (left) and two cubic particles (right) with an identical
.([characteristic half- width, R (reproduced by [37

F'gure (10)' shows an Ob]eCt where one Iayer has three diameter, Darching= minimum arching diameter, DRH = minimum rat-hole diameter and @

layers printed onto it. It has been printed to measure its :

s y ‘a

> % R 5 U Ve
.Figure (10) (a) Three layers of the printed object; (b) One layer of the printed object
For a printed object of over 120 mm (more than 7 layers), the oscillation at the arm of the
robot increased in the end-tip of the arm which is most related to joint 4 and joint 6 in the
.[robot [27

Figure (11) shows how the printed layers collapsed after

-

10 layers of printing.

=¥

" Fail printed part after

layers print

.particularly when the height of the object increased to more than 7 layers

state, while other parts of the slurry are in a mobile state.

dimensional geometry and test its mechanical behaviour.

Figure (11) The movement of the robot arm has a major effect on the printing process,| :

Another challenge that it faced during the printing
process was the use of a flat-based hopper, as shown in
Figure (12), where core-flow (rat-holing) occurred during
the printing of the specimens. It is observed that some
of the slurry close to the wall of the bucket is in a static

\, D
L

Sio

Figure (12 ) Schematic illustration of flow problems encountered in hoppers, namely,
arching and rat-holing, during (a) mass-flow and (b) core-flow, respectively, where D = outlet

= hopper half angle [39], (c) pictorial illustration showed the rat-holing flow in the bucket
.above the pump during pumping

Figure (13) shows a modified hopper angle of @ 45°
gto improve the flowability in the hopper. Generally,
: fresh concrete during poured in place behaves as a
liquid slurry (a viscoplastic fluid with high yield stress).
However, the internal structure of slow casting concrete
or when in a rest state leads it to flocculate. It also has
the ability to resist the load from concrete cast over it
: without increasing lateral stress, despite the nature of
the mould. Feys, et al. [40] explained that the (hydro-)
clusters are assembled together and become moulded
from certain shear stress on the critical shear stress.
By increasing the shear rate, the viscosity of concrete
. increases proportionally. This state of fresh concrete

is called shear thickening. For the concrete properties,

: it is noticeable that when the temperature rises, the
workability and slump of the concrete decreases. This
is another reason that the mortar could not pass through
the hopper effortlessly. Apparently, the longer concrete

©45° angle of
the slopped
hopper

Air-
|entrained
area

2 ‘ Threaded inlet of
hopper @somm

Static
| slurry
adjacent to
the wall of
the hopper

The
dimensions
200%200 mm

gt { icomm B
P S0 coomm

Figure (13) The hopper with an angle of ©@45° and the core-flow concept
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superplasticizer to cement materials was (0.67% to 1%).

v ~+3

Figure (8) Cross-section of the printed layers details after crushing under

.a uniaxial compression load

The shape of the nozzles has an effect on the printability,
shape and flowability of the slurry. The study, Li, et al.
[36] asserted that intercepting shocks are significantly
changed according to the shape of the nozzles. The study
found that square shaped orifices are faced with a higher
interception than the other jets due to the four corners
exiting at the nozzle. In addition, the penetration between
two layers increases while the w/c and the number of
layers increment proportionally. Moreover, the shape of
the nozzles also affects the percentage of penetration
between the two layers. If the nozzle shape is circular,
the penetration rate increased slightly. This is due to
less flatness of the previous layer which is laid down

as a concave shape. The application of the spherical :

particles and square particles theory could be applied to
the circle and square nozzles in terms of the shape and
load applications. Figure (9) shows that the load in the
square nozzles is distributed equally due to the radius of
distribution in the square shapes. This distribution area is
smaller in circular nozzles [37]. Bohmer, et al. [38] found
that in the inkjet printing technique the diameter of the
droplet, which contains 0.3% polyvinyl alcohol solutions,
would be larger than the diameter of the nozzle. They

pasan

pona

used a different concentration of polymer solution with
the three different nozzle diameters.
As a result, at a constant polymer concentration, smaller

: initial droplets were produced by the smallest nozzle

diameter that, in turn, leads to smaller particles as well.

T

B R

P

)

B T PP

.o

B L

R

Consequently, this could be similar to concrete slurry
where a higher flow of slurry is produced with increasing
nozzle sizes.

