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Abstract

This article examines the creation of a design and fabrication framework aiming to increase the efficiency of
the construction of reinforced concrete building components in Saudi Arabia through 3D concrete printing.
To illustrate this, the research presents a design-to-fabrication algorithmic framework to mass-customise a
typical Saudi house utilising parametric modelling, topology optimization (TO), finite element analysis
(FEA), and robotic 3D printing techniques. The framework was validated by manufacturing four 3D printed
reinforced concrete columns and testing their structural performance under the Saudi Building Code. The
findings demonstrate the benefits and drawbacks of the proposed design-to-fabrication framework compared
to current Saudi conventional construction approaches. The design specification process is generated by
numerical values of design constraints, objectives, and condition boundaries, which make it possible to
develop a novel algorithmic AM framework using high computational and data bandwidths. Furthermore,
adopting robotic-based printers to 3D-print structural building components would increase construction
production efficiency and address KSA citizens' customisation issues, which centralised precast

manufacturing has failed to solve.
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1. Introduction

The construction industry is a practically value-creating enterprise in the sense of facility or asset creation,
owing to its broad breadth and significant support to all other industries. Due to increased urbanisation in
many nations, the construction sector is expected to account for 13% of global GDP [1]. In Saudi Arabia, the
overall GDP of the construction industry is 2.62 trillion Saudi Riyals in 2020 [2]. Saudi Arabia's construction
industry is the second largest after the oil industry [3]. Thus, the construction industry's enormous scale

necessitates consideration of its efficiency and environmental impact. The worldwide economy and the global



population stand to benefit significantly from even small increases in the construction industry's operational
effectiveness. Moreover, digital technology is a game-changer in the construction sector, enabling essential
transformation. Various elements of human existence have been revolutionised by digitalisation throughout
the last three decades, and enterprises have been revamped. In terms of digitalisation and productivity
advances, the construction sector lags behind most industrial enterprises [4]. Unlike many other industries,

the construction industry has yet to be significantly disrupted by digital technology [5].

In-situ reinforced concrete fabrication is now the most common house construction technique in Saudi
Arabia. However, this approach is inefficient due to high labour demand, poor building quality, and time
requirements [6]. Thus, home residents in Saudi Arabia prefer a custom-built home versus a conventional
residence [7,8]. This study aims to provide a novel design-to-fabrication framework that integrates 3D
concrete printing with robotic fabrication. The proposed design-to-fabrication framework will apply the
Saudi Concrete Building Structures (SBC 304) standards and specifications for the manufacturing of 3D

printed reinforced concrete components.

The research objectives are the following: to eliminate waste of formwork materials, reduce labour intensity,
and shorten construction time through the use of robotic technology. The research will examine the
employment of robotics in construction to improve construction efficiency and speed up construction, hence

improving construction productivity. As a result, the following research questions should be addressed:

1. How can we develop a framework for the design and 3D printing of a reinforced concrete frame
structure of a typical Saudi house?

2. How can the developed framework contribute to the faster and more efficient construction of
structural building components and enable mass customisation?

3. How will the framework be implemented and validated with regard to the Saudi Arabian Building
Code (SBC 304)?

Three phases will address the aforementioned questions: a) parametric design, classification, and topology
optimisation of a typical Saudi villa; b) prototyping of a 3D printed reinforced concrete column; and c)

mechanical axial load testing the column's performance and functionality.



2. Background and Literature review

Additive manufacturing of concrete

Concrete additive manufacturing (AM) technologies, often known as cement-based 3D printing, have
advanced fast over the last decade, demonstrating their ability to rationalise the construction sector. Concrete
AM can create high-precision construction components at a low cost and in a short time [9]. As a result, the
quantity of labour required can be minimised. To manufacture concrete layers, most AM solutions in the
construction sector use an extrusion-based material approach based on sliced CAD geometry [10]. This
method allows for more freedom in the construction of complicated geometries without the necessity of
conventional plywood concrete moulds [11]. AM of concrete can be implemented in-situ or as a prefabricated
component. The manufacture of building walls is a frequent application of in-situ 3D printing concrete in-
situ, as seen in the BOD building by COBOD in Denmark, Studio 2030 by CyBe in Saudi Arabia, and the
Dubai municipality building by ApisCore in the UAE [12]. These precedents are only examples of what is
possible. However, there is a clear disconnect between building regulations and AM technology,

necessitating a strategy to bridge the gap.

