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A B S T R A C T   

This study assessed the impact response of 3D-printed textile-reinforced concrete for structural applications of 3D 
concrete printed structures, where impact is a significant load case. To study the impact response, two layers of 
AR-glass and two layers of carbon textile-reinforced 3D-printed high-strength concrete panels were investigated 
experimentally under low-velocity impacts from drop weights, respectively. The effect of textile reinforcement 
on the impact behaviour was compared with unreinforced printed specimens. The specimens were subjected to 
increasing levels of impact load until the failure was observed. The effect of textile reinforcement on the impact 
resistance, cumulative energy absorption capacity and failure pattern of printed specimens were investigated and 
compared with their mould-cast counterparts. To understand the effect of textile reinforcement on the printed 
and mould-cast panel specimens, a quasi-static flexural test was performed to evaluate the load vs deformation 
behaviour. The test results from the quasi-static flexural test showed that the incorporation of textile rein-
forcement improved the first crack strength by about 40 % and enhanced post-peak behaviour for both printed 
and mould-cast specimens. Further, providing carbon textile reinforcement significantly improved the impact 
resistance by 75 % when compared to AR glass textile-reinforced specimens due to the higher stiffness and better 
strain-hardening behaviour. Moreover, the effect of textile reinforcement on enhancing the energy absorption 
capacity of 3D-printed specimens was more evident at higher impact velocities. The cumulative energy ab-
sorption capacity of carbon textile-reinforced specimens was observed to be 60 % higher compared to AR glass 
textile-reinforced specimens. During high-velocity impacts, the textile reinforcement was observed to improve 
damage distribution by enhancing the bridging between the interlayers. The damage condition at failure showed 
that AR-glass textile-reinforced printed and mould-cast specimens showed severe punching failure on the 
compression face and widened cracks and spalling on the tension face. However, carbon textile reinforcement 
enhanced the impact resistance, thus showing multiple cracks and reduced spalling on the tension face even after 
multiple impacts. Overall, the impact performance of 3D-printed textile-reinforced concrete panels showed high- 
level impact resistance.   

1. Introduction 

3D concrete printing (3DCP) enables the construction of slender 
freeform structures with complex geometrical shapes and thus provides 
more freedom in designing aesthetically pleasing structural members 
[1–3]. However, developing high-strength printable concrete and 
providing effective reinforcement methods are some of the challenges 
that hinder the widespread structural application of 3DCP [4–6]. Unlike 
conventional concrete, the rheological properties of printable concrete 
for extrusion-based 3D printing need to be tailored in such a way that the 
mix has an initial low viscosity for good pumpability and high static 
yield strength development for better buildability [7–9]. 

To evaluate the structural potential of 3DCP members, it is important 
to characterise the mechanical properties. Moreover, 3D-printed con-
crete members showed anisotropic mechanical properties based on the 
printing direction [10–12]. However, to enhance the mechanical prop-
erties of printed members, various reinforcing methods were adopted in 
previous studies, including the use of short fibres (AR-glass, basalt, 
carbon and steel), carbon yarns, steel mesh reinforcement and 
pre-installed steel bars [13–16]. It is reported that short fibres of 
AR-glass and steel in concretes led to enhanced compressive strength 
and flexural capacity of 3DCP members and improved the hardening 
behaviour with directional dependency under quasi-static loading con-
ditions [17–19]. However, the fibres tend to align uniformly along the 
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printing direction in extrusion-based 3DCP, thus enhancing the 
post-peak behaviour when loading along the printing direction [13,20, 
21]. The structural performance of 3D-printed members was observed to 
be improved by providing steel mesh reinforcement and pre-installed 
steel bars, however, the rigidity of the steel reinforcement poses limi-
tations on creating complex geometries with the 3DCP process [22]. 
Furthermore, concrete structures are subjected to both quasi-static and 
dynamic loading conditions. Therefore, it is essential to investigate the 
behaviour of 3DCP members under dynamic loading conditions in order 
to assess their overall structural potential. 

The construction of slender and thin-walled structures is gaining 
popularity due to reduced material usage and the ability to build 
architecturally pleasing geometries. However, these structures are not 
only subjected to various static loads but also are subjected to various 
impact loads like debris from high wind, snow and blast loading [23]. 
The dynamic behaviour of conventional concrete under impact loading 
was studied extensively and the use of continuous textiles and discon-
tinuous short fibres as reinforcement enhanced the impact resistance 
and energy absorption capacity [24]. The addition of short steel fibres as 
reinforcement in concrete slabs has shown to improve impact resistance 
with reduced crack widths [25,26]. Furthermore, the combination of 
polyethylene fibres and steel fibres as hybrid reinforcement enhances 
the blast resistance of concrete panels when compared with conven-
tionally reinforced concrete panels [27]. However, the impact perfor-
mance of discontinuous short fibre-reinforced concrete is not 
significantly enhanced and depends on the fibre orientation. In contrast, 
the adoption of continuous textile reinforcement provides reinforcement 
in both directions, making it ideal for improving the impact resistance of 
slender concrete structural members. Moreover, textile reinforcement 
may contribute to reducing the carbon footprint, making it suitable for 
the construction of novel structures with superior structural perfor-
mance such as footbridges, complex roof elements, and façade slabs 
[28–30]. 