Cwalina, Harrison and Wagner [37] stated that the
particles with spherical and cubic shapes produce
different results. The squeeze flow and load distribution
between two cubic particles and two spherical particles
with equivalent radii-lengths are illustrated in Figure (9).
For particles with an identical characteristic half-width,
R, moving along their lines of centre at a relative velocity,
V, in a Newtonian fluid of viscosity, nf, the lubrication
force between the spherical and cubic particles is given,
respectively, as:

spheres= Mf—h R2 @
i = 3anﬁh1;4 5

In the two equations, (4) and (5), it is obvious that the
reaction force between two particles increases when
the shapes change from cubes to spheres. Therefore,
this result will be similar for printing when square
or circular nozzles are used. The printed shape will
replicate the shape of the nozzles. The particles used in
this experimental test were mostly spherical with some
of the irregular shapes. As a result, the printed slurry
will be a similar shape as it passes through the nozzle.
The different shapes and sizes of the nozzles were also
investigated in this study. The shapes used were circular
and rectangular, with sizes of (20) mm in diameter and
(35x10) mm. The forces were distributed evenly over the
greatersurface area inthe square and rectangular shapes
than in circular shapes. Consequently, the printed layers
of the square or rectangular nozzle shapes withstand
more layers than the circular nozzle shapes. It should
be noted that the same mix ratio was used for the printed
object utilizing different nozzle types. It was found that
the nominal width in a rectangular shape was larger by
2+0.85mm than its reduced width (layer surface contact).
Conversely, the nominal width of a circular shape was
larger by 3.1+£0.75mm than its reduced width.

79 (1)) sl YvY sl adiuny Sl
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3.2.1- Compressive strength test:
To evaluate the mechanical properties of various
mortar mixes, a uniaxial compressive strength test was

conducted to check the suitability of the sample under

compression before printing the complete components.
The cubic specimen dimensions (50x50x50) mm were :
prepared according to the Australian standard [32]. The
loading rate was 0.833 kN/s. The testing machine used

was from Shimadzu (UH-500kN XR 500kN, Japan).
3.2.2-Flexural strength test :

To assess the flexural strength of the specimens, a
three-point bending test was applied to all the main
mortar mixes [33]. The prisms, with dimensions of
(160x40x40) mm, were cast for that purpose. The various
layers were printed using a caulking gun for the three-
point bending test. The gun had the same dimensions as
the prism: (160x20x18) mm for one layer; (160x20x36)
Where Wiis the true width and AW is the trace width error.
: Tis the true thickness and AT is the trace thickness error.

mm for two layers; (160x20x54) mm for three layers; and
(160x20x72) mm for four layers. All used a 20mm circular
nozzle. Thus, only the thickness of the sample changed.
A similar prism was cast for one, two, three and four
layers for a circular nozzle of 14mm. Three samples for

each printed layer were prepared. These batches were

prepared with fibres and without fibres, see Table (3). The

uniaxial testing machine from Shimadzu (AGS-X 50kN,

Japan) was used for this test.

4-RESULTS AND DISCUSSION :

4.1-MECHANICAL TESTS/

Mechanics of materials is dealing with the behave of
materials which subject to stresses, this study it can
be in the fresh state or hardened state of materials.

The mechanical strength test in the presented paper :
was conducted to measure the fresh slurry o mortar
and hardened state of the mortar. Two factors that
have a significant effect on the final shape result of the
product are (a) the number of printed layers, and (b) the
discharging of mortar slurry through different nozzle

shapes and sizes.

Figure (7) explains the change in width, which is specified
as (W+AW), while the thickness is expressed as (T-
AT). Figure (8) shows that the extruded layers have
changed into their original shapes. The first printed layer
would also change in width and thickness after loading
the next layers. Once again, the first layer will face a
change in its shape after the printing of the third layer.
This change is possibly continuous until the shape

has reached stability in its form and has set enough.
The last layer of the component did not encounter any
modifications and changes due to no further layers being
added, so it retained its own shape, Figure (8).

Force
Applied by nozzle
to compress new

layer

Pre-
compression
Extruded layer

shape

Nozzle
Cross-section

Post-
compression
Extruded layer

shape

Figure (7) Schematic illustration of the prediction of the printed mortar
.passed through the circular nozzle

Therefore, the area of the object will change at the pre-
compression and post- compression stages according to
. the rheology of the mix proportions and the forced impact

by the next layers which are printed. Figure (7) shows that

the area of the layers will vary according to the printing

height, nozzle types, the mixing time and the setting time

of the materials. Therefore, the true area of each cross-
section printed layer is equal to (W+AW)*(T-AT).

