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ABSTRACT  
Robotic clay formwork three-dimensional printing combined with incremental concrete casting 
controls concrete’s hydrostatic pressure and enables the production of building-scale structures. 
Clay formwork is self-demolding and less carbon intensive than concrete and polymer, often 
used in formwork additive manufacturing. This research investigates the recycling and reuse of 
clay to re-print formworks and tailors a self-compacting concrete formula with 60% reduced 
cement content and 90% larger maximum aggregate size. The study then explores integrating 
steel fibers and longitudinal rebars into the fabrication process to provide shear and bending 
reinforcement. When comparing the load-bearing behaviour of the fabricated beams against 
those cast traditionally using wooden formworks, the fabricated beams demonstrated 20% 
lower load-bearing capacity, with peak load mid-span deflections staying in a similar range. 
While more investigation is required to address formwork deformations using mixed steel fibers 
and recycled clay, this research paves the way for more sustainable concrete construction 
practices.
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1. Introduction

The construction industry is under increasing pressure to 
reduce its disproportionate impact on global green
house gas emissions. In 2020, buildings constituted 
36% of the world’s total energy demand and contributed 
to 37% of energy-related CO2 emissions [1]. The world
wide consumption of building materials experienced a 
threefold increase, surging from 6.7 billion tons in 
2000 to 17.5 billion tons in 2017. Among these materials, 
concrete, aggregates, and bricks emerge as the most 
commonly employed building elements [2]. Also, the 
manufacturing of cement, a pivotal ingredient in con
crete, is energy-intensive and contributes to 5–8% of 
total global CO2 emissions [3,4]. In addition, formworks 
contribute to waste production and, therefore, to the 
total cost and carbon emissions of concrete construc
tion, particularly for bespoke building components 
[5,6]. Most formworks are discarded after construction, 
and formwork waste can represent a substantial 
portion, ranging from 20% to 30%, of the total construc
tion waste [7]. The [8] reported a substantial need 
for increased investment in research, development, 
and advanced equipment to recover and process con
struction, renovation, and demolition waste, with a 
specific emphasis on cement-based materials. Efforts 

to decarbonise the cement sector are strengthened 
by adopting sustainable alternatives for concrete mix
tures and formwork material, replacing traditional 
methods [9].

Digital fabrication with concrete, including form
work three-dimensional (3D) printing through material 
extrusion, is an alternative approach to customisation 
in concrete construction with optimised and bespoke 
shapes to increase productivity, reduce construction 
waste and labour, and decrease the cost of producing 
complex forms [10,11]. Common materials used in 
formwork extrusion are concrete and polymers. 3D- 
printed concrete formworks usually do not have a 
load-bearing capacity and act as lost formwork. They 
are frequently used for time efficiency, minimised 
waste, and geometrical freedom for prefabrication 
[12,13] or in-situ construction [14–17] along with 
steel reinforcing cages for structural partitions (i.e. 
columns or shear walls). Despite the aforementioned 
potentials, digital fabrication with concrete, including 
3D printing, typically has a larger carbon footprint 
than conventional casting due to mixes with smaller 
maximum aggregate size and twice the cement 
content, coupled with lower durability due to higher 
drying shrinkage [9].
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Polymer formworks are typically printed as a remova
ble mold using Fused Deposition Modeling (FDM) [18– 
20] or extruded as stay-in-place insulation foam for 
building elements [21,22]. The recyclability of polymer 
formworks made from polyethylene terephthalate 
glycol (PETG) has been recently investigated in [23], 
where a decrease in mechanical performance was 
reported after one cycle. The removal of polymer form
work is labour-intensive and requires local heating. 
Moreover, the removed pieces require cleaning off any 
concrete or other residues before recycling.

Achieving desirable structural performance is a recur
ring challenge in digitally fabricated concrete [24], 
mainly due to the difficulty of integrating reinforcement 
into most of these technologies [25,26]. Investigations 
on the structural performance of concrete structures 
produced with extruded formwork include [27,28] for 
concrete as well as [29,30] for polymer formworks. 
Also, the durability of the produced elements and the 
integration of the techniques into mass-market 
applications and building codes are continuously 
examined [31].

Clay extrusion originated from the Contour Crafting 
fabrication process for ceramics [32]. Wet clay displays 
plasticity, allowing it to be extruded like the traditional 
clay coil pot method. Clay, along with other earth- 
based materials, has been investigated for the printing 
of small-scale and architectural applications [33–36] as 
well as large-scale construction of facades and housing 
[37,38]. The resurgence of interest in earth construction, 
coupled with digital fabrication technologies, showcases 
its potential as a modern, environmentally friendly, and 
economically beneficial method. However, despite these 
advancements, earth construction still falls short in 
workability and structural performance, as well as in 
material delivery systems, to fully automate the con
struction process.