The use of AM in building construction appears to have advantages over traditional construction methods.
The decrease in construction time and cost is one of these benefits. Other notable benefits include an
improvement in construction workers' health and safety requirements, and the formal latitude granted to
architects, allowing them to implement complicated designs [13]. However, one of AM's drawbacks in
construction is the lack of a full design to fabrication framework that allows for a direct relationship between
the design output and the fabrication process [14]. Another significant limitation identified by Buswell et al.
2018 [10] is the geometrical agreement with material proprieties. The geometrical printability and
standardisation of 3D printing concrete components are high-priority concerns that need to be addressed by
codes and regulations [15], as existing building regulation in Saudi Arabia is not directly relevant to 3DCP,

which require testing of concrete properties [16].

Topology optimisation for additive manufacturing

Topology optimisation (TO) is a mathematical approach of geometrical connection that optimises the

structural system's performance based on a particular load and boundary condition [17]. The use of TO in
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construction is not a new concept. TO has been utilised to boost structural efficiency by increasing structural

rigidity while reducing material usage [18].

"Illa de Blanes," a multi-space project in Spain, is one of the earliest examples of TO in architecture. The
research used a digital evolutionary structural optimisation approach (ESO). Another structure that used the
TO application is the Akutagawa office building in Takatsuki, Japan, designed by F-Tai architects alongside
structural engineer Hiroshi Ohmori in 2005. The extended evolutionary structural optimisation (ESO)
approach was used as the major optimisation procedure in this four-story structure. The ESO approach was
used to determine the form of the building's walls. Its architectural and structural designs are successful in
blending with the building's exterior. As part of the optimisation procedure, other structural elements such as
live, dead, and seismic loads were taken into account. The TO's outputs were confirmed in an elastoplastic
numerical model based on structural deflections and cracking patterns [19]. Reinforced concrete was used to
construct the building's structural frame. It necessitated the deployment of a complicated formwork, which

is one of the drawbacks of employing traditional building methods to incorporate TO in architecture [20].

Furthermore, Ohmori and Saski's Qatar National Convention Centre (QNCC) in Doha is another project that
was completed using a TO approach in 2011. [19]. The project created the XESO (extend ESO) approach,
which was used on the huge roofs of the structures (36m wide x 150m long). The project's engineers, Buro
Happold consulting, introduced characteristics such as constructability and geometrical rationality into the
design process. As a result, the optimised shape was reduced, and a steel frame structure was recommended

to expedite the building process and save costs [20].

In order to develop an efficient lattice structure, a voxel-based 3D model is frequently employed in topology
optimisation. The term voxel refers to a 3D representation of a pixel. The voxel 3D model is a volume
representation rather than a set of boundaries. As a result, the material distribution might be more effective.

The density of a weak region will be raised, while the density of a strong area will be lowered [21,22].

As a result of the precedence stated here, we have chosen to employ the TO approach, also known as 'the
material distribution and boundary variation method', which provides for optimal material distribution to the
final object. The Solid Isotropic Material with Penalisation Method (SIMP) will be part of this methodology

[23]. It will also be used in conjunction with voxel-based modelling to forecast the best material
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distribution/robustness depending on the input data. The material distribution technique, in general terms, is
an element-based method that uses optimisation algorithms in conjunction with the finite element method to
find a solution for a structural element, with design parameters serving as components or attributes of the
components [21]. When it comes to determining the optimal structure, this technique has been proven to be
beneficial in topology optimisation applications. Furthermore, in our experiment, additive manufacturing
technology will be employed as a fabrication technique. Our goal is to minimise wasteful material
consumption, improve safety, quality, and productivity on the building site by integrating AM of concrete

with TO.

Design for additive manufacturing (DFAM)

Digital design for AM (DFAM) provides knowledgeable designers with a substantial opportunity to design
a feasible printable object while improving performance and efficiency. The design process involves three
design stages: a) conceptual design, b) embodiment, and c¢) detail design. The choosing of the optimum design
solutions is based on the design stages' results based on the given parameters. In the design consideration
stage, a set of files of data is created to describe the exterior part of the envