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Abstract. Extrusion-based 3D concrete printing is one of the most popular additive manufacturing
techniques in the construction industry, where layer-by-layer structures form. For the 3DCP, most
of the researchers use cement mortars of different configurations to the almost total exclusion of ag-
gregates. Although the rheology of cement mortars may make them more amenable to 3D printing,
the absence of coarse aggregate fraction in this material makes it more susceptible to the baleful
effects of time-dependent phenomena like creep and shrinkage while at the same time, compromis-
ing elastic properties of the material and increasing the cement consumption. Incorporating coarse
aggregates in 3D printable concrete is one of the ways for the construction industry to achieve sus-
tainability and overcome these problems. This study examines the flexural performance of printed
beams through acoustic emission (AE) monitoring to record real-time damage progression during
loading. The specimens under examination include coarse aggregate-based printed beams in compar-
ison with mortar-based printed beams in different orientations with respect to the printing direction.
The analysis focuses on the evaluation of various AE parameters such as rise time, count, duration
and amplitude. The study indicates that the inclusion of coarse aggregates reduces the anisotropic
behaviour of printed specimens to some extent. Further, the study found that the AE signals can be
effectively used to identify the initiation and propagation of cracks in the printed specimens.

1 INTRODUCTION

The traditional construction sector is cur-
rently integrating innovative technology such
as 3D concrete printing (3DCP) to address the
challenges of skilled labour shortages, form-
work, waste, and environmental concerns. The
majority of efforts are directed towards the es-

tablishment of a sustainable construction sector.
Considering such aspects, 3D concrete printing
has gained significant popularity over the past
decade [1]. 3D concrete printing is an additive
manufacturing process which allows construc-
tion layer by layer. Khoshnevis et al. [2] was
the first who introduce 3D concrete printing in
the construction sector via the contour crafting


https://doi.org/10.21012/FC12.1183

Swapnil B. Ghodke, Shubhankar Roy Chowdhury and Bhupinder Singh

method. After that, several studies are going on
its fresh and hardened properties, reinforcement
strategies, optimisation techniques, etc. [1,3].

Still, 3DCP has not achieved its full po-
tential, primarily due to limitations such as
the availability of suitable equipment for incor-
porating coarse aggregates, its anisotropic be-
haviour, and lack of understanding of its rhe-
ology and hardened properties [4]. Although
the name indicates concrete, most of the stud-
ies were available on mortar-based printing, re-
sulting in high consumption of cement in cur-
rent practices, which violates its sustainability
aspect. Higher usage of cement creates several
more problems, such as an increase in the risk of
time-dependent properties creep and shrinkage,
an increase in overall material cost and several
other durability problems [5, 6]. These issues
constrain the use of this technology for prac-
tical applications. The inclusion of coarse ag-
gregates not only overcomes these issues it also
improves printed structures interlayer bonding.

Few studies [4, 5, 7] are available on the
coarse aggregate-based printing and character-
ization of their hardened properties. Based on
the studies, it is found that the hardened prop-
erties mainly depend upon the number of lay-
ers, loading direction and interlayer bonding.
This paper primarily focuses on the analysis
of the flexure behaviour of coarse aggregate
based notched and unnotched printed beams
and its characterization by using the acoustic
emission technique. While AE has shown great
potential for such analyses, its application to
coarse aggregate-based 3DCP remains underex-
plored. Addressing this gap, the study aims to
provide insights into the flexural behaviour of
coarse aggregate-based printed beams through
AE characterization.

2 METHODOLOGY
2.1 MIX DESIGN

Ordinary Portland Cement (OPC) of 43
grade serves as the principal binder, supple-
mented by fly ash and silica fume. The fine
aggregate and coarse aggregate utilized in this
investigation were sourced from river sand and

quarry stone, respectively. The dimensions of
the fine aggregate range from O to 4.75 mm,
whereas the coarse aggregate ranges from 4.75
to 10 mm. Their physical properties are shown
in Table 1. In addition to this, PCE-based su-
perplasticizers as a water-reducing agent and
hydroxypropyl methylcellulose (HPMC) as vis-
cosity modification agents were used to im-
prove the printability properties. The water-to-
binder ratio of 0.35 was kept constant for all the
mixes. The printable concrete mixes were ob-
tained by the volume replacement of fine aggre-
gate or sand with coarse aggregates (0 to 15%).
The detailed mix design is shown in Table 2.