However, there could be a different result when the
time intervals between layers changes. When a slight
decrease in the time intervals happens between layers
the rate of penetration between layers increases due

to the viscosity and shear thickening properties in
the concrete. This is consistent with research by Cyr,
et al. [35], which found that the shear thinning of the
concrete could be changed to shear thickening by
adding superplasticizer to the paste of the cementitious
materials. Shear thickening is defined as the proportion

. of the shear stresses to the viscosity of materials which

can be increased gradually. This phenomenon emerged
during the pumping process of the mortar. The mortar
had resisted downward pressure and the viscosity also
greatly increased. For this to occur, a mixer in the hopper
needs to make a consistent movement in the container.
In this study, a different ratio of superplasticizer was
used. This had a significant influence on the setting time
of the mortar and the viscosity of the mortar. The ratio of
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3-FRESH AND HARDENED PROPERTIES TESTS :
3.1-FRESH PROPERTIES TESTS
3.1.1-Slump test

The slump tests (spread-flow test) were prepared

according to [28] to determine the flowability of the

mortar mixes. Essentially, this test was conducted

using a mini cone (100x70x50) mm. The first step of the
slump procedure is pouring fresh mortar into the mini
cone mould and then tamping it slightly, for settling
down and levelling purposes, with a manual tamper for
approximately 20 tamps.

The conical mould was then filled with the second layer
and the third layer using fresh mortar. The second and
third layers were poured and tamped afterwards using
the same specified procedure as the first layer. Lastly,
the additional paste on the top surface of the conical
mould was scraped and flattened. After pouring three
layers, the conical mould was lifted and then the height
of the specimen was measured. Next, it was subjected
to 25 tamps. The diameter of the spreading mortar was
then measured in two perpendicular directions. Next,
the value of relative slumps was determined using the
following equation:

rp=(d/do)2 -1 @Y

Where the rp is a relative slump, d is the average value of
two measured perpendicular diameters of the spreading
mortar, and do equal 100 mm (which is the bottom
diameter of the mini-cone).

3.1.2-Squeeze flow test :

(Taylor Hobson Surtronic 3+). This test was conducted for

the single layers, double layers and triple layers.

3.1.3- Setting time :

The Vicat test was used to validate the layer setting-time
of the cementitious materials. In this study, few trials of
mortar mix (T5, T8, T12) was selected for a few of these
trials and the outcomes are presented in the results

section.

The measurement for the Vicat test was implemented
according to [30] [31]. The diameter of the needle was
1mm and has a fixed weight of about 300g on a movable
‘rod. A sample of normal uniformity fresh mortar was
prepared and placed in a container 40 mm tall. The test
consisted of the measurement of the needle penetration
to a required depth which falls due to gravity. The initial
setting time was measured every 15 minutes. The first
: 15 minutes recording of the needle penetration was 39
mm+0.5 mm. The final time recorded less than 0.5 mm of
penetration. The setting time test for each printing trial
using the caulking gun and the real height and width of
the printed layer are listed in the results section. The
outcomes and further interpretations are also presented
: in the results section.

3.2- Hardened Properties Test :

Several experiments were conducted to assess the
mechanical and hardened properties of materials before
printing and during the printing of the components.
i It is essential to print the small structural members
before printing at a larger scale. These tests were
prepared based on the mortar materials’ behaviours. The
mechanical properties of the printed objects are derived

The squeeze flow test was prepared according to the by the measurement of the materials’ behaviours, which

Brazi!ian te'st [29]. For this test, the uniaxial testing can be used to indicate the yield strength, deformation
Hachne S adEu (AQE KISOKN apar), was Uised 1o of the materials and resistance of the materials. Three
check the resistance of three main mixes (see Table (2)) : : : )

while in a fresh state. The displacement speed was 0.1 saimpics wars gead foreach ot the trigliand Iniicesighs;
mm/second (see Figure (5)). The surface roughness for (tablsi3) PRestuls the lumber ol sampieo agcaiciics.

this test was conducted using a portable profilometer : 12ble (3) Details of the prepared samples.

