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A B S T R A C T   

3D printing of concrete (3DPC) is an automated layer-wise construction technique that does not require tem
porary support, such as formwork, during the construction process. It facilitates the realization of geometrically 
complex objects at reduced construction time, and potentially cost, compared to conventional construction 
techniques. However, with technological advancements and new innovative construction methods, such as 
3DPC, it is still crucial to understand their performance in fire. Although concrete structures generally have a 
good reputation for their behavior in fire, there is negligible literature available on the behavior of 3DPC at 
evaluated temperatures. It is with this backdrop that this paper conducts a preliminary investigation on the 
behavior of 3DPC at elevated temperatures by conducting an experimental study. Eight concrete samples, con
sisting of both 3DPC and conventionally casted concrete, were tested by exposing the samples to a high incident 
heat flux via radiant panels, along with an additional 15 samples to obtain ambient strength properties. It was 
found that 3DPC is less susceptible to thermo-hygral spalling as a result of higher permeability and porosity in 
the 3DPC specimens compared to normally casted concrete. However, the 3DPC samples delaminated between 
layers (thermo-mechanical) as a result of reduced flexural strength.   

1. Introduction 

Digital construction, an additive manufacturing technology 
emerging from the Fourth Industrial Revolution, presents significant 
potential to industrialize the construction industry. This layer-wise 
construction technique facilitates free-form construction of geometri
cally complex elements at reduced construction time and cost compared 
to conventional construction techniques [1]. Several projects have been 
completed using 3D printing of concrete (3DPC), among others a 
pre-stressed bridge in the Netherlands and a state-of-the-art office 
building in the United Arab Emirates. However, a current pertinent 
disadvantage of this technology is the inability to automatically include 
steel reinforcement in the construction process [2]. Also, a specific issue 
that currently attracts significant attention is the influence that the 
interlayer bond has on the mechanical properties of 3D printed concrete 
(3DPC) elements [3]. Recent studies show that up to a 36% reduction in 
flexural strength is obtained for 3D printed samples due to the effect of 
the interlayer bond [4]. With technological advancements and new 
innovative construction methods, such as 3DPC, it is important to un
derstand their performance in fire. In general, concrete structures have a 

reputation for behaving well in fires [5]. When heated, the cement paste 
undergoes an endothermic reaction, thus reducing the rise in tempera
ture of the fire exposed side. Since concrete has a low thermal conduc
tivity and is non-combustible, it serves as good insulation that protects 
the reinforcing steel against heat. Although concrete in fire has been 
studied extensively by past researchers [6–9], there is negligible litera
ture available on the behavior of 3DPC in fire, and it is important to 
answer the question: does the 3D printing process influence the fire 
resistance of samples? Numerous questions remain unanswered with 
regard to 3DPC in fire, with an obvious area of concern being the 
behavior of the interlayer bonding when heated. It is with the above 
mentioned in mind that the paper seeks to investigate the behavior of 
3DPC at elevated temperatures. Typically, concrete mixes used for 3DPC 
have much higher strengths [10]. According to Buchanan and Abu [5], 
high strength concrete (e.g. 3DPC) is typically more susceptible to 
thermo-hygral spalling compared to normal concrete, because of higher 
compressive stresses and smaller free pore volume. Hence, the pores are 
typically filled with high pressure water vapour more rapidly, compared 
to normal weight concrete, and the low porosity results in slower 
diffusion of water vapour through the concrete. However, to limit the 
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number of variables discussed in this paper only 3DPC mix designs are 
used, and not conventional mixes. Furthermore, in this work radiant 
panels are used to subject concrete samples to high heat fluxes, rather 
than testing samples under conventional standard fire furnace condi
tions. This is done to create thermal gradients in small samples such that 
the effect of thermal curvature and induced stresses can be more easily 
studied. 