Clay 3D printing as a formwork innovation for con
crete was first developed by Wang et al. [39] investi
gating water-to-clay ratios and a method to withstand 
concrete’s hydrostatic pressure by stacking and attach
ing 200 mm height segments of casts to reach a height 
of 1.4 m. Wang et al. [40] also performed a parametric 
study on clay deformation due to concrete’s pressure 
by printing 200 mm height cylindrical molds with 
varying diameters, extrusion layer heights, and wall 
thicknesses, showing that a reduction in cylinder diam
eter and layer height, as well as an increase in wall thick
ness, proved to reduce deformations in clay. Other 
recent studies concentrated primarily on smaller, dec
orative prototypes. In their experimentation with 
diverse molding techniques consisting of simple form
work, formwork with external/internal plastic or 

aluminum membranes, and formwork in a sandbox, 
Alonso Madrid et al. [41] noted an enhanced ease of 
clay reuse when employing membranes. Despite this, 
the quality of the concrete pieces produced remains 
somewhat dubious, even with membrane use. Hunt 
and Arthur [42] also presented a clay and paper 
formula as a mold for concrete and claimed its potential 
for recyclability.

While clay material boasts a smaller carbon footprint 
than concrete and polymer1, and offers the advantage of 
self-demolding formwork that could potentially elimin
ate waste, its limited resistance to the hydrostatic 
pressure of concrete presents difficulties in fabricating 
bespoke and building-scale prototypes. In our recent 
work, we introduced a method that integrates incremen
tal clay printing and concrete casting to control the 
hydrostatic pressure of concrete [43,44]. The integration 
of stiffeners provided additional strength to the form
work, creating a unique column of 1.3 m in height featur
ing intricate curves and openings. The study also 
presented an effortless demolding process for the clay 
formwork and its potential for recycling and reuse.

1.1. Summary and problem statement

Cement production is energy-intensive and contributes 
to a considerable fraction of global CO2 emissions. 
Additionally, formworks contribute to a large portion 
of construction waste and the overall cost and carbon 
footprint of projects. Exploring digital fabrication 
methods like formwork 3D printing offers potential 
benefits such as increased productivity, reduced waste, 
and lower costs for producing bespoke forms, increasing 
efficiency and geometric freedom in construction pro
cesses. However, the structural performance and inte
gration of digital fabrication techniques into building 
codes and mass-market applications remain active 
research areas. Also, other than durability issues, digital 
fabrication with concrete often results in a larger 
carbon footprint than traditional methods due to 
mixes with smaller aggregate sizes and higher cement 
content. Moreover, polymer formworks are being inves
tigated for their recyclability despite challenges related 
to their removal and the necessity of cleaning before 
recycling.

The use of earth-based material in 3D printing for 
construction purposes is being actively researched, 
leveraging its natural properties for eco-friendly and 
economical construction. However, earth construction 
continues to face challenges in terms of structural per
formance, functionality, and automation, hindering the 
reduction of manual labour and the improvement of 
both efficiency and construction quality. Clay formwork 
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extrusion has shown promise in small-scale and architec
tural applications, as our previous study showcased a 
customisation method to create a building-scale and 
bespoke concrete column. Many of the mentioned limit
ations regarding the construction with earth-based 
materials, such as lack of automation and investigation 
of the material performance, also apply to using clay 
as formwork for concrete. Our ongoing research aims 
to address these issues, paving the way for more sustain
able construction practices using digital fabrication.

1.2. Objectives and contributions

Building upon our previous studies [43,45], this paper 
investigates creating cement-reduced and load-bearing 
reinforced concrete prototypes using clay formwork. 
The two primary objectives are to (1) assess the potential 
for reducing the carbon footprint of our method by 
investigating (i) the viability of using an accelerated 
self-compacting concrete (SCC) with larger aggregates 
and lower cement than typical mixes used in digital con
crete processes, and (ii) the recycling and reuse of clay 
for re-printing of the formworks, as well as (2) explore 
the fabrication of load-bearing concrete elements by (i) 
incorporating steel fibers and reinforcing bars (rebars) 
to enhance shear and bending capacity, and (ii) compar
ing the overall structural performance of the fabricated 
beams with conventionally cast beams using wooden 
formworks.

This study represents a step forward in digital fabrica
tion with concrete utilising a less carbon-intensive form
work material than concrete and polymer. The research 
showcases a method with the potential to reduce con
struction waste and facilitate the creation of bespoke 
architectural and structural elements. The comparative 
analysis of beams fabricated with this method against 
traditional wooden formworks provides initial empirical 
evidence, setting a benchmark for future advancements 
in the performance and integrity investigation of con
struction using earth-based materials.