.Figure (5) Triple layers of the mortar after squeezing under a uniaxial compression load

Sample Number of the | Size of samples | Delivery
description samples (mm) method
Hollow column 6 (300x300) Cavity pump
Printed 3 (160%x20x12) Caulking gun
with/without 3 (160%20%24) (14mm)
Fibre Reinforced 3 (160x20%36)
et 3 (160x20x48)
Printed 3 (160%x20%18) Caulking gun
with/without 3 (160%20%36) (20m)
Fibre Reinforced 3 (160%x20%54)
mortar 3 (160x20x72)
Casted prisms 18 (160x40x40) Conventional
method
Casted cubes 18 (50%50%50) Conventional
method

81 (1)l Y¥Y 2l pdinsy
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2.2
2.2.1
The extruder for the printed mortar shown in Figure (3)

DESIGN AND FABRICATION
Extruder adaptation and delivery system

was designed so that it could be mounted to the end-

effector of an industrial robot. The design, inspired by

Anell [24], incorporates improvements to increase the

efficiency of printing cementitious materials.

The pump was adopted to appropriately deliver material
to the extruder. The extruder consists of the components
shown in Figure (3).

N\
\

Hose clamps

27 Aluminiuem
CAMLOCK
Part \

Brass 27— |-
1/4 BSP
Reducer

Nipple with
Reducer

Internal \llf\

0

“ﬂmm 30mm ~ 1.1/4
BSP Aluminium
Nozzle

1-1/4 BSP, 24V
Electric lhll Valve

™ Aluminium
( AMLOCK
Part C

e

Modified
mounting plate

Figure (3)Exploded view of the extruder assembly that is connected to the progressive
cavitypump and is attached to the end of the robot

gindustry have not

A caulking gun was used with different sized nozzles
(14mm, 20mm, 35x10mm). The caulking gun has been :
used in previous work by [25] [26]. The caulking used
a mechanically actuated gun to print the cementitious
mortar. The progressive cavity pump used a tube with
an inner hose with diameters of 20mm and 30mm, see

Figure (4).

Figure (4) The final system with the progress cavity pump connected to the robot

i 2.2.2-Mix designs for cementitious materials :
: Several trials for the cement mortar were prepared
: to check the optimum printable cementitious mortar.

Fabrication and mix designs were examined based on

previous investigations [27] and further mixed trials were

implemented to improve smooth pumpbaility through the
pump and delivery systems. Several studies were also

prepared for concrete fabrication and printing members.
: Until now, 3DP concrete and mortar in the construction

been technologically advanced

enough and have not been investigated intensively on
a large-scale.

The present study fills a gap in the literature by using
different mixes until an optimum mix was obtained which
could be more compatible with the different delivery
system. This study also investigated a suitable delivery
method for the printed mortar, while using different mortar
mixes to obtain the optimum mix design. Two techniques
were adopted to deliver the mortar, namely,

using a caulking gun and a cavity pump.

The mix of mortar with various agents and chemical
admixture has vital effects on the air entertainment in
the mix, leading to a lot of residual air in the mix. Agents
such as superplasticizer, accelerator, retarder and water

reducer, affect the percentage rate according to the type
of medium and the delivery system. However, for these
mixes, the setting time and shapability of the mortar have
been considered.

For the caulking gun (internal diameter of nozzle
circular 14mm, 20mm, rectangular 35x10mm), several

: trials are presented in Table (2). Mixing times of 5 to 6
minutes were found to be the most suitable. Due to the
inconsistencies of extrusion, printing heights are taken
as an average measurement for caulking gun printing.
However, the printing height for mortar printing via a
: robotic arm has been fixed according to the diameter of
the nozzle, where the diameter of the nozzle is equal to
the height of the end-effector from the printed platform.
Table (2) Mortar mix design with 1 to 1 ratio (cement to
sand) with/without fibre.

Trial | Fine | Cement | Coarse | Retarder | Accelerator| Water | Superplasticizer| PP
Sand (@ Aggregate (ml) (ml) (ml) (ml)
No. @ © Fibre
T5 375 ||'375 - 2 25 125 25 0%
5% 11375 [1375 - 2 25 125 25 1%
T8 500 | 500 - 2.66 33 1715 |3.33 0%
P12 3757 [[375 125 2 25 125 25 0%
*selected mix using polypropylene fibre.
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(2012) scrutinized the mechanical properties of high-
performance printed concrete by using a 9 mm diameter
nozzle. The resulting compressive strength in different
directions was between 75 and 102 MPa for the printed
samples. Researchers have also used gypsum [18],
where the mix of gypsum and cement are optimised for
the 3DP, with experimental tests of compressive strength
of 100-110 MPa being achieved. Lim, Buswell, Le,
Wackrow, Austin, Gibb and Thorpe [18] used the short
delivery method by placing the hopper on the top of the
extruder. They also used the small batches of materials
to control the hardening of the mix. There is a study on
the 3DP earth-based materials using alginate as a fast
setting binder by mean of 6 DOF robot to print circular
shape and rectangular shape earth-based samples [20].
They observed voids in circular cross-section; contrarily,
the rectangular cross-section absence of cavity and
voids. It also noticed that the compressive strength in
rectangular cross-section higher than the circular cross-
section.