Table 1: Physical properties of aggregates

Properties Sand Coarse Aggregate
Fineness Modulus 2914 -
Water absorption (%) 7.691 3.885
Bulk Density (kg/m?) 1742.6 1234.1
Specific Gravity 2.677 2.575

Table 2: Mix proportion of 3D printing concrete (kg/m?)

Mix Mix 1 Mix 2 Mix 3 Mix 4

C 587 587 587 587
FA 130 130 130 130
SF 33.85 33.85 33.85 33.85

Sand 1296.88 1232.01 1167.18 1102.33
NCA 0 64.84 129.69 19449
SP 5.6517 5.1803  4.2376  3.7662
VMA 0.7884 0.7884  0.7884  0.7884
W 260.52  260.52  260.52  260.52

2.2 SPECIMEN PREPARATION

The prismatic mortar and concrete speci-
mens were fabricated in dimensions of 450 mm
x 250 mm x 150 mm utilizing the gantry-type
printer available at the Indian Institute of Tech-
nology, Roorkee, India. All the prisms were
cured for a duration of 28 days. Additionally,
each prism was divided into two segments mea-
suring 350 mm x 120 mm x 120 mm and read-
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ied for flexural and testing in both perpendicu-
lar and lateral loading directions. In the fracture
investigation, beams with a 15% substitution of
fine aggregate with coarse aggregate were man-
ufactured, maintaining uniform dimensions and
incorporating a notch that is 3 mm wide and
15 mm deep, corresponding to the height of a
single printed layer. The printing to specimen
preparation process is shown in the Figure 1.

Figure 1: Beam printing to testing process

2.3 TESTING and INSTRUMENTATION

All the specimens for flexure and fracture
were tested for a four-point bending test us-
ing the Heico servo-controlled 300 kN capac-
ity machine [8]. The four-point bending test
setup is illustrated in Figure 2. The testing
employs the displacement control method at a
loading rate of 0.05 mm/min, as previously es-
tablished in [9]. The tests continued until a
beam failure occurred. To further analyze the
flexural and fracture behavior of printed beams,
the acoustic emission technique has been em-
ployed. Six R6I sensors were firmly positioned
at appropriate locations on the surface of the
printed beams utilizing silicon grease as a cou-
pling agent, and the acoustic emission signals
were recorded during the four-point bending
test. The schematic diagram illustrating the sen-
sor positions and their geometric coordinates is
presented in Figure 2 and Table 3, respectively.
The identical arrangement of AE sensors was
employed to evaluate the beams under both per-
pendicular (orthogonal to the direction of print-

ing: O-I) and lateral (lateral direction to the
printing: O-II) loading orientations for the flex-
ural and fracture analysis. A threshold value of
40 dB was established for the AE acquisition
system to guarantee a strong signal-to-noise ra-
tio. The sensitivity and coupling of the acous-
tic emission sensors are assessed using a Hsu-
Nielsen source (pencil-lead break) [10].

AE
Sensors

d=120 mm

S/3 S/3

40mm S =270 mm

350 mm

AE
Sensors

d=120 mm

40 mm S =270 mm 40 mm

350 mm

Figure 2: AE sensors arrangement for the testing of flex-
ural behaviour

Table 3: Geometric coordinates of the AE sensors

Sensor No. X Y Z

1 8 60 O
2 265 35 O
3 265 8 O
4 8 35 120
5 85 85 120
6 265 60 120

3 RESULTS and DISCUSSIONS

This section analyzes the flexural acoustic
emission data obtained from the testing of mor-
tar and coarse aggregate-based printed beams
subjected to flexural load with different loading
orientations.