2. Materials and methods

This section presents a methodology to address the 
mentioned objectives using an incremental clay printing 
and concrete casting technique. The fabrication setup 
includes a 6-axis industrial KUKA KR 120 robot arm [46] 
mounted on a linear track and equipped with a clay 
extrusion end effector. Details of the fabrication setup, 
digital design-to-fabrication workflow, extrusion tool
head, and control method can be found in [44]. The 
only addition to the setup is a 2D laser profile scanner 
(Gocator 2300 Series from [47]) mounted on the robot 

arm to scan the fabricated beams and measure the form
work deformation.

In this section, we tailor a conventional SCC mix with 
reduced cement content and a larger maximum aggre
gate size, as well as examine the reuse of the removed 
clay formwork to re-fabricate new prototypes. This 
includes evaluating the compatibility of the tuned con
crete formula and recycled clay to our incremental print
ing and casting method, as well as the total deformation 
of the formworks. We also explore the integration of 
short steel fibers and longitudinal rebars into the fabrica
tion of concrete beams to provide shear and bending 
reinforcement. We then conduct a series of structural 
bending tests using non-recycled and recycled clay 
with two fiber integration methods to investigate the 
load-bearing capacity and provide a comparative analy
sis with a conventional casting technique.

Section 2.1 covers the specifications of clay, concrete, 
steel fibers, and rebars utilised in the experiments. We 
then discuss the fabrication process of the reinforced 
concrete beams (Section 2.2), the clay’s recycling 
process (Section 2.3), the scanning process to measure 
formwork deformations (Section 2.4), and the structural 
tests (Section 2.5).

2.1. Materials

2.1.1. Clay
The formwork extrusion material is a terracotta clay (RO- 
82M from [48]); most of the body content is redart, an 
iron-bearing clay, while the remainder includes ball 
clay for plasticity and 3% fine mullite grog for smoother 
body and stability (Figure 1 (left)). Table 1 shows the 
properties of this commercial ready-to-use clay tested 
at [49] according to American Society for Testing 
Materials’ [50,51] standard tests. The moisture content 
of the tested clay is about 27%, indicating that it is in 
a plastic range based on its Atterberg limits (Table 1).

2.1.2. Concrete
In this study, we fine-tuned a conventional SCC mix from 
[52] to reduce the carbon footprint of the concrete mix 
used in our previous research [44]. The use of around 
90% increased maximum aggregate size (9.5 mm vs. 
, 1 mm) allowed 60% lower cement content (14% vs. 
35%) (Table 2). Also, a spread of over 500 mm in the 
slump test (Figure 1 (center)) confirmed the self-com
pacting nature of the used mix to provide the required 
workability and fill narrow areas of the formwork.

The casting process uses a set-on-demand technique 
[20,53] with retarder and accelerator admixtures (Table 
2). However, our SCC mix contains half the cement 
content and more than twice the maximum aggregate 
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size compared to conventional set-on-demand mixes. 
Several tests were performed to quantify the required 
accelerator dosage that enables proper workability of 
the mix and a sufficiently low formwork pressure. 
Figure 2 shows sample trial mixes cast into cylindrical 
clay formworks to test the consistency, adjust the retar
der-accelerator2 proportions, and examine the achiev
able print heights.

During the fabrication process, the retarder is added 
to the original concrete mix to delay the hydration and 
keep the concrete fresh for a longer duration (typically 
2-3 h). The accelerator is manually mixed with a 
smaller batch of the retarded concrete 1-2 min before 
casting to speed up the setting of the concrete and 
reduce the hydrostatic pressure on the formwork and, 
therefore, prevent large deformations and failure in 
the plastic clay.

To estimate the concrete’s compression strength, we 
cast four cylinders of 150 mm diameter and 300 mm 
height with a similar sequential printing and casting 
process explained in Section 2.2 and tested them 26 
days after casting (Figure 3). We observed low compres
sive strengths with an average of 17 MPa (2466 psi) 
for samples 1 and 3 and ignored the low strength 
values for samples 2 and 4, which showed local 
crushing. The potential reason behind this reduced 

value could be the effect of uneven surface contact 
with the testing machine as well as cold joints 
between the concrete layers, which should be investi
gated in future research.

2.1.3. Reinforcement
We used longitudinal steel rebars to provide bending 
reinforcement. The rebars have a diameter of 15.9  
mm (5/8 inch) with a nominal strength of 414 MPa 
(60 ksi). The stress-strain curves of the three rebars 
tested in direct tension, including the average 
dynamic values for yield stress fy , ultimate stress fu, 
and ultimate strain eu are presented in Figure 4. As 
shown, the yield stresses are above 500 MPa and 
higher than the nominal value.