Textile-reinforced concrete exhibits enhanced first crack strength 
and improved toughness under quasi-static loading conditions [31]. 
Previous investigations on the dynamic tensile and flexural behaviour of 
textile-reinforced concrete members also showed improved mechanical 
properties and a reduction in cracking failure [32]. The impact behav-
iour under low-velocity drop-weight tests for textile-reinforced slab 
specimens depends on the number of textile layers, the type of textile 
reinforcement and the properties of the fine-grained concrete [33,34]. 
The flexural stress and energy absorption capacity were increased for 
textile-reinforced concrete panels with a predominant interlaminar 
shear failure [33]. However, with the addition of multiple textile layers, 
the impact resistance was found to be reduced due to delamination 
between the layers [34,35]. The studies on the impact behaviour of 
AR-glass textile reinforced concrete subjected to low velocity impacts 
demonstrated an increase in the peak impact load with increasing 
impact velocity, but no significant influence on the flexural capacity was 
observed [36]. Textile-reinforced concrete exposed to elevated tem-
perature showed a reduction in the impact resistance and energy ab-
sorption capacity. However, the failure pattern under low velocity 
impact after exposed to elevated temperature showed a significant effect 
on AR-glass textile through a rupture failure of the fibres compared to 
basalt textile [37,38]. Furthermore, the impact behaviour of 
textile-reinforced concrete specimens under low velocity impact was 
significantly influenced by pre-tension, hybrid textiles and short fibres. 
Pre-tension improved the bonding to the cement matrix and enhanced 
the crack stress. The addition of short fibres improved the bridging the of 
micro cracks and thus enhanced the toughness of the textile reinforced 
specimens [39]. Moreover, hybrid textile-reinforced specimens showed 
enhanced impact resistance without significant improvement in the 
energy absorption capacity [40]. Thus, providing textile reinforcement 
not only improves the structural performance of concrete specimens 
under static loading but also enhances the impact behaviour. 

Textile reinforcement enhances the structural performance of 

concrete specimens and the flexibility and non-corrosive nature of tex-
tiles makes it as a potential reinforcing method for 3DCP structures. The 
flexural strength under quasi-static loading of AR-glass textile-rein-
forced 3D-printed specimens was found to be increased significantly and 
showed improved post-ductile behaviour [41–44]. However, the me-
chanical behaviour of 3DCP members under dynamic loading was 
briefly investigated only under compression. Unlike conventional con-
crete, 3DCP members showed significant variation in the 
direction-sensitive dynamic compressive strength. For example, the 
dynamic compressive strength of printed specimens was the highest 
when tested along the printing direction [45]. The effect of printing 
direction was more significant as compared with the sand to binder ratio 
of printed specimens when the dynamic compressive strength and en-
ergy absorption capacity was concerned. However, with the increase in 
the sand to binder ratio, the dynamic compressive strength and energy 
absorption capacity reduced [46]. Furthermore, similar to the aniso-
tropic behaviour of 3D printed specimens under static loading, 
ultra-high performance fibre-reinforced 3DCP specimens subjected to 
dynamic loading exhibited anisotropy in the impact resistance, elastic 
modulus and failure pattern [47]. Based on previous studies, textile 
reinforcement improves the static and dynamic behaviour of concrete 
members. In addition, textile-reinforced 3D-printed members showed 
enhanced load carrying capacity and flexural toughness under static 
loading. However, the dynamic behaviour of textile-reinforced 
3D-printed structures needs further investigation. 

Therefore, the impact response of textile-reinforced 3D-printed high- 
strength concrete slender panels subjected to dynamic loads was 
investigated in this study. To evaluate the effect of textile reinforcement 
on the impact resistance, energy absorption capacity and failure pat-
terns, multiple impact tests were conducted on the same specimen from 
two different drop heights (1 m and 2 m). Additionally, the effect of two 
layers of AR-glass textile and two layers of carbon textile reinforcement 
on the flexural impact behaviour of concrete slabs were investigated and 
were compared to their mould-cast counterparts. The failure mode and 
crack pattern after failure due to multiple drops were analysed using 
high-speed camera recordings. Furthermore, the effect of textile rein-
forcement on the quasi-static flexure behaviour was also evaluated to 
characterise the impact behaviour of printed and mould-cast specimens. 

2. Materials and mix proportion 

2.1. Materials 

The binder materials for the high-performance concrete consist of 
OPC, silica fume and slag conforming to AS 3972 [48] and AS 3582 [49], 
respectively. The 3D printable concrete and mould-cast concrete mix 
also consists of three different sieve-graded silica sands as aggregates 
and are categorised as fine, medium, and coarse sand with their mean 
particle sizes of 273.2 µm, 469.5 µm, and 1735.8 µm, respectively. The 
particle size distribution was performed by sieve analysis according to 
ASTM C136 [50] for sand and laser ultrasonic technique for binders, as 
illustrated in Fig. 1. In addition, polycarboxylate ether (PCE) based 
superplasticizer (SP) and viscosity modifying agent (nano clay) con-
forming to AS 1478.1 [51] were used to control the workability and 
rheological properties of the concrete mix. 