The earlier study by Gosselin, et al. [21] used two
peristaltic pumps, one for the premixed slurry and the
other for the accelerator agent. Earlier studies have
used different delivery methods and different mixing
processes which have a significant effect on the
printed product in terms of workability, shapability and

mechanical strength. Le, Austin, Lim, Buswell, Gibb and :
Thorpe [9] have used a hopper conveyed by a pipe to
the CNC machine to print the slurry of the concrete. They
faced issues regarding the cohesiveness of the mixing,

such as high sand content.

In the present paper also discussed an investigation of
the delivery system to print the objects. As a result, the
current study investigated the use of different delivery
conveyors and their effect on the final result of the

fabricated concrete.

The present paper focuses on validating the optimum mix
proportion, which can be delivered using different delivery
sources to print the cementitious slurry. The most suitable
type of fibre, which flows easily with slurry, was selected.
The study compared mechanical behaviours of the

printed mortar with and without fibre-reinforcement. This :
study also discusses the benefit of fibre reinforcement
into the mix design of the cementitious material. Fibre-
reinforcement has been used in previous studies for
different types of construction applications[22] [15] .

In this study, fibre filaments has been used to reinforce
ithe cementitious mortar and improve the mechanical
performance of the materials.In addition, different types
of nozzles have been used and compared.

: 2: EXPERIMENTAL PROGRAM

2.1: MATERIALS

gMateriaIs play a crucial role in 3DP of objects for
construction applications. When the properties of
the materials are optimised, the printing process will
have a better result. In the present work, the materials
: consisted of fine sand (Sydney Sand) by Australian
Native Landscapes, ordinary Portland cement (General
Purpose cement) by Eureka and chemical admixtures
such as superplasticizer (SikaPlast®3 in 1), accelerator
 (Sigunit L80AF), and retarder (Retarder N). The
: accelerator was used to accelerate the setting time of
the mortar during printing while retarder agent was used
to open time and reduce the thickening of the cement in
the delivery system and control rheology of the mortar
[23]. Particle size distribution was conducted for the
: fine sand with a maximum particle size of 300pm. The
particle size analysis distribution was prepared using
a sieve mesh and particle size analyser. The fibre used
was polypropylene (PP) (6mm) (Elasto Plastic Concrete),
Table (1). Table (1) Mechanical properties of the PP fibre
that has been used in the mortar mix.

Fibre type Length Thickness | Specific Tensile Tensile
/Diameter gravity strength | modulus
(g/cm3) (MPa) (GPa)

Polypropylene 6mm 100 pm 0.91 1300 72

Figure (2) shows particle size distribution versus the percentage of passing particles of
.ordinary Portland cement and fine sand which were used in the mortar mix

A ;’P"CS“ . CoarseAggregalel

percenlage Passing (%)
Percentage Passing (%)
-

L P —
el
e WL

Particle Size (um) Particle Size (um)

Figure (2) (a) Fine sand and Ordinary Portland Cement particle size distribution, (b) Coarse
. aggregate particle size distribution
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positive role in construction applications. In AM, the two
most popular techniques of three-dimensional Printing

(3DP) are ink- jet printing (powder-based or binder

jet) and extrusion printing/plotting (extrusion-based
process). They are the most widespread techniques
in construction [7]. These two techniques are shown
in Figure (1). Particularly, the AM for 3DP powder-bed
process has been divided into three sectors have been
recognized [8], i) selective binder (cement) activation, ii)
binder jetting and iii) selective paste intrusion.

The extrusion printing technique consists of an extruder

which extrudes cementitious slurry through a nozzle
attached to a frame to print a layered structure. The first
example of this technique in the construction field was
Concrete Printing which was proposed by [9], [10] and

Contour Crafting established by [11].