To provide shear reinforcement, we utilised brass- 
coated high carbon steel fibers with surface striations, 
a length of 6 mm, a diameter of 0.2 mm, and a 
nominal tensile strength of 2847.5 MPa (413 ksi) from 
[54] (Figure 1 (right)). Two alternative processes were 
explored to distribute the fibers: (1) mixed into the con
crete batch for each cast layer and (2) spread on top of 
each cast layer. The fiber content was 0.5% of the con
crete weight for the mixed fibers and reduced to 0.2– 
0.3% for the interlayer fibers to account for their more 
favourable orientation.

2.2. Fabrication process

Section 2.1 provided an overview of the material proper
ties, including the tuned reduced-cement SCC mix. 
Before exploring the recycling and reuse of formwork, 

Figure 1. Commercial ready-to-use terracotta clay block (left), slump flow test of the SCC mix with a spread range of 500–600 mm 
(center), and steel fibers (right).

Table 1. Terracotta clay properties.
Wet  
density  
(kg/m3)

Natural  
moisture  

content (%)
Atterberg  
limits (%)

Unconfined  
compression  

strength (kPa)

Undrained  
shear  

strength (kPa)

2003.9 26.7 LL=38 PL=17 41.5 20.7

Table 2. Concrete composition (% of the total mix weight).
Sand (0.3–2 mm) Aggregate (4.75–9.5 mm) Portland cement(I/II) Water Limestone Superplastisizer Retarder Accelerator

39.5 30.2 14.1 8.7 5.2 0.2 0.2 1-2
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we present the fabrication process of reinforced con
crete beams with the integration of steel fibers and 
longitudinal rebars to address the objective of evaluat
ing the load-bearing behaviour in the structural tests 
(Section 2.5).

Figure 5 shows an overview of the fabrication 
process. The beams using 3D-printed clay formwork 

are fabricated vertically; each beam is 1 m long with a 
rectangular cross-section of 180 mm× 150 mm (Figure 
6) and cast using a total of 3.5 retarded batches of
17.9 kg SCC mix. The clay is printed with a bead height
of 1.5 mm, a width of 6 mm, and a printing speed of
50 mm/s. The printing speed was determined empiri
cally to ensure adequate layer adhesion, dimensional

Figure 2. Sample trials to fine-tune the SCC mix, and adjust the retarder and accelerator proportions.

Figure 3. Cylinder samples used in the compression test; samples 2 and 4 showed lower compressive strengths.
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accuracy, and curing time for the concrete. Also, the 
bead height was systematically investigated in our 
earlier study [44], where the heights below 2 mm 
resulted in minor formwork deformations and the least 
porosity. The average total fabrication time of each 
beam is approximately 6.5 h (excluding the insertion of 
longitudinal rebars and grouting).

The fabrication of each beam begins with mixing a 
17.9 kg batch of retarded concrete and printing the 
first 5 cm height of clay formwork. After each sequence 
of clay printing, a small concrete batch (around 2.5-2.6  
kg to fill up the 5 cm layer) mixed with a 2% accelerator 
is cast into the formwork. We used a small trowel for slight 
manual vibrations after each cast to avoid air entrapment. 
The wait time between casts is 15–20 minutes to allow (1) 
the extrusion of the following 5 cm layer and clay extru
der tube change if necessary and (2) the concrete to set 
and minimise the pressure on the printed formwork. 
The accelerator content was reduced to 1% towards the 
end of each large concrete batch.

The formwork includes four stiffeners on each side to 
provide extra resistance to withstand the hydrostatic 
pressure from fresh concrete and prevent excessive 
formwork deformation (Figure 7). As mentioned, the 
steel fibers were either mixed into the small concrete 
batch right before casting or spread on top of each 
casting layer (Figure 7). To accommodate the longitudi
nal rebars for bending reinforcement, a 40 mm× 90 mm 
void is printed alongside each cross-section (Figures 6

and 7) and kept empty until the entire formwork 
(exterior and interior) is removed.

At the end of the printing and casting sequence, the 
top of the formwork is covered with a damp towel for a 
few hours to keep the clay moist and prevent it from 
absorbing extra water from the concrete. The exterior 
formwork dries, self-demolds, and can be easily picked 
up after 2-3 days (Figure 5). The beam is then covered 
to avoid dehydration (only the void part is left 
exposed on either end to allow the interior clay to 
dry). The internal formwork required 6-7 days to dry 
and was removed using a long chisel. After removing 
the formwork entirely, two rebars were fixed on one 
side of the vertically placed beam, the void was 
grouted with the SCC mix including 2% accelerator, 
and then the bars were anchored to steel plates on 
both sides of the beam (Figure 5). The reinforcing bars 
were welded with threaded ends before insertion, allow
ing for anchorage via hex nuts. The beams were covered 
in the laboratory until the testing day, 14 days after the 
initial casting.

2.3. Recycling and reuse of clay

In addition to fine-tuning the concrete mix to reduce the 
carbon footprint, we aim to investigate waste reduction 
by recycling the removed clay formwork from the fabri
cation process and evaluating its material properties and 
compatibility to re-produce new prototypes.