2. Interlayer bond behavior at ambient temperature 

3DPC differs fundamentally from conventionally casted concrete 
techniques as it utilizes a pump to transport the material from a hopper 
to a nozzle for extrusion. High pressures are imparted on the concrete 
during pumping that result in microstructural breakdown of interpar
ticle forces in thixotropic materials [11]. Consequently, some entrapped 
air escapes during the shearing of the material, resulting in a denser 
concrete after extrusion. Both porosity and density are important pa
rameters that influence concrete behavior at elevated temperatures and 
are determined for the 3D printable material in the sections that follow. 
3DPC elements comprise of multiple filament layers that are deposited 
in a layer-wise manner during the additive manufacturing process. The 
layers bond to one another to yield the desired 3DPC element. However, 
research indicates that the interlayer bonds reduce the tensile strength 
of 3D printed elements, resulting in quasi-homogenous elements. This 
behavior frequently occurs in 3D printing and is referred to as lack of 
fusion, with similarity to cold joint formation in conventional concrete 
construction terms. Typically, the flexural and tensile strength of 3DPC 
elements reduce as the time between deposition of successive filament 
layers increase, as depicted in Fig. 1. Van der Putten et al. [12] ascribe 
the decrease in strength to the loss of moisture in the filament layer. 
Sanjayan et al. [13] share similar sentiments. As the bottom layer be
comes drier with increasing printing time gap (Fig. 1), it absorbs more 
water from the freshly deposited top filament layer, which causes air in 
the bottom layer to escape and become entrapped at the interface. 
However, in another study by the same authors, they found that 
increasing the surface roughness of filament layers has a greater impact 
than moisturizing the substrate [14]. Kruger et al. [10] found that, for a 
small printing time gap and thus minimal loss of surface moisture, 
enhancing thixotropy behavior of the printable material improves the 
interlayer bond strength. Many theories have been tested and much 
work is still required to fundamentally understand the processes 
responsible for the lack of fusion in 3DPC. The authors of this research 
postulate that the lack of fusion may largely be attributed to the 
increased porosity (including capillary porosity) at the interlayer 

positions, yielding mechanically weaker concrete. 

3. Experimental setup 

In order to best understand the complex behavior of 3DPC at 
elevated temperatures, the experimental setup was simplified to repre
sent a one-dimensional heat conduction scenario. Eight samples were 
tested in total, where samples were subdivided into: (i) two 160 � 160 �
40 mm (L � H � W) samples of conventionally casted concrete, as 
depicted in Fig. 2, (ii) three 160 � 165 � 50 mm samples that were 3D 
printed as depicted in Fig. 3, and (iii) three 160 � 160 � 40 mm samples 
that were 3D printed and cut to have smooth edges with the same di
mensions as the casted concrete, as depicted in Fig. 4. 

In 3DPC structures, single layers are often printed, rather than 
multiple layers next to each other. These are connected to other layers in 
a truss-like manner, meaning that single lamina may be exposed to fire, 
and hence testing has been done in this manner. The 160 mm wide 3DPC 
samples were cut out of a 560 � 240 � 165 mm (L �W �H) rectangular 
printed section as depicted in Fig. 5. The maximum current nozzle size of 
the 3D printer at Stellenbosch University is 25 mm in diameter. Thus, it 
was necessary to over extrude, which consequently lead to less 
appealing aesthetics, in order to have a 40–50 mm wide sample, i.e. to 
perform four-point bending tests on the printed samples as discussed in a 

Fig. 1. Interlayer bond strength of 3D printed concrete samples for varying printing time gaps compared to the direct tensile strength of a reference sample 
(reworked from Ref. [4]). 

Fig. 2. Casted concrete sample.  

A. Cicione et al.                                                                                                                                                                                                                                 



Fire Safety Journal 120 (2021) 103075

3

later section. Since, the focus of the paper is on the effect of elevated 
temperatures on 3DPC, the aesthetics were not prioritized, but rather 
practicality. 

The samples were exposed to direct radiation of approximately 
50–60 kW/m2 via radiant panels acting perpendicular to the front face 
of the sample, as depicted in Fig. 6. The samples were heated until the 
thermocouples embedded in the middle of the samples reached a tem
perature of 300 �C. The sides of the samples were completely covered 
with ceramic blanket and the backside exposed to the environment in 
order to ensure one-dimensional heat transfer. The distance between the 
radiant panels and the test samples was approximately 50 mm. 