Commercially available AR-glass textile and carbon textile as shown 
in Fig. 2 were used as reinforcement for both 3D printed and mould-cast 
panel specimens. The textile reinforcement is composed of multi- 
filament fibre yarns aligned along both longitudinal and transverse di-
rections. The longitudinally aligned fibre yarns corresponds to the 
‘warp’ yarns, while the fibre yarns aligned along the transverse direction 
represents the ‘weft’ yarns as marked in Fig. 2. The physical properties of 
both the textile reinforcements are given in Table 1. The tensile strength 
of the warp yarns given in Table 1 represents the strength of five yarns 
tested under tension and the strength is represented in N/50 mm. 
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2.2. Mix proportion 

The details of the mix proportion for the 3D printable and mould-cast 
high-performance concrete adopted in this study are given in Table 2. 
Initially, all the dry materials were slowly mixed for two minutes in a 
60 L capacity planetary mixer. Then, SP was mixed with 70 % of the 
water and added slowly to the mixer while continued mixing at a slow 
speed (i.e., 70 rpm) for another five minutes. After adding the remaining 
amount of water, the mixing was continued for about three minutes at 
the same speed of 70 rpm. Lastly, nano-clay was added to the mixture 
and continued mixing for another five minutes at high speed (i.e., 
190 rpm). The concrete mixture was observed to have good printable 
properties. 

3. Specimen preparation 

The impact resistance of 3D-printed and mould-cast high-perfor-
mance concrete was evaluated by preparing square panels of 330 × 330 
× 30 mm. As shown in Fig. 3, a gantry-type 3D printer with a printing 
region of 1800 × 1600 × 1800 mm was used to prepare 3D-printed 
concrete panels. 

The concrete panels were printed using a 30 mm diameter circular 
nozzle attached to the extruder. The extruder was programmed to move 
along the X-axis and Y-axis at a constant speed of 30 mm/s. After 
completion of one layer, the extruder moved by 5 mm along the Z-axis to 
print the next layer. The printed panel specimens consists of total 6 
layers of high-performance concrete printed as explained in the above 
mentioned pattern to form an overall specimen thickness of 30 mm. 
Additionally, to maintain a constant width of the printed filament, the 
auger extrusion rate was modified between 0.5 to 0.7 rad/s throughout 
the printing process. In the reinforced printed specimens, two layers of 
textile reinforcement were laid manually in between the first and second 
layers (the first textile layer) and the fifth and sixth layers (the second 
textile layer), as shown in Fig. 4(a). The printing process was tempo-
rarily paused to place the textile reinforcement, and in order to ensure a 
uniform bond, the placed textile was subsequently rolled over the 
printed layer. In mould-casting process, plywood moulds were used to 
prepare the panel specimens. Textile reinforcements were positioned at 
5 mm from both the bottom and top and was securely held in position. 
Subsequently, the concrete mix was poured in three distinct layers and 
compacted within each layer for 2 min using a vibration table. Proper 
care was taken to prevent the formation of air voids and inadvertent 
displacement of the textile reinforcement. The details of the mould-cast 
specimens are shown in Fig. 4(b). 

A total of 36 panels were printed and mould-cast, including two re-
peats of the same testing conditions. The details of the specimens and 
testing conditions are summarised in Table 3. Both the printed and 
mould-cast specimens were covered and left for 48 h at room tempera-
ture of 23±3 ℃ before demoulding (mould-casting) or removal from the 
platform (3D printing). Afterwards, both printed and cast specimens 
were submerged in water and placed in the oven at 90 ℃ for 48 h to 
expedite steam curing. Following the curing process, the specimens were 
left at room temperature for about 72 h. As such, a total curing duration 
of 7 days was adopted in this study to achieve accelerated strength 
development for the panel specimens. 

4. Experimental methods 

4.1. Properties of high-performance concrete mix 

To evaluate the workability, rheological and mechanical properties 
of the high-performance concrete mix used in this study, the spread 
diameter, the plastic viscosity, the yield strength and compressive 

Fig. 1. : Particle size distribution for sand and binder materials.  

Fig. 2. : (a) AR-glass textile and (b) Carbon textile.  

Table 1 
Properties of the textile reinforcements*.  

Textile Mesh size (mm ×
mm) 

Weight (g/ 
m2) 

Area of warp yarns per 100 mm 
width (mm2) 

Tensile strength of five warp yarns 
(N/50 mm) 

Modulus of elasticity 
(GPa) 

Thickness of yarn 
(mm) 

AR 
glass 

15 × 15  335  12.37  3100  72  1.5 

Carbon   408    4950  215   

* Provided by the supplier 

Table 2 
Mixture proportion.  

OPC Slag Silica fume Fine sand Medium sand Coarse sand Water# SP# Nano clay# 

0.595 0.105 0.3 0.4 0.3 0.3 0.2 0.01 0.002  

# All values are mass ratios to the binder 
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strength values were measured. A flow table test according to ASTM 
C1437 [52] was carried out to evaluate the workability of the concrete 
mix. The spread diameter across two perpendicular directions of the 
concrete mix was measured both before and after subjecting to 25 drops 
on the flow table. To assess the rheological properties, a rotational 
rheometer was employed and a shearing protocol similar to that in the 
previous studies of the authors was used to determine the flow curve 
[14]. The obtained torque and rotational velocity data from the 
rheometer were converted into shear stress and shear rate using the 
Reiner-Rwilin equation [53]. Three measurements were taken to ensure 
the homogeneity of the data and the average values were reported. 