Figure 4. Stress-strain curves under the direct tension for three #5 rebars (Ø = 15.95 mm, A = 198 mm2) including the average 
dynamic values for yield stress fy , ultimate stress fu, and ultimate strain eu.
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After clay dehydration and demolding within 2-3 days 
of casting the concrete, there is usually minimal concrete 
residue on the detached formwork, as seen in Figure 8
(left). This residue does not drastically affect the quality 
of the recycled clay and re-extrusion. The recycling 
process of the retrieved formwork follows these steps: 
(1) Allow the collected detached formwork pieces to 

dry completely within 5–7 days. (2) Place approximately 
2.5 kg of dried clay in a pillowcase made from soft and 
porous microfiber material. For our clay extrusion 
setup, each tube required about 7.5 kg of dried clay. 
(3) Hammer the encased dried clay into smaller pieces 
(Figure 8 (center)). (4) Twist the filled pillowcase, tie it, 
place it into a bucket full of water, and let it sit for an 

Figure 5. Overview of the fabrication process: (top) printing and casting sequence, and (bottom) removal of the self-detached exter
nal formwork, installation of the longitudinal rebars (after the removal of the internal formwork), grouting the void, and the finished 
beam before screwing the anchorage bolts.

Figure 6. Beam properties and structural test configuration, the dashed lines show the casting layers (dimensions in mm).
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hour. (5) Hang the fabric containing wet clay securely, 
allowing it to dehydrate for about five days until it 
stops dripping and feels firm. (6) Unfasten the pillow
case, and before taking the clay out, forcefully flatten it 
by slapping it to a wooden or plaster surface to 
remove any excess water. At this point, the clay should 
be firm enough for wedging. (7) Remove the flattened 
clay from the fabric, cut it into a few pieces, stack the 
pieces, and wedge manually (spiral wedging) to hom
ogenise it, release entrapped air bubbles, and improve 
its plasticity and workability. (8) After making sure the 
wedged clay has a good consistency, cover the resulting 
block (Figure 8 (right)) with plastic until required. The 
formworks printed from recycled clay utilised the same 
extrusion settings as non-recycled clay. A sample of 
the recycled clay was also tested for material character
isation, presented in Section 3.1.

2.4. Formwork deformation

To evaluate the compatibility of the tuned SCC mix as 
well as the recycled clay with our incremental printing 
and casting method, we used a 2D laser profiler end 
effector to scan the beams after their complete fabrica
tion to quantify the total clay deformation. The laser 

profiler captured a high-resolution point cloud with 
less than 2 mm spacing. The scanning process per
formed two vertical passes from the two opposite 
corners of each beam. The output point clouds charac
terise the deformations of the formwork when com
pared to the reference digital model. We refer to our 
recent article, Adel et al. [55], on the details of the 
method and applied algorithms for calculating the 
point cloud deviations.

To summarise, we run a sampled point cloud from the 
reference digital model and the scanned point cloud 
through an iterative closest points (ICP) algorithm [56] 
to minimise the total deviation between the two sets, 
aligning the scanned beam to the reference model. 
The algorithm then computes the closest distance 
between each scanned point and the reference model, 
which estimates the formwork deviations. Section 3.2
presents the deformation results.

2.5. Structural tests

We designed experiments to test the load-bearing behav
iour of six specimens listed in Table 3; four were fabricated 
with 3D-printed clay formwork, and two with conven
tional wooden formwork. From the four beams fabricated 

Figure 7. Formwork cross-section with four stiffeners and an internal void: interlayer (left) and mixed (right) fibers.

Figure 8. Recycling process: demolded formwork (left), crushed pieces in the fabric (center), kneaded clay ready for extrusion (right).
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with clay formwork, two utilised ready-to-use non- 
recycled clay, and the remaining two utilised recycled 
clay. Within each categorical pair, one beam utilised 
mixed fibers, and the other utilised interlayer steel fibers. 
However, the fabrication of the beam with the recycled 
clay and mixed fibers (B4-RCL-M) failed due to excessive 
clay deformations in a few spots, and the time sensitivity 
of the project schedule did not allow for the re-fabrication 
of this beam. In the case of the conventional wooden 
formworks, we cast two identical beams horizontally 
using an identical SCC formula and mixed fiber content 
with a 2% accelerator. Due to the limited volume of the 
concrete mixer, the horizontal casting was performed in 
several layers with a time interval of 5–10 min.

The beams were tested 14 days after the initial 
casting in a four-point bending test setup, with a span 
of 900 mm and load spacing of 100 mm, as depicted in 
Figures 6 and 9. We installed four pairs of markers on 
the beams to track the 3D kinematic motions of the criti
cal locations using the Optotrak Certus system from [57] 
(Figure 9). The testing device applied the load in a defor
mation-controlled mode with a starting speed of 
0.005 mm/s up to the propagation of the initial cracks.

Depending on how effectively the fibers would behave 
as shear reinforcement, we considered the strength of the 
beams to fall between their full bending capacity and 

their shear capacity, assuming no shear reinforcement 
was present. According to [58] (ACI 318-14) and consider
ing the average material properties (f ′c = 17 MPa and 
Fy = 500 MPa), the bending capacity of the beams 
amounted to 21.4 kNm (ACI Section 22.2) and their 
unreinforced shear capacity to 16.6 kN (ACI Equation 
22.5.51), with the maximum value of the applied load 
ranging between 33.2 and 95.0 kN.

3. Results and discussion

Figure 10 shows the three successful fabricated beams 
using 3D-printed clay formwork. This section presents 
the results of using recycled clay for re-fabrication, the 
formwork deformation analysis, and the structural per
formance of the beams compared to the traditionally 
cast prototypes.

3.1. Recycled formwork

Table 4 compares the properties of the commercial ready- 
to-use clay with the recycled clay formwork, both tested 
at [49]. As mentioned in Section 2.5, the second beam 
with recycled clay (B4-RCL-M) had excessive deformations 
due to fresh concrete pressure, cracked at two locations, 
and eventually failed. We speculate that the reduced 
compression and shear strength and higher moisture 
content of the recycled sample presented in Table 4
could have contributed to this failure. Future investi
gations should aim to more precisely isolate and under
stand the variables affecting the performance of clay as 
formwork, such as precise investigation of the required 
clay rheology to achieve a proper buildability and its 
interaction with the surrounding air and fresh concrete, 
as well as the environmental effects (e.g. temperature 
and humidity) on the concrete mix and additional 
weight of concrete due to mixed fibers.

Table 3. Overview of the beam specimens.
Beam ID∗ Formwork Steel fibers Rebars

B1-CL-I clay interlayer yes
B2-CL-M clay mixed yes
B3-RCL-I recycled clay interlayer yes
B4-RCL-M∗∗ recycled clay mixed yes
B5-WD-M wood mixed yes
B6-WD-M wood mixed yes

Notes: 
∗Beam ID abbreviations – B#: beam number, CL: clay formwork, RCL: 

recycled clay formwork, WD: wood formwork, M: mixed fibers, and I: inter
layer fibers. 
∗∗Failed specimen.

Figure 9. Four-point bending test setup with four pairs of kinematic tracking markers installed on the beam’s surface.
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In the case of the beam successfully fabricated with 
recycled formwork (B3-RCL-I), the print quality and the 
resulting concrete beam had minor differences com
pared to the beams produced with non-recycled clay 
(Figure 10). The slight differences might be due to 
over-extrusion caused by a nozzle clogged with concrete 
particles. This could be resolved by ensuring the form
work is dry enough to self-detach with minimal concrete 
residue and removing any large aggregates attached to 
the formwork before starting the recycling process. 
Increasing the nozzle size could be another solution. 
However, the extrusion rate, bead height, and wall thick
ness should be re-examined and adjusted accordingly. 
The formwork deformations and structural performance 
of the beam cast with recycled clay are discussed in Sec
tions 3.2 and 3.3.

3.2. Formwork deformation

Figure 11 shows the deviations of the scanned point 
clouds (as-built) from the reference digital beam model 
(as-planned) using methods detailed in [55]. The 

deviations are almost equivalent to the total formwork 
deformations, except for the ridges at the locations of 
stiffeners, where the continuous vertical lines show up 
in the heat maps of Figure 11. The average deviation 
for beam 1 (B1-CL-I) is 0.91 mm, with a median of 0.53  
mm and a standard deviation of 1.52 mm. The average 
deviation for Beam 2 (B2-CL-M) is 1.68 mm, with a 
median of 1.19 mm and a standard deviation of 1.79  
mm. For beam 3 (B3-RCL-I) with recycled formwork, 
the average deviation is 1.27 mm, with a median of 
0.85 mm and a standard deviation of 1.77 mm. The 
increased deformations in the case of beam 2 could be 
due to the concrete’s increased weight with the mixed 
fibers. Also, when comparing both beams with interlayer 
fibers (beams 1 and 3), the increase in deformations of 
beam 3 with recycled clay could result from lower 
material strength and higher moisture content.

3.3. Structural tests

Figure 12 shows the load-displacement curves resulting 
from the four-point flexural tests, with Table 5

Figure 10. The three beams fabricated with 3D-printed clay formwork; the beam with recycled and reused clay is on the right side, 
with the exterior formwork just removed.