It should be noted that the boundary layer (i.e. as a result of con
vection) established at both the surface of radiant panels and the water- 

cooled heat flux gauges (HFGs) are overlapping, meaning that the 
sample and the HFGs were exposed to some amount of convection (as 
opposed to only radiation). This would have resulted in a small error in 
the heat flux (HF) readings, since the HFGs are only calibrated for ra
diation, but had no effect on the measured front surface, inside and back 
surface temperatures. Ultimately the temperatures are the results of 
interest, with heat fluxes simply indicating the exposure. 

3.1. Instrumentation layout 

The instrumentation layout is depicted in Fig. 7. K-type thermo
couples were used, connected to an Agilent 34980A data logger, and a 4- 
wire resistance temperature detector (RDT) was used as external refer
ence temperature. The 3DPC samples had 12 thermocouples in total, 
with 4 thermocouples placed between printed layers, 4 thermocouples 
placed within the printed layers, and 2 thermocouples placed on the 
front and back of the sample surface, respectively. The normally casted 
concrete (NCC) samples were equipped with 8 thermocouples in total, 
with 4 thermocouples placed within the sample, 2 thermocouples placed 
on the front and back of the sample surface, respectively. The thermo
couples placed in the middle of the samples were embedded by drilling a 
small hole (1.5 mm diameter) in order to fit the (1.5 mm) thermocouple 
inside. The holes were sealed with fire sealant to keep the thermocouples 
in place. The thermocouples placed on the face of the sample were fixed 
by drilling a hole that is half the diameter (0.75 mm) of the thermo
couples (1.5 mm), sticking the tip of the thermocouple into the hole, 
adding a small amount of fire sealant (note that the sealant did not make 
contact with the tip of the thermocouple), and lastly covering exposed 
sealant with aluminum foil tape to avoid the radiation affecting ther
mocouple readings. Two HFGs were placed on the sides of the test 
samples, in gypsum board, spaced 35 mm from the edge of the sample to 
the center of the HFG and 80 mm from the bottom of the sample to the 
center of the HFG, as depicted in Fig. 6. 

4. Materials and mixing 

4.1. Concrete mix composition and grading 

The 3D printable concrete mix ingredients and proportions used for 
this research are given in Table 1. 

A low water to cement ratio of 0.45 is employed, thus resulting in a 
HPC. This allows for superplasticizer addition that improves thixotropy 
behavior, which is deemed ideal for 3DPC [11]. Typically, materials 
with higher water to cement ratios demonstrate less thixotropy behavior 
and consequently perform badly in 3DPC applications. A CEM II 52.5 N 
cement that contains between 6 and 20% limestone extender is 
employed. DuraPozz Class F fly ash, together with FerroAtlantica 
Microsilica silica fume, are used as rheology-modifying extenders. The 
locally mined Malmesbury fine aggregate used has a maximum particle 
size of 4.75 mm. A polycarboxylate ether superplasticizer, Chryso Pre
mia 310, is added to aid with adequate workability and thixotropy. 

4.2. Fresh state properties 

The air content of the 3D printable material is determined before and 

Fig. 3. 3DPC sample.  

Fig. 4. Cut 3DPC sample.  

Fig. 5. Rectangular printed concrete section with 15 mm layer height from which 3DPC samples tested were cut.  
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after extrusion through the nozzle with the use of Forney’s Press-Aire 
Meter [15]. The air meter is classified as type B and the test executed 
according to SANS 6252 [16]. The concrete density is also determined 
for both casted and pumped concrete by filling a known volume and 
obtaining the corresponding sample’s mass. The results are presented in 
Table 2. 

The results indicate that the extruded concrete has 0.9% less 
entrapped air than the casted concrete. The effect thereof is evident in 
the densities, where the extruded concrete is denser by 23 kg= m3. 