To characterise the compressive strength of the high-performance 
concrete mix, cube specimens of 50 mm in dimension were tested 
under a quasi-static loading rate of 0.33 MPa/s using a uniaxial 
compression testing machine. The compression test was performed on 
the cube specimens that are saw-cut from printed panels for 3D printed 
specimens and from 50 mm cube moulds for mould-cast specimens. It 
should be noted that to evaluate the anisotropic behaviour of 3D printed 
specimens, compression tests were performed in three different di-
rections [13,14]. 

4.2. Quasi-static flexural test of panels 

To evaluate the static behaviour of 3D-printed and mould-cast 

Fig. 3. (a) Gantry type 3D printer (b) Extruder and nozzle.  

Fig. 4. : Textile reinforced concrete panel specimens fabricated by (a) 3D printing (b) mould-casting.  

Table 3 
Summary of specimens and test conditions.  

Specimen id Type of textile Preparation process Drop height (m) 

P-0 T-H1 No textile 3D-printed 1 
C-0 T-H1 Mould-cast 
P-GT-H1 AR-glass 3D-printed 
C-GT-H1 Mould-cast 
P-CT-H1 Carbon 3D-printed 
C-CT-H1 Mould-cast 
P-0 T-H2 No textile 3D-printed 2 
C-0 T-H2 Mould-cast 
P-GT-H2 AR-glass 3D-printed 
C-GT-H2 Mould-cast 
P-CT-H2 Carbon 3D-printed 
C-CT-H2 Mould-cast 
P-0 T-Static No textile 3D-printed Static test 
C-0 T-Static Mould-cast 
P-GT-Static AR-glass 3D-printed 
C-GT-Static Mould-cast 
P-CT-Static Carbon 3D-printed 
C-CT-Static Mould-cast 

Note: Specimen id P-GT-H2 represents a printed panel with AR-glass textile 
reinforced and a drop height of 2 m. P and C represent printed and mould-cast 
panels, 0 T, GT and CT represent no textile, AR-glass textile and carbon 
textile, and the last term indicates the drop height. 
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textile-reinforced concrete panels, 330 × 330 × 30 mm panels were 
tested using a spherical indenter of the diameter 62.5 mm with a quasi- 
static loading velocity of 1.0 mm/min, as shown in Fig. 5. The specimens 
were pin supported on all the four sides of a rigid base frame. The test 
continued until no further increase in load readings was observed or the 
specimen failed from spalling or widened cracks. The load and corre-
sponding mid-span deflection were measured and recorded. 

4.3. Drop load impact test 

Fig. 6 displayed the setup of the drop weight impact test. The drop 
tower consists of a steel support frame for the specimen, a spherical 
indenter of the same diameter, 62.5 mm, as quasi-static flexural tests, a 
loading mass which may drop freely along the guide rails on the two 
sides of the tower, a carriage which carries the dropping mass, and a 
Kistler load cell with the load capacity of 100 kN. The dropping mass 
was locked on the carriage, which can be raised to the desired height 
using a hoisting rope. In this study, the dropping mass was 8 kg 
including the indenter and the loading frame. After locking the dropping 
mass, the carriage was lifted to the desired drop height. Once the car-
riage is raised to the desired height, the locking device is triggered to 
release the mass, which drops freely along the two guide rails to impact 
with the specimen installed on the support frame. 

The specimen is pinned supported on all the four sides of a rigid steel 
support frame of the size 400 × 400 × 75 mm2 with an impact window 
of 300 × 300 mm2. The steel support frame was bolted on the Kistler 
load cell fixed on the base to measure the impact force. The force signal 
from the load cell is recorded using a Tektronix MDO34 oscilloscope 
with 200 MHz bandwidth. In order to measure the mid-span deflection 
of the specimen during the impact, an accelerometer with a sensitivity of 
0.264 mV/g was fixed on the bottom surface of the specimen. The 
accelerometer readings were double integrated to obtain the deflection 
at the mid-span to the corresponding impact force. To capture the failure 
mode of the specimens from the impact, a high-speed camera was placed 
right in front of the drop tower and recorded the deformation and 
cracking procedure at a frame rate of 10,000 frames per second. In the 
experiments, each type of specimens was dropped from two different 
heights of 1 m and 2 m, resulting in an impact velocity of 4.43 m/s and 
6.26 m/s, respectively. The impact force, deflection at peak force, en-
ergy absorption and failure mode were analysed based on the collected 
data. For every impact velocity, multiple drops were performed until 
specimen failure. 

5. Results and discussion 

5.1. Properties of the mix 

Table 4 summarises the workability, rheological properties and 
compressive strength of the high-performance concrete used in this 
study. The flow diameter before drop was observed to be close to the 
bottom diameter of the flow cone, showing good shape retention 
behaviour of the mix during the printing process. Furthermore, after 

subjecting the mix to 25 drops on the flow table, there was a noticeable 
increase in the flow diameter, indicative of reasonably good workability. 
Nevertheless, the increase was not significant, highlighting the resis-
tance of the concrete to withstand the load imposed by the subsequent 
printed layers. These findings are consistent with similar observations 
on the flow diameter results for printable mix in previous studies [9]. In 
addition, the viscosity and yield strength values of the high-performance 
mix adopted in this study imply its suitability for good pumping [54]. 