Table 4. Terracotta clay properties (non-recycled vs. recycled∗).
Wet density (kg/m3) Natural moisture content (%) Atterberg limits (%) Unconfined compression strength (kPa) Undrained shear strength (kPa)

2003.9 26.7 LL=38 PL=17 41.5 20.7
1968.7∗ 29.2* LL=41∗ PL=18∗ 27.1∗ 13.6∗
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summarising the values for the ultimate load, Fu, mid- 
span deflection, Du, at Fu, and failure modes. Beam 1 
(B1-CL-I) experienced a premature anchorage failure, 
likely caused by improperly applying the longitudinal 
reinforcement anchoring on one side of the beam. The 
results of this beam are not representative and are 
neither displayed in Figure 12 nor Table 5.

Regardless of the casting technique and formwork 
material, the overall behaviour was similar in all cases, 
with the ultimate load, Fu, independent of the utilised 
strategy for the fiber shear reinforcement. The crack pat
terns were also similar; after an initial phase in which the 
beams remained uncracked, a few wide-spaced flexural 
cracks formed in the region close to the midspan. 
Later, diagonal shear cracks formed, where beams 3 
(B3-RCL-I) and 6 (B6-WD-M) displayed diagonal cracks 
on both sides (Figure 13). Despite the initial stable pro
gression of the shear cracks, a brittle shear failure 

occurred in all beams. Beam 3 with the recycled clay 
formwork showed concrete spalling around the top of 
the rebar void on one side, indicating a weak construc
tion bond. However, compared to beam 2 (B2-CL-M), it 
performed stronger with a minor second load peak 
after the diagonal crack opening, which could result 
from the interlayer fibers activation (Figure 12). Also, 
although beams 5 (B5-WD-M) and 6 (B6-WD-M) were 
cast and reinforced similarly, a second load peak in 
beam 6 (Figure 12) after the stabilisation of the second 
shear crack could be interpreted as extra aggregate 
interlocking or more activation of the mixed fibers.

The mean value of the ultimate load amounts to 43.3  
kN, which is within the calculated capacity range from 
Section 2.5 (33.2 kN < 43.3 kN < 95.0 kN) and close to 
the shear capacity without stirrups. This confirms the 
softening of the fibers (mixed or interlayer) and their 
insufficiency in contributing to the shear strength, 

Figure 11. Formwork deformations as: (top) histograms with a bin size of 0.5 mm, and (bottom) heat maps with reported average (μ), 
median (η), and standard deviation (σ). The continuous vertical red/yellow lines in the heat maps are related to ridges caused by the 
formwork stiffeners and can be ignored.
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causing a brittle behaviour and shear failure. The equiv
alent concrete tensile stress provided by the fibers can 
be estimated using a fiber engagement model that 

assumes a fiber pull-out with a constant bond strength 
over the fiber length [59,60], which subjects to future 
research.

The ultimate load, Fu, in beams 5 and 6 cast with 
wooden formwork is around 20% higher than beams 2 
and 3, with the mid-span deflections at the peak load, 
Du, staying in the same range for both casting tech
niques (Table 5). The increase in the maximum load 
of the beams cast with wooden formworks could 
be attributed to horizontal versus vertical concrete 
casting that affected the bond between the cast layers. 

Figure 12. Load-displacement behaviour. Table 5 shows the values at the ultimate load marked with circles and their corresponding 
deformation. The curve for B1-CL-I is not presented because of the premature anchorage failure.

Table 5. Summary of the test results presented in Figure 12, Fu is 
the ultimate load and Du is the mid-span deflection at Fu.
Beam ID Fu (kN) Du (mm) Failure mode

B1-CL-I – – anchorage failure
B2-CL-M 37.95 1.14 shear
B3-RCL-I 40.48 2.29 shear
B5-WD-M 48.87 1.57 shear
B6-WD-M 46.09 2.04 shear

Figure 13. Diagonal tension shear failure of the four tested beams close to failure (80-90% of the peak load).
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Also, clay water absorption from concrete and early 
shrinkage could cause this reduction. Moreover, the 
weak bond around the construction joint, caused by 
integrating the void for rebars, could decrease the 
shear transfer.

4. Conclusions

This article explored the load-bearing performance of 
concrete elements fabricated through 3D-printed clay 
formwork. The study investigated the fabrication of 
reinforced concrete beams utilising a tailored self-com
pacting mix and explored the use of recycled clay. The 
successfully developed less carbon-intensive SCC 
formula with 60% reduced cement content and 90% 
larger maximum aggregate size showed proper flowabil
ity and facilitated grouting. The study also presented a 
process for recycling and reusing clay and compared 
the material properties and formwork deformations to 
the non-recycled formwork; the print quality, formwork 
deformation, and the resulting concrete beam showed 
minor differences when using interlayer fibers. The use 
of mixed fibers caused more formwork deformations, 
and, in the case of recycled clay, the formwork failed 
during fabrication. We speculate that this behaviour 
could result from increased pressure of the fresh con
crete with mixed fibers and reduced material properties 
of recycled clay; however, further investigation should 
focus on meticulously identifying and analysing other 
factors that impact the formwork deformations and per
formance of recycled clay. This involves an in-depth 
examination of the material’s properties and buildability 
post-recycling and assessing how these influence the 
compatibility with fresh concrete in scenarios such as 
varying environmental conditions (e.g. humidity and 
temperature fluctuations), which could affect the 
drying and curing processes of fresh concrete and clay.