4.3. Hardened state properties 

The 3D printable concrete’s compressive and flexural strength is 
determined at 7 day curing age (i.e. the same day of testing). Three 
different configurations are tested, namely conventionally casted con
crete samples in moulds (denoted NCC#), extruded/pumped concrete 
samples in moulds (denoted P#, i.e. formed using 3D printing extrusion 
within a contained space) and 3D printed samples denoted (3DP#). The 
compressive test moulds have dimensions 100 � 100 � 100 mm and 
follows the methodology depicted in SANS 5863 [17]. The flexural test 
moulds have dimensions 40 � 40 � 160 mm and follows the method
ology set out in EN 196-1 [18]. The 3D printed flexural samples are 
saw-cut from a 3D printed element and tested in four point bending with 
interlayers aligned vertically, as depicted in Fig. 8. All specimens were 

Fig. 6. Experimental setup showing the radiant panel setup and a 3DPC sample tested.  

Fig. 7. Instrumentation layout. Printed layout (top left images), and casted layout (top right image). All units in mm.  

Table 1 
3DPC mix constituent quantities.  

Constituent Description kg 

Cement PPC SureTech 52.5 N 579 
Fly Ash DuraPozz Class F 165 
Silica Fume SiliconSmelters Microfume 83 
Fine Aggregate Local Malmesbury 1167 
Water Potable Tap Water 261 
Superplasticizer Chryso Premia 310 5.75  

Table 2 
Air content and density of casted vs pumped concrete.   

Air Content (%) Density (kg=m3)  

Casted (not pumped) 6 2061 
Extruded (pumped) 5.1 2084  
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cured in a climate-controlled chamber at 23 �C and 65% relative hu
midity. The tests were performed in a Zwick Z250 material testing ma
chine and 2 MN Contest cube press machine. The results are presented in 
Table 3. 

The 3D printable concrete has a 7-day compressive strength of 41 
MPa when casted, and slightly higher at 47.82 MPa when pumped. The 
approximate 28-day compressive strength can be extrapolated from the 
7-day strength, assuming that concrete typically attains 70% of its 28- 
day strength at 7 days. Both the casted and pumped concrete possess 
compressive strengths larger than 50 MPa at 28-day curing age, which 
classifies it as a HPC [19]. It is clear that the reduced air content of the 
pumped concrete caused the increased compressive strength. The 
pumped concrete samples possess a 7-day flexural strength of 5.05 MPa, 
which is 0.84 MPa more than that of the casted samples. However, the 
3D printed samples possess a flexural strength of 3.51 MPa, which is 
1.53 MPa less than the pumped samples. Essentially, the pumping pro
cess increased the concrete’s flexural strength by 19.87%, while the 
interlayer bond of the 3D printed samples (see Fig. 8) reduced the 
flexural strength by 30.38% compared to its bulk (pumped) concrete. 
Further work is required to understand the high variation in flexural 
strength compared to the low variation in compressive strength of the 
pumped concrete. It is postulated that the shape, size, interconnected
ness and orientation of the voids in the concrete (see Fig. 9 and Fig. 10) 
influence internal micro crack propagation, whilst the degree thereof 
depends on the internal stress state induced by the load type. 

4.4. Computed tomography scan of 3DPC interlayer 

Figs. 9 and 10 depict the x-ray tomography (XRT) scans of the 
conventionally casted concrete samples and the 3DPC samples, respec
tively. X-ray Micro-computer tomography was performed at the Central 
analytical Facility of Stellenbosch University, and Volume Graphics VG 
Studio Max 3.3 was used to perform porosity and inclusion analysis. The 
samples in Figs. 9 and 10 were 20 � 20 � 20 mm in dimension (to give 
good resolution of smaller voids). Thus, Fig. 10 shows only one 
interlayer. 

It should be noted that the scans only show voids larger than 1 mm in 
diameter in order to make the results more clear. Including smaller voids 
make it extremely difficult to obtain any useful information in this case. 
By comparing Figs. 9 to 10, it is clear that the 3DPC samples have a 
higher permeability and porosity compared to the conventionally casted 
concrete samples. Furthermore, from Fig. 10, it seems that the perme
ability is even higher between layers compared to within the layers 
themselves. 