The inkjet 3DP technique can be utilised for construction
purposes. Christ, et al. [12] incorporated polyacrylonitrile :
fibre fillers into the printed gypsum element to fabricate

a reinforced scaffold.

a Y Feeder C
‘){é' X Build
Foeder —
Chamber Ry

Printerhead
movement

Figure (1) (a) Robot simulation, with the nozzle assembly attached, used to demonstrate
the motion plans and check for potential collisions or undesirable paths; (b) Real-world
robot with attached auger nozzle assembly; (c) Schematic demonstration of the inkjet 3DP
.process; (d) Real inkjet 3DP

Most recent studies on the fibre reinforced printed :
mortar and concrete, the lightweight cellular composite

structures [13], the epoxy-based ink was used to enable
: the printing of cellular composites with a high-aspect

ratio of fibre reinforcement to make a hierarchical

structure using balsa wood. There are a few recent
studies on fibre-reinforced cementitious materials [14],
which investigated mixing Portland cement with short
fibres of carbon, glass and basalt (3-6 mm). The mix
design consisted of 61.5% weight of Portland cement,
: 21% of silica fume, 15% of water and 2.5% of the water
reducer agent. The retarder (Pantarhol 85, Pferrer) was
added (0.3% by weight of a hydration inhibitor) to reduce

cement thickening while printing. The results of this
study showed that the highest flexural strength was 30
MPa and compressive strength was 80 MPa. Another
study that has been worked on the strain-hardening

cement-based composites with high- density polyethene

microfibers (HDPE) with a length of 6 mm and diameter
0.012 mm [15]. They
found that 1% and 1.5% of HDPE fibre suitable for the

: printed application with notice of the 1.5% HDPE fibre in
the cement-base created higher strain capacity higher
and could distribute uniformly. In the study by [7], it
. has mentioned that the different shape of extrusion
nozzles used in earlier works (i.e, circular, ovular or
rectangular) but there are not any clear for differences
among the nozzles. Another study, discuss to attain the
buildable layers and required shape, it required to have
: an appropriate nozzle [16] [171. They mentioned that the
nozzle orientation of the nozzle and various shape of
the nozzle (i.e. circular, ellipse, square and rectangular)
has been used and argues that the circular nozzle gives
more freedom and easily change the angle of the printed
: part [16]. The study by Kwon [4] concluded that the
square orifice or nozzle has a better surface finish than

the ellipse type. Another study by [18] has been used the

circular nozzle with various diameters of 4 to 22mm, then
the optimum diameter for their study was 9mm.

. There are few studies that cover concrete mix design
proportions for 3DP in the literature. However, one of
the studies that used concrete mix printing through the
extrusion methodology is that of [19]. They prepared
a cement-based mortar consisting of silica fume,
. cement, sand, polypropylene fibre and fly ash as the
main ingredients. The optimum concrete mix design for

the study was shown to be silica fume 83, cement 579,
sand 1241, fly ash 165, and water 232 (kg/m3). Le et al.
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Abstract :

Recently, 3D Printing has become one of the most
This :
technology has been utilised to prototype trial and

popular additive manufacturing technologies.

produced components for various applications, such as
fashion, food, automotive, medical and construction. In
recent years, automation also has become increasingly
prevalent in the construction field. Extrusion printing
is the most successful method to print cementitious
materials, but it still faces significant challenges, such
as pumpability of materials, buildability, consistency :
in the materials, flowability and workability. This paper
investigates the properties of 3D printed fibre-reinforced
cementitious mortar prisms and members in conjunction
with automation to achieve the optimum mechanical
strength of printed mortarand to obtain suitable flowability
and consistent workability for the mixed cementitious :
mortar during the printing process. This study alsog
considered the necessary trial tests, which are required
to check the mechanical properties and behaviour of the
proportions of the cementitious mix. Mechanical strength
was measured and shown to increase when the samples :
were printed using fibre-reinforced mortar by means of
a caulking gun, compared with the samples that were

e

: printed using the same mix delivered by a progressive

cavity pump to a 6 degree-of-freedom robot. The flexural
strength of the four-printed layer fibre-reinforced mortar
was found to be 3.44+0.11MPa and 5.78+0.02MPa for the
one-layer. Moreover, the mortar with different types of
nozzles by means of caulking is printed and compared.
Several experimental tests for the fresh state of the
mortar were conducted and are discussed.

Keywords

Extrusion printing, cement mortar, mechanical properties,
fibre reinforced printed object.

1- INTRODUCTION

Automation processes have contributed significantly
to industrial fabrication and economic aspects of
production. The construction industry has limited
automation when compared with other industrialized
sectors, such as manufacturing. By developing additive
manufacturing processes, construction companies could
potentially increase revenue and productivity, whilst
simultaneously improving safety. There is evidence that
automated machinery plays a crucial role in regulating
time management and is less costly and more eco-
friendly (113; [2]; [3]; [4]; [5]; [6]).

It is obvious that Additive Manufacturing (AM) can play a

85 (1)) sl YevY sl adiuny Sl
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