Front View

Back View
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3.1 Load Deflection Characteristics

All the studied specimens demonstrate fail-
ure at varying peak loads, influenced by load-
ing orientation and coarse aggregate concentra-
tion. The maximum load values of the tested
specimens are presented in Table 4. In ev-
ery instance, peak load values are higher in the
loading direction O-II. For Mix 1 (0 % CA),
the peak load in the O-II direction is 38.62%
greater, whereas for Mix 2 (5% CA), Mix 3
(10% CA), and Mix 4 (15% CA), the increases
are 12.35%, 10.12%, and 3.32%, respectively.
In the case of Mix 4 (15% CA) notch beams, the
variation in peak load across different loading
directions is minimal, i.e. 0.53%. Analysis of
the peak load values reveals that the increase in
coarse aggregate content reduces printed spec-
imen’s anisotropic behaviour to some extent.
Further, to understand the deflection behaviour,
load versus displacement plots are presented in
Figure 3. The smaller linear portion of all plots
indicates the uncracked condition of the beams.
Within this particular zone, the vertical deflec-
tion is directly proportional to the load that is
being applied, and the entire concrete section is
considered to be effective in resisting the loads
for the entire region. As seen the Figure 3, the
Mix 1 (0 % CA) and Mix 4 (15% CA) based
printed beams indicate the higher slopes of the
load-deflection curve in the loading direction O-
II, whereas other coarse aggregate-based beams
show the smaller slope in this direction. The
displacement curves might not represent exact
central displacement due to the sudden change
in displacement observed in the last unit of
time. The post-peak of the load-displacement
graph is described here only to indicate that
brittle failure happens. Here, we are only con-
cerned with the peak load of the tested speci-
mens.

3.2 Flexural Strength

Further, the flexural strength in both direc-
tions is calculated according to the IS 516 (Part
1) 2021 [11]. Figure 4 illustrates the flexural
strength values of all with and without notch-
tested samples under flexure in both directions.

In all investigated specimens, flexural strength
is seen to be more significant in the lateral di-
rection (orientation-II). The difference in flex-
ural strength between the two orientations is
more pronounced in the mortar sample and di-
minishes as the coarse aggregate concentration
increases.

Table 4: Flexural test results

Type of Beams  Orientation Peak Load
Mix 1 beams O-1 14.06 kKN
O-11 19.49 kN
Mix 2 beams O-1 18.86kN
O-11 21.19kN
Mix 3 beams O-1 22.83 kN
O-II 25.14 kN
Mix 4 beams O-1 21.42 kN
O-II 22.13 kN
Mix 4 N beams O-1 13.01 kN
O-11 13.08 kN
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Figure 3: Load versus displacement plots a) Mix 1 beams
b) Mix 2 beams ¢) Mix 3 beams d) Mix 4 beams e) Mix
4 N beams

This decrease may be attributed to the rise in
interlayer bond strength due to the increase in
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coarse aggregate content, and the same has also
been observed in previous literature [12, 13].
Coarse aggregate-based specimens have greater
flexural strength than the mortar samples, and
it also increases with increasing coarse aggre-
gate content, except in 15% CA specimens. The
increase in flexural strength is attributed to en-
hanced crack resistance and fracture behaviour
resulting from the bridging impact of coarse ag-
gregates [14]. Despite the absence of a growing
trend with 15% CA addition, it exhibits supe-
rior flexural strength compared to mortar-based
specimens. The fluctuation in trend may be at-
tributed to alterations in optical packing density
and void content. Moreover, Mix 4 beams (15%
CA) without notches exhibited superior load-
carrying performance in comparison to notched
beams. The absence of a notch in these beams
resulted in no initial stress field, necessitating a
significantly greater load to begin cracks com-
pared to Mix 4 (15% CA) with a notched beam.

3.3 AE Characterisation

This section gives the analysis of monitored
AE parameters during both directions of flexu-
ral testing. The study indicates the crack prop-
agation in terms of micro and macro cracking
in mortar and coarse aggregate-based printed
beams according to their loading directions.
Figures 5, 6, 7, 8 and 10 illustrate the plots
of increase in cumulative AE hits, a sudden
rise in cumulative signal strength-curve, cumu-
lative absolute energy-curve and variation of the
amplitude of AE hits with increasing flexural
loading in mortar and coarse aggregate based
printed beams along with load-time curve. It
indicates the progression of fracture or crack-
ing in the beams from initiation of cracking to
the ultimate brittle failure of these beams. In all
the figures, Roman numbers I and II indicate
the micro-cracking phase and macro-cracking
phase, respectively.
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Figure 4: Flexural strength in two different loading direc-
tions