The compressive strength of the 3D-printed high-performance con-
crete specimens exhibited anisotropic behaviour in relation to the 
printing direction. Notably, the compressive strengths along the X and Y 
directions closely resembled to that of the mould-cast specimens, which 
quantifies to the effective compaction of the printed layers from the 
extrusion pressure. Similar anisotropic mechanical characteristics in 
printed specimens have been previously reported in prior researches 
[13,55]. 

5.2. Quasi-static flexural behaviour 

Fig. 7 illustrates the load vs deflection behaviour of both 3D-printed 
and mould-cast concrete panels subjected to quasi-static flexural 
loading. Under the quasi-static flexural loading condition, both printed 
and mould-cast specimens displayed similar load vs deflection curve and 
failure patterns. However, when comparing the C-0 T-Static and P-0 T- 
Static specimens with their counterparts reinforced with AR-glass and 
carbon textiles, a significant improvement was observed in the first 
crack load and post-cracking behaviour. As shown in Fig. 7(a), speci-
mens without textile reinforcement demonstrated a deflection softening 
behaviour, whereas their textile-reinforced counterparts, both printed 
and mould-cast displayed a deflection hardening behaviour. Neverthe-
less, the P-0 T-Static specimens exhibited a 38 % increase in deflection 
at the first crack load compared to the C-0 T-Static specimens. This 
difference can be attributed to the presence of interlayers in the printed 
specimens, which delays the attainment of their tensile strain capacity 
during the elastic range. 

However, after the formation of the first crack, printed specimens 
showed lower post-peak load-carrying capacity, along with larger de-
formations and spalling at the point of failure. In contrast, the mould- 
cast specimens displayed uniform crack propagation and a slightly 
higher post-peak load-carrying capacity compared to their printed 
counterparts. In addition, it can be seen that the first crack load for both 
3D-printed and mould-cast specimens was about 5.9 kN. However, with 
the incorporation of textile reinforcement the first crack load was 
increased by 61 % for AR-glass textile and 72 % for carbon textile for 
both 3D-printed and mould-cast specimens, respectively. 

The addition of textile reinforcement significantly enhanced the 
overall flexural stiffness of the concrete panels, resulting in improved 
load-carrying capacity. The improved flexural stiffness of textile- 
reinforced specimens was evident with carbon textile reinforcement 
due to their higher tensile strength and elastic modulus and resulted in 
improved load carrying capacity at larger deflection. However, it is to be 
noted that some of the printed and mould-cast specimens reinforced 
with carbon textile showed a sudden reduction in strength after reaching 
peak load. This can be attributed to fracture of some of the carbon textile 
filament yarns and debonding of carbon yarns due to the increased 
tensile strain at the textile and higher bond stress at the interface [56]. 
Notably, the first crack load for the P-GT-Static specimen exceeded that 
of the C-GT-Static specimen by 17 %, while the deflection at first crack 
load remained similar. However, carbon textile-reinforced printed and 
mould-cast specimens were observed to have comparable first crack load 
and first crack deflection. The increase in the first crack behaviour can 
be attributed to the enhanced composite behaviour from the improved 
bond between textile and concrete [56]. Furthermore, the enhanced 
post-peak behaviour of textile-reinforced printed specimens is due to the 
improved interlayer bridging with the textile delaying the failure. 

Furthermore, the peak load-carrying capacity and total energy Fig. 5. : Quasi-static flexural test setup.  
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absorbed during the quasi-static flexural loading condition for both the 
printed and mould-cast concrete panels are depicted in Fig. 8. Regard-
less of the textile reinforcement, the peak load and the total energy 
absorption capacity of both printed and mould-cast specimens were 
observed to be similar. However, the presence of textile reinforcement 
significantly improved the load carrying capacity and the total energy 
absorption. The energy absorption capacity of concrete panels were 
measured from the area under the load-deflection curve until 10 mm 
deflection. It was observed that, unreinforced panels showed a 
maximum deflection of 10 mm under quasi-static flexural loading. 
Furthermore, the total energy absorption capacity of P-0 T-Static spec-
imens was observed to be lower than C-0 T-Static specimens which can 
be attributed to the pronounced deflection softening behaviour observed 
in case of printed specimens. Nonetheless, the addition of textile rein-
forcement improved the post-peak deflection hardening behaviour of 
printed specimens resulting in comparable energy absorption capacity 
and peak load to that of mould-cast specimens. 

Moreover, the C-CT-Static and P-CT-Static specimens demonstrated 
improved the peak load capacity of 78 % and energy absorption capacity 
of 50 % when compared to the C-GT-Static and P-GT-Static specimens. 

The higher tensile strength and elastic modulus of carbon textile rein-
forcement compared to AR-glass textile reinforcement resulted in 
enhanced bending stiffness and improved post-peak behaviour. Thus, 
providing textile reinforcement enhances the post-peak behaviour for 
3D-printed specimens under quasi-static loading conditions. 