In addition, the study applied a methodology for rein
forcing the concrete elements by integrating a continu
ous printed void to accommodate longitudinal rebars for 
bending strength. The structural tests showed similar 
brittle shear failure and crack progression across 
different casting techniques, which was not affected by 
the strategy used for fiber shear reinforcement. The fab
ricated beams with clay formwork showed 20% lower 
load-bearing capacity than the traditionally cast 
beams, with the mid-span deflections at the peak load 
staying in the same range for both casting techniques. 
This decrease could be attributed to differences in 
casting orientations affecting the interlayer bonding, 
clay water absorption from concrete, as well as the 
weak construction bond and shear transfer around the 
longitudinal void. The concrete interlayer bonding can 

be enhanced by increasing the interlocking between 
layers or applying active agents to the layer surface, as 
is often suggested in concrete 3D printing techniques 
[61,62]. Also, solutions for increasing the bond in the 
construction joint (i.e. surrounding the built-in void for 
the rebars), such as keeping the interior clay or making 
a rough void to increase interlocking [29], should be 
investigated.

Finally, the mean ultimate load observed was 43.3 kN, 
within the expected range and indicative of the fibers’ 
limited contribution to shear strength, leading to 
brittle failure modes. Future research has to further 
investigate the role of fibers in concrete tensile stress 
through a fiber engagement model. Overall, the study 
demonstrated promising characteristics of clay as a reu
sable formwork to create structural elements and to 
serve as a low-carbon and cheap alternative to extruded 
polymer and concrete formworks. The following section 
outlines limitations and potential directions for further 
exploration.

4.1. Limitations and outlook

The current fabrication process is inefficient due to the 
clay tube capacity limitation, which necessitates fre
quent tube changes and causes production slowdown. 
To address this, recent advancements in large-scale 
earth-printing, utilising a continuous pumping system 
[63,64], present a more productive avenue for fabricat
ing building-scale elements. Also, other manual tasks 
such as adding accelerator and fibers, concrete casting, 
and rebar installation can be automated. Expanding 
the fabrication setup into a multi-robotic cooperative 
workcell equipped with industrial robotic arms or 
mobile robots [65], as well as customised feeding 
systems and toolheads, facilitate a seamless and con
tinuous production process. The multi-robot setup 
could include a robot arm responsible for cutting, 
bending, placing, and welding the rebars at each 
sequence [66], reducing the time lag between casting 
and grouting, eliminating cold joints, and allowing the 
reinforcement of optimised and curved shapes. The 
formwork stiffener locations, optimised geometry, and 
reinforcing layout can be designed through shape and 
topology optimization methods [27,45,67,68]. Once the 
concrete and clay material mixing and delivery systems 
are automated and integrated into the fabrication 
process, the method can be comprehensively evaluated 
for efficiency, economic viability, and life cycle assess
ment (LCA) against other formwork 3D printing and con
ventional techniques.

Although our developed method has proved 
effective in fabricating building-scale, customised, and 
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structural elements, the necessity to investigate clay’s 
underlying physics and its simultaneous interaction 
with fresh concrete on the interior and air on the 
exterior should be highlighted [69,70]. Such a study 
will help predict clay deformation, as well as modify 
its properties, such as plasticity, water content, and 
rheology, to avoid formwork failures, especially after 
multiple reuse cycles. Other parameters to investigate 
their influence on clay are printing speed, nozzle 
pressure and size, and pumping [35,36]. Additionally, 
the effect of recycling frequencies on the clay’s proper
ties and integrating treatments to enhance the recycled 
clay’s resistance to deformation should be explored. 
Overall, we emphasise that future research requires a 
more in-depth analysis of the structural integrity and 
performance, such as shrinkage, crack analysis, fiber 
content and length, concrete layer bond, and shear 
transfer at the construction joint.

Notes

1. The global warming potential (GWP) presented as equiv
alent kilograms of carbon dioxide equivalent (kgCO2 eq.) 
for simple baked clay products (including terracotta) is 
0.24 [71] and 3.4 for PETG filament [72]. The concrete 
mixes utilised in digital fabrication and 3D printing are 
highly project-specific, but their kgCO2 eq. values are 
usually higher than conventional concrete [73].

2. The admixtures were sourced from [74,75].
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