3.3.1 Phasel

An increase in the slope of the cumulative
AE hits was observed in all the beams in both
O-I and O-II loading directions, which indicates
the starting point of the AE activity inside the
beam in the form of micro-cracking. The sud-
den rise or knee formation in the plots of cu-
mulative signal strength and cumulative abso-
lute energy also supports this. A similar pat-
tern is also observed in plots of Mix 4 (15%
CA) notched beams (see Figure 10). For load-
ing direction along orientation-I (O-I), the du-
ration of the micro-cracking phase is 650 sec,
460 sec, 1150 sec, and 1300 sec for 0% CA-
based, 5% CA-based, 10% CA-based, and 15%
CA-based beams, respectively. In the case of
loading orientation-II (O-II), the durations are
830 seconds, 1100 seconds, 2100 seconds, and
910 seconds, respectively. Whereas in the case
of 15% CA-based notched beams, the duration
of the micro-cracking phase is decreased com-
pared to without notch beams and observed as
670 sec for loading in orientation-I and 820 sec
for loading in orientation-11. The reduced dura-
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tion of the micro-cracking phase in 15% CA- ok - e
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faster crack localization and propagation. The 5 w : !
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duration of the micro-cracking phase is more
significant for orientation II compared to orien-
tation I, which may be attributed to the distri-
bution of stress along the layer planes, allow-
ing micro-cracks to form and propagate across
a broader area before coalescing into macro-
cracks. A similar pattern is observed in the case
of notched beams as well.
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3.3.2 Phasell

Further, with increasing loading on the
beams beyond phase-I, a significant increase
in cumulative acoustic emission hits (CAEH),
cumulative signal strength (CSS), and cumula-
tive absolute energy (CAE), accompanied by
a larger average amplitude, is noted in both
notched and unnotched beams. This signifies
the emergence of significant acoustic emission
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activity due to the load increase, resulting in the
macro-cracking phase. All the beams, being un-
reinforced, exhibited brittle behaviour. The du-
ration of the macro-cracking phase for loading
direction along orientation-I (O-I) is 618 sec for
0% CA-based beams, 226 sec for 5% CA-based
beams, 941 sec for 10% CA-based beams, and
531 sec for 15% CA-based beams. For load-
ing orientation-II (O-II), the durations are 283
seconds, 290 seconds, 938 seconds, and 661
seconds, respectively. With the exception of
0 % CA-based beams, all specimens utilizing
coarse aggregates exhibit a greater duration for
the macro-cracking phase in the loading direc-
tion O-II, whereas the macro-cracking duration
remains nearly identical in the case of 10% CA-
based beams. The same pattern is observed in
the mix 4: 15% CA-based notch beams, which
exhibit macro-cracking durations of 381 sec-
onds and 485 seconds for O-I and O-II, respec-
tively. Here also, notch effect dominance is ob-
served and shows less duration than the identi-
cal 15% CA-based unnotch beams. Although
the zone indicates the macro-cracking phase of
the specimens, here also we have not observed
any surface cracks and their widening. From
the observation of AE signals, we inferred that
all fracture widening occurred within the con-
crete matrix, including the expansion of interfa-
cial transition zone (ITZ) cracks and interlayer
debonding.