5. Results and discussion 

This section is subdivided into the following four subsections: (a) 
results and discussion of the normal casted concrete (NCC) samples, (b) 
results and discussion of the 3DPC samples, (c) results and discussion of 
the cut 3DPC (C3DPC) samples, and (d) overarching discussion 
regarding the most significant differences between (a), (b) and (c). 
During some tests a technical problem was experienced with the gas 
supply to the panels which stopped operating for a few seconds several 
times during the test, resulting in a dip in the heat fluxes and associated 
cyclic heating, as seen in Figs. 11 and 16 and Fig. 23. It is most 
noticeable in Fig. 16 during the testing of sample 1. However, temper
ature results obtained are not affected and is still suitable for analyzing 
the behavior and failure mechanisms. 

5.1. Conventionally casted concrete 

Fig. 11 depicts the average heat fluxes emitted onto the two NCC 
samples, as measured by the HFGs. Fig. 12 and Fig. 13 depict the time- 
temperature curve inside the samples and surface temperatures of the 
samples, respectively. 

Sample 1 and 2 spalled (thermo-hygral) at approximately 11.8 and 
21.2 min, respectively. The time at which spalling occurred, corresponds 
with the peak front surface temperatures (Fig. 13) and peak tempera
tures inside the samples (Fig. 12). The aftermath of these two experi
ments are depicted in Fig. 14 and Fig. 15. Spalling is a function of 
various factors, but with previous research studies showing contrary 
results, the exact mechanisms causing the damage due to spalling is still 
incompletely understood [5]. Currently, a unified fire-induced concrete 
spalling theory [20] has been proposed to explain the seemingly con
trary results that previous theories fail to explain. Fire-induced spalling 
can be categorized into three types according to their distinct governing 
mechanisms, thermo-hygral, thermo-mechanical and thermo-chemical 
spalling, with the spalling mentioned in this paper referring to 
thermo-hygral spalling (usually referred to as explosive spalling). Pre
dicting the risk of spalling has widely been associated with concrete 
properties such as permeability, density, and strength [5,21]. Since the 
focus of this work is on 3DPC at elevated temperatures, the factors 
leading to spalling are not further discussed here. Although the problem 
seems extensive, spalling can generally be avoided by adding, for 
example, polypropylene (PP) fibres to the concrete mix. Once heated, 
the PP fibres begin to melt and as a result it increases the porosity, 
leaving cavities through which the water vapour can escape [5]. 

5.2. 3D printed concrete 

Fig. 16 depicts the average heat fluxes emitted onto the 3DPC sam
ples, as measured by the HFGs. Fig. 17 and Fig. 18 depict the time- 
temperature curve inside the center of the samples and the surface 
temperatures of the samples, respectively. 

None of the 3DPC samples experienced thermo-hyral spalling during 
the experiments. Since the permeability of the 3DPC is apparently higher 
compared to the conventionally casted concrete (see Figs. 9 and 10), it 
allows vapour movement through the sample, reducing the pore pres
sure build up, which ultimately decrease the likelihood of spalling to 
occur [21]. All samples cracked during the course of the experiments. 
Unfortunately, since the samples were insulated with ceramic blanket on 
all sides, it was not possible to visually determine when the cracks 
occurred. After the experiments, the samples were left to cool down to 
ambient temperature. It is clear that all samples cracked along the in
terlayers and all three samples delaminated between layers when a mild 
force was applied by hand, as depicted in Fig. 19 to 21. 

A possible explanation can be that the self-equilibrating tension 
stresses, induced as a result of the thermal gradient, exceeds the flexural 
capacity of 3.51 MPa of the printed samples. Fig. 22 plots the strains 
(total, thermal and mechanical) and mechanical stress in 3DPC Sample 

Fig. 8. Schematized four point bending test setup of a saw-cut 3D prin
ted sample. 
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1 at 46 min. This has been calculated using [22] with material models 
being based upon EN 1992-1-2, with detailed explanations and a para
metric study conducted in Ref. [23]. Further research is required to 
characterize elevated temperature-stress-strain behavior of 3DPC, but 
this calculation provides an estimate of stresses experienced. From the 
figure it can be observed that for approximately 7 mm on the exposed 
face and 10 mm on the unexposed face the sample experiences 
compression, whilst the central region is in tension. The maximum 
tensile stress is 2.5 MPa, where the actual reduced flexural stress of the 
sample is 2.1 MPa (using the 300 �C temperature at the point of 

Table 3 
Compressive and flexural strength of casted, pumped and 3D printed concrete.  