5.3. Impact response of panels 

5.3.1. First drop impact response 
To understand the impact behaviour, a typical impact force vs time 

graph of a specimen is shown in Fig. 9. The typical impact response can 
be divided into two stages: the impact region (the impact between 
indenter and specimen) and the springing region (after the rebound of 
dropping mass). 

After the point of contact between indenter and the specimen, the 
impact force increases linearly until reaching the peak load. The peak 
impact force corresponds to the rate of change of momentum of the 
dropped weight. However, it has to be noted that the peak impact force 
depends on the elastic stiffness, inertia of the slab and the surface 
roughness [57,58]. To mitigate the losses from the contact between the 

Fig. 6. : Drop weight test set-up (a) full setup (b) enlarged view of impact region (c) holding frame.  

Table 4 
Properties of the high-performance concrete mix (error indicates mean ± one standard deviation).  

Spread diameter (mm) Rheology Compressive strength (MPa) 

Before drop After drop Viscosity (Pa.s) Yield strength (Pa) Cast Printed direction 

X Y Z 

105 132 55.7 ± 2.6 355.8 ± 16.9 116.9 ± 5.0 114.7 ± 4.2 112.3 ± 3.8 97.5 ± 2.4  

Fig. 7. : Quasi-static flexural load vs deflection of printed and mould-cast specimens (a) No textile (b) AR-glass textile (c) Carbon textile.  
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indenter and the specimen, the top surface of the specimens are 
smoothed. After reaching the initial peak impact force, the indenter 
further deforms the specimen with the remaining momentum. However, 
during this phase, the specimen and head oscillate at different frequency 
which can be noted as fluctuations in the impact force vs time curve. 
Later on, after undergoing sufficient deformation, the indenter and the 
panel rebounds back to the initial position, causing the impact force to 
drop to zero. However, due to the effect of inertia in the impact, the 
specimen and the supporting frame mounted on the load cell tend to 
experience a tensile force which is marked by the negative force value 
due to the springing after impact. 

Figs. 10 and 11 show the impact force vs deflection behaviour for all 

the specimens dropped from a height of 1 m (4.43 m/s velocity) and a 
height of 2 m (6.26 m/s), respectively. The impact behaviour for both 
the drop heights showed a similar mode for both printed and mould-cast 
specimens. It is to be noted that the oscillations from the accelerometer 
after the impact (during the springing region) were not considered in 
calculating the deflection as it may lead to misinterpretation. 

The peak impact force for both printed and mould-cast specimens 
showed similar behaviour for both the drop velocities regardless of the 
textile reinforcement. However, the specimens with textile reinforce-
ment showed higher impact resistance attributed to the increased stiff-
ness of the panels. Similar observations were reported in previous 
studies with textile-reinforced slabs under low velocity impact [34,36, 
38]. Moreover, the specimens reinforced with carbon textile showed 
higher impact resistance than AR-glass textile due to the higher tensile 
strength. The peak impact force increased by 94.9 % and 67.7 % for 
AR-glass textile reinforced specimens and by 132.5 % and 173.4 % for 
carbon textile reinforced specimens when compared to unreinforced 
concrete panels impacted by a mass dropped from both 1 m and 2 m, 
respectively. Furthermore, the printed specimens displayed slightly 
higher deformation than the mould-cast counterparts, indicating 
increased energy dissipation, especially at higher impact velocities. 
Furthermore, the presence of interlayers distributes the impact force for 
printed specimens, unlike homogeneous mould-cast specimens. In 
addition, the deformation after each impact was observed to be slightly 
higher for printed specimens and the failure load and deformation are 
improved for printed specimens due to the presence of interlayers. 
Moreover, the addition of textile reinforcement in the printed specimens 
improved the distribution of the impact force between the printed 
layers, leading to an overall improvement in the impact behaviour. 

The damage caused by the first impact is shown in Fig. 12 for both 
drop heights. The addition of textile reinforcement improves the stiff-
ness of the concrete panels and enhances the impact resistance. It can be 
observed from Figs. 12(a) and 12(b) that, specimens without textile 
reinforcement exhibited crack propagation from the point of impact and 
showed brittle failure after the initial impact. However, textile- 
reinforced specimens showed no discernible damage at a drop height 
of 1 m and exhibited minor crack formation near the support region in 
the case of a drop height of 2 m. Moreover, in contrast to AR-glass textile 
reinforced panel specimens, those reinforced with carbon textile dis-
played no visible damage following the first impact, even when sub-
jected to a higher drop height. However, the formation of micro cracks 
during the impact is possible even with textile reinforcement. The 
enhanced stiffness and higher tensile strength of carbon textile when 
compared to AR-glass textile resulted in enhanced impact resistance 
even under higher drop velocity. In addition, it can be observed that 
spalling and cracks occur between the interlayers for the P-0 T-H1 and P- 
0 T-H2 specimens. Moreover, under higher drop height due to the 
increased impact force, the interlayer bond gets weakened resulting in 
delamination of layers as observed in Fig. 12(b). However, panel spec-
imens reinforced with textile demonstrated reduction in the interlayer 
damage, attributed to the improved bridging effect between the printed 
layers and more effective distribution of the impact force. 