Moreover, at a brittle failure point, the high-
est CSS and CAE values are obtained and
shown in Table 5. In the case of all the tested
printed beams CSS and CAE values were ob-
served higher for the loading along O-II as com-
pared to O-1. As discussed above, the specimens
with the loading orientation-II (lateral direction
to the printing: O-II) show higher mechanical
capacity in terms of strength. It is valid for both
the mortar and the concrete specimens, with the
concrete specimen showing higher strength, not
only due to coarse aggregates within the layers
but also because of better interlayer adhesion
imparted by aggregate interlocking. The O-
IT configuration facilitates enhanced strain en-
ergy accumulation before failure due to the de-
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layed emergence of the macro-crack. AE data [T — R —
also support this observation by demonstrating A I EH , I : I
a longer duration of microcracking during the i, i :::% i, ' ::Z:é
tests. Consequently, when the specimen under- : i o : i e
goes a sudden brittle fracture, it releases signif- o e sy
icant strain energy, leading to an AE burst. This @ Tal)
highlights the fundamental difference in failure g = — ooy g
behavior between mortar and coarse aggregate- - [ i 1l ; » jj:j:j%
based printed beams in different loading direc- i, : } o i komad}
tions. 5 (/!/ s B
B it T e
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Table 5: Magnitudes of cumulative signal strength and S T — B S, [R—
cumulative absolute energy at failure point » I I % 52:
Mix 1 beams o1 O '
CSS (107 pV-Sec) 7997 15.010 n
CAE ( 10° ato-J) 4.67 18.282 L e
Mix 2 beams (3% CA) _ O-1 _ O-II .o
CSS (107 pV-Sec) 3422 5.190 : : )
CAE (10° ato-J) 1.144 3249
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Mix 4 beams (15% CA) O-I  O-II @ G
CSS (107 pV-Sec) 5097 6276 , L o
CAE (10° ato-)) 2960 3801 Figure 8: Variation in acoustic emission (AE) parameters

for Mix 4 beams (15% CA Beams) a), b), ¢), d) O-I and

CSS (10" pV-Sec) 3426 4.991
CAE (10° ato-J) 1.824 5.516

A similar pattern is also observed in 15%
coarse aggregate-based notch beams. The test-
ing and failure patterns of the examined notched
specimens are illustrated in Figure 9, 11. In
the comparison between notched and unnotched
beams, the unnotched beams exhibit superior
CSS and CAE values, as well as the great-
est load-carrying capability. The absence of a
notch did not produce an initial stress field, re-
sulting in many internal cracks that progressed
through the whole depth and width of the
printed beams. This led to an increased release
of strain energy relative to notched specimens,
indicating higher values of CSS and CAE [15].
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Figure 9: Fracture testing and tested specimens
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rection). Furthermore, with variations in coarse
aggregate content, an enhancement in flexural
strength is observed in both loading directions,
except at 15% coarse aggregate content. De-
spite variation in trend, it shows a higher flexu-

ral strength than the 0% CA-based printed spec-
oo .7 imens.
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Figure 11: Fracture patterns for notched beams

Thus, from the present investigation, it can
be concluded that the analysis of the AE param-
eters with respect to time along with the load vs.

The second segment of the study categorizes
the loading zone into two sections, termed the

time plot can be effectively utilized to under-
stand the initiation and propagation of cracks in
the printed beams.

4 CONCLUSIONS

This study examines the flexural proper-
ties of coarse aggregate-based printed beams
in comparison to mortar-based printed beams
under various loading directions (O-1 and O-
II) utilizing the acoustic emission technique.
For this investigation, four point-bending test
is used. The first part of the study shows that
for all notched and unnotched specimens, peak
load and flexural strength are higher in the load-
ing direction O-II (i.e. lateral to the printing di-

micro-cracking zone and the macro-cracking
zone. In both zones, we have not observed
any surface cracking. In both loading direc-
tions, a rise in coarse aggregate content corre-
lates with an extended length of the duration of
the micro-cracking phase. A similar pattern is
observed for the macro-cracking zone as well.
This is attributable to the improvement in the
bridging effect due to the coarse aggregates. At
the same time, 15% CA-based printed notched
beams show a lesser duration of micro-cracking
phase as compared to 15% CA-based printed
notched beams, which indicates a change in
load-bearing capacity and failure pattern due to
the inclusion of notch. The larger duration of
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the micro-cracking zone implies that the thresh-
old from stable crack propagation to unstable
fracture is greater. In all the investigated speci-
mens, higher values of CSS and CAE were ob-
served at brittle failure points along O-II.

Despite these observations, some exceptions
were observed in the trends. This study in-
dicates the preliminary investigation of the
flexural behaviour of coarse aggregate-based
printed beams. Based on this initial study, it
is concluded that AE parameters of cumula-
tive AE hits and their amplitudes, cumulative
signal strength and cumulative absolute energy
are well indicative of different damage initia-
tion modes and failure progression mechanisms
in mortar and coarse aggregate-based printed
beams. Further, a detailed study focussing on
varying the number of layers in testing speci-
mens and incorporating fibres along with coarse
aggregates is in process.
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