Specimens Description Force 
(N) 

Stress – 7 day 
(MPa) 

Stress – 7 day 
average (MPa) 

Std. Dev 
(MPa) 

CoV 
(%) 

Stress - 28 day 
approx. (MPa) 

Stress – 28 day 
average (MPa) 

NCC1 4 Point Bending Test for 
Flexural Strength 

1649.94 3.87 4.21 0.30 7.07 5.52 6.02 
NCC2 1873.19 4.39 6.27 
NCC3 1866.81 4.38 6.25 
P1 2641.61 6.19 5.05 1.12 22.21 8.84 7.21 
P2 2133.87 5.00 7.14 
P3 1685.66 3.95 5.64 
3DP1 1762.63 3.33 3.51 0.38 10.94 4.76 5.02 
3DP2 1836.62 3.25 4.65 
3DP3 2036.06 3.96 5.65 
NCC1 Cube Test for Compressive 

Strength 
385 835 38.58 41.08 2.50 6.09 55.11 58.69 

NCC2 435 921 43.59 62.27 
NCC3 410 878 41.08 58.68 
P1 475 725 47.57 47.82 0.25 0.53 67.95 68.32 
P2 480 815 48.08 68.68 
P3 478 270 47.82 68.31  

Fig. 9. X-ray tomography scan of the NCC.  

Fig. 10. X-ray tomography scan of the 3DPC. Contour indicate inter
connected voids. 

Fig. 11. Heat fluxes emitted onto the NCC samples.  

Fig. 12. Temperatures inside the center of the samples.  

Fig. 13. Front and back surface temperatures.  
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maximum stress, and assuming flexural strength to reduce at the same 
rate as tensile stresses according to EN 1992-1-2). Hence, this indicates 
that the thermal forces induced at the interfacial zones are sufficient to 
cause failure, with failure likely to start in the middle of a section, rather 
than at the edges as might be expected. This indicates that reduced 
flexural stresses, as presented in Table 3, may contribute to cracking 
behavior, especially when reinforcement is not present. 

5.3. Cut 3D printed concrete 

Fig. 23 depicts the average heat fluxes emitted onto the C3DPC 
samples, as measured by the HFGs. 

Fig. 14. Aftermath of NCC sample 1.  

Fig. 15. Aftermath of NCC sample 2.  

Fig. 16. Heat fluxes emitted onto the 3DPC samples.  

Fig. 17. Temperatures inside the center of the 3DPC samples.  

Fig. 18. 3DPC Front and back surface temperatures.  

Fig. 19. 3DPC Sample 1 – Interlayer delamination.  
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Fig. 24 and Fig. 25 depict the time-temperature curve in the center of 
the samples and the surface temperatures of the samples, respectively. 

The C3DPC samples experienced the same delamination failure as 
the 3DPC samples, except for Sample 1 (Fig. 26) that experienced 
thermo-hygral spalling between layers. Spalling here was identified by 
loud popping noises at approximately 12 min into the experiment, at a 
heat flux of about 60 kW/m2. 

Samples 2 and 3 cracked during the course of the experiments, 
similar to the 3DPC samples. After the experiments, samples 2 and 3 
were left to cool down to ambient temperature. It is clear that the 
samples cracked along the interlayers and both samples delaminated 
between layers under load applied by hand, as depicted in Fig. 27 and 

Fig. 28. 