Fig. 8. : Maximum load and Energy absorption capacity of specimens under 
quasi-static loading (error bar indicates mean ± one standard deviation). 

Fig. 9. : Typical impact force vs time behaviour.  

Fig. 10. : First drop impact behaviour of printed and mould-cast specimens for 1 m drop height (a) No textile (b) AR-glass textile (c) Carbon textile.  
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5.3.2. Multiple drops impact response 
The impact resistance and the cumulative energy for textile- 

reinforced concrete panels for both drop heights are presented in  
Fig. 13 and Fig. 14. In contrast to unreinforced concrete panels, both 
printed and mould-cast specimens with textile reinforcement did not fail 
after the first drop. Consequently, the drop weight was released multiple 
times from corresponding heights until failure. The failure of the panels 
was determined by a sudden drop in the impact force or the occurrence 

of widened cracks and concrete spalling. The cumulative energy after 
each drop was calculated as the area under the impact force vs defor-
mation curve during the impact region. 

In Fig. 13(a), it is evident that the impact resistance of carbon textile- 
reinforced concrete panels was higher than that of AR-glass textile- 
reinforced specimens. Furthermore, carbon textile-reinforced specimens 
maintained nearly consistent impact resistance force for up to 5 drops. 
This might be attributed to the higher stiffness of the carbon textile- 
reinforced specimens, demonstrating pronounced deflection hardening 
behaviour under flexure and thus under low impact velocities (4.43 m/ 
s) improves the impact resistance. The energy required to induce higher 
tensile strains for crack development was achieved after a greater 
number of drops. However, specimens reinforced with AR-glass textile 
exhibited widened cracks and spalling, resulting in reduced impact 
resistance after 3 drops. In addition, that the experimental results 
revealed similar impact resistance capacities for both printed and 
mould-cast specimens. The higher tensile strength of textile reinforce-
ment facilitated bridging between the interlayers, improving the com-
posite behaviour of the textile reinforced panels in distributing the 
impact forces. 

Fig. 13(b) revealed a comparable variation in the cumulative energy 
for both printed and mould-cast specimens. However, due to the higher 
number of drops required for carbon textile-reinforced specimens, the 
total cumulative absorbed energy was greater. The C-GT-H1 and the P- 
GT-H1 panel specimens exhibited lower impact resistance compared to 
their carbon textile-reinforced counterparts. Nevertheless, the cumula-
tive energy absorbed up to 6 drops was similar, because of the larger 
deformation of AR-glass textile-reinforced specimens under impact 
loading, attributed to their lower stiffness. A similar trend was not 
observed when the impact velocity increased. 

An increase in the impact velocity from 4.43 m/s to 6.26 m/s in-
creases the kinetic energy by 2 times. The panel specimens subjected to 
higher impact velocities experience greater tensile forces at the bottom 
of the panels and get amassed with an increasing number of drops. 
Consequently, the impact resistance capacity of textile-reinforced 
specimens is reached from a lower number of impacts under higher 
impact velocity loading conditions. Observing Fig. 14(a), it was noted 
that both textile-reinforced specimens failed after 3 drops when 
impacted by a mass dropped from 2 m. In addition, the impact resistance 
capacity reduced linearly for both printed and mould-cast specimens. 
Fig. 14(b) also illustrated that the cumulative energy absorption of 
carbon textile-reinforced specimens was higher than that of AR-glass 
textile-reinforced specimens. The higher tensile strength of carbon 
textile increases the impact resistance by about 75 % as compared with 
AR-glass textile under higher impact velocities. The enhanced composite 
behaviour of panels specimens reinforced with carbon textile leads to 
enhanced impact performance and an increase in the energy absorption 
capacity. Moreover, printed specimens exhibited higher deformations 
compared with mould-cast specimens under higher impact velocities. It 
is evident that textile reinforcement significantly enhances the impact 
resistance for both printed and mould-cast specimens, especially under 
higher impact velocities. 

Fig. 11. : First drop impact behaviour of printed and mould-cast specimens for 2 m drop height (a) No textile (b) AR-glass textile (c) Carbon textile.  

Fig. 12. : Failure mode after first impact for (a) 1 m drop height (b) 2 m 
drop height. 
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Fig. 13. : Impact response of different concrete panels after multiple drops from 1 m height (a) Peak impact force, (b) Cumulative energy after each drop (error bar 
indicates mean ± one standard deviation). 

Fig. 14. : Impact response of different concrete panels after multiple drops from 2 m height (a) Peak impact force, (b) Energy absorption capacity (error bar indicates 
mean ± one standard deviation). 