5.4. Discussion 

A major concern regarding the 3DPC samples is the tendency of the 
interlayer bonds to break at elevated temperatures. For load bearing 
elements, interlayer cracks may result in stability failure, whereas for 
non-load bearing elements it will result in integrity failure. The addition 
of steel fibres to 3PDC mix, will possibly also not reduce the likelihood of 
delamination occurring since the fibres will generally be situated within 
the layers, and will not act as a bridge between layers. It is postulated 

Fig. 20. 3DPC Sample 2 – Interlayer delamination.  

Fig. 21. 3DPC Sample 3 – Interlayer delamination.  

Fig. 22. Strains and mechanical stress in 3DPC Sample 1 at 46 min.  

Fig. 23. Heat fluxes emitted onto the C3DPC samples.  

Fig. 24. Temperatures in the center of the C3DPC samples.  

Fig. 25. C3DPC Front and back surface temperatures.  
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that the weakness formed between layers, as a result of higher porosity, 
is further weakened by the internal stresses due to the thermal gradient, 
highlighting a potential problem of the behavior of 3DPC in fire. In 
larger elements, and when structures are restrained, this problem may 
be reduced. Since spalling can be avoided by adding, for example, PP 

fibres to the concrete mix, it is not seen as a critical defect when 
comparing the 3DPC samples to the conventionally casted samples. In 
the isolated case where spalling occurred for the C3DPC sample, the 
behavior observed was different compared to the NCC samples. For this 
isolated C3DPC sample, the layers delaminated in a more explosive way, 
whereas for the NCC samples, spalling was significantly more 
destructive. 

6. Conclusions 

This paper presented a simple but novel experimental study looking 
at the behavior of 3DPC at elevated temperatures. The focus of this 
preliminary work has been on whether the process of forming 3DPC 
structures has an effect on its fire resistance and provides guidance for 
the way forward in terms of research needs regard 3DPC in fire. The 
main conclusions that can be drawn from this paper are as follows:  

� The behavior of 3DPC, in general, has similar behavior to NCC and 
no specifically unusual behavior was observed.  
� Failure occurred consistently at the interfaces for the 3DPC samples, 

indicating that the material strength is higher away from the inter
face. Interlayer bond failure occurred as a result of a thermal 
gradient that induced self-equilibrating tensile tresses, which were 
higher than the flexural resistance of the 3DPC samples expected at 
elevated temperatures. Hence, a study is required to characterize the 
elevated temperature performance of 3DPC under load, as limited 
data is currently available to understand what temperatures and 
stresses will cause failure;  
� Air content is reduced in 3DPC compared with NCC (Table 2). 

Reduced air content increases compressive strength (20%), however 
3DCP has lower flexural strength, as a result of the interlayer bonds 
(in this case it is 30% lower than NCC).  
� Undulating surfaces of the 3DPC samples may influence the heat 

transfer into a section and may cause stress concentrations to occur. 
Further work is required to understand the influence of surface ge
ometry on internal stresses and temperatures.  
� As introduced above, since lamina are often placed individually and 

linked to other lamina in a truss-like manner, the behavior of indi
vidual lamina needs to be considered, as widths vary depending on 
the extrusion process and equipment used. The thickness of 3DPC 
lamina will severely influence the internal stresses generated when 
heated. It needs to be understood what minimum lamina thickness 
would be required, depending on the fire resistance required.  
� The XRT scans showed that the 3DPC samples had higher void 

interconnectivity and higher associated permeability compared to 
the casted concrete, which reduced the likelihood of thermo-hygral 
spalling of the 3DPC samples. The XRT scans further showed that 
the interlayers had an even higher permeability compared to the 
layers, creating weak zones in the 3DPC samples. 
� Samples exposed to direct radiation (plus a small amount of con

vection) led to consistent explosive spalling in NCC, consistent 
delamination in 3DPC with undulating surface finish, and spalling in 
one C3DPC specimen (also between layers) and delamination in two 
specimens. 
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Fig. 26. C3DPC Sample 1 – Interlayer delamination as a result of spalling.  

Fig. 27. C3DPC Sample 2 – Interlayer delamination.  

Fig. 28. C3DPC Sample 3 – Interlayer delamination.  
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