Fig. 15. : Top and bottom view of failure pattern after final impact (a) C-GT-H1 (b) P-GT-H1 (c) C-CT-H1 (d) P-CT-H1.  
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The failure pattern of textile-reinforced printed and mould-cast 
specimens after multiple drops from both impact velocities are shown 
in Fig. 15 and Fig. 16. In case of specimens reinforced with AR-glass 
textile, distinct flexural cracks on the tension phase at failure was 
evident, as depicted in Figs. 15(a) and 15(b). The flexural cracks, 
occurring after multiple impacts was observed to form in the centre of 
the slab propagating towards the four supports. Moreover, localised 
tensile failure with spalling of concrete was observed for both printed 
and mould-cast specimens following multiple impacts. In contrast, 
Figs. 15(c) and 15(d) reveal that carbon textile-reinforced printed and 
mould-cast specimens exhibited multiple cracks under failure on the 
tensile phase, radially propagating from the centre towards the supports. 
The pronounced deflection hardening behaviour of carbon textile rein-
forced panel specimens can be attributed to the formation of multiple 
cracks under failure with minimised concrete spalling. Furthermore, in 
contrast to carbon textile reinforced specimens, AR-glass textile rein-
forced specimens exhibited significant punching failure from the 
indenter on the compression side. 

In Figs. 16(a) to 16(d), it is evident that higher impact velocities lead 
to severe damage, manifested through excessive spalling and widened 
cracks with a lower number of impacts. Both the printed and mould-cast 
specimens, reinforced with both textiles, exhibits a failure pattern 
characterised by significant crushing and widened cracks on the 
compressive side under higher impact velocities. Moreover, the crushing 
failure and tensile cracks for printed specimens were observed to be 
reduced when reinforced with carbon textile. This is attributed to the 
higher tensile strength and elastic modulus of carbon textile, which 
improves the distribution of impact force under higher velocity impacts. 
Consequently, this results in minimised crack width and spalling. Thus, 
providing high-strength textile reinforcement for printed specimens not 
only improves impact resistance but also resists crack propagation and 
failure during higher impacts. 

6. Conclusions 

The impact resistance capacity of textile-reinforced 3D concrete 
printed panels in comparison with their mould-cast counterparts was 
investigated in this study under the drop weight impact test. Further, the 

effect of textile reinforcement on the impact behaviour was evaluated by 
comparing the behaviour of unreinforced printed and mould-cast 
panels. The impact load from multiple drops and the cumulative en-
ergy absorbed were evaluated for all the specimens subjected to two 
different impact velocities. Further, the effect of textile reinforcement on 
the failure mode and crack propagation of printed and mould-cast panels 
were also compared from the experimental results. From the experi-
mental results observed from this study, the following conclusions were 
drawn:  

• The impact load vs deformation behaviour for both the printed and 
mould-cast panel specimens were observed to be similar for both the 
drop heights. However, the deformation of the printed panels from 
the impact was observed to be slightly higher than that of the mould- 
cast panels due to the presence of interlayers, which increases their 
energy dissipation capacity. Further, providing carbon textile rein-
forcement improved the impact resistance for both printed and 
mould-cast specimens significantly and controlled crack propagation 
and failure. 

• Further, the quasi-static flexural test shows providing textile rein-
forcement improved the first crack load by 36 % for AR-glass textile 
and 45 % for carbon textile and also showed enhanced post- 
hardening behaviour and improved failure load carrying capacity. 
The enhanced post-hardening behaviour of both textile-reinforced 
panels was observed to enhance the impact behaviour from the 
damage condition from the first impact. Unlike unreinforced speci-
mens, for a drop height of 1 m, there was no damage observed for the 
textile-reinforced specimens whereas minor cracks were observed for 
the drop height of 2 m.  

• The impact resistance after multiple drops for the C-CT-H1 and P-CT- 
H1 specimens was observed to show a significant reduction and 
widening of cracks after 5 drops. However, the C-GT-H1 and P-GT- 
H1 specimens showed a reduction of impact resistance and failure 
occurred after 3 drops. The higher stiffness and enhanced deflection 
hardening behaviour from carbon textile reinforcement improved 
the impact resistance of the panels significantly. However, the cu-
mulative energy absorption capacity of both the textile-reinforced 
panels for the drop height of 1 m was observed to vary similarly. 

Fig. 16. : Top and bottom view of failure pattern after final impact (a) C-GT-H2 (b) P-GT-H2 (c) C-CT-H2 (d) P-CT-H2.  
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• However, under higher impact velocities, both AR-glass and carbon 
textile-reinforced specimens showed widened cracks and reduced 
impact resistance after 3 drops. The damage from higher velocity 
impacts is distributed better in the case of carbon textile-reinforced 
panels due to their enhanced composite behaviour and thus im-
proves the energy absorption capacity and impact resistance when 
compared to AR-glass textile-reinforced specimens. 

• In addition, the failure pattern shows that the AR-glass textile-rein-
forced panels had severe punching failure and widened cracks on the 
compressive side and four main cracks developed towards the sup-
port on the tension side along with significant spalling. However, 
providing high-strength carbon textile reinforcement improves the 
interlayer bridging for printed specimens and reduces the crack 
widening and spalling. Furthermore, the enhanced hardening 
behaviour improves the impact resistance capacity and forms mul-
tiple cracks on the tension side during failure. 

Providing textile reinforcement was observed to show enhanced 
impact resistance and improve the energy absorption capacity of printed 
concrete panels significantly. This provides geometrical freedom to 
construct architecturally pleasing impact-resistant structures using 
textile-reinforced 3D concrete printing. However, further detailed 
investigation on the impact behaviour of 3D concrete printed specimens 
based on the effect of mesh size and area of textile reinforcement, 
optimised print path and higher impact velocities need to be studied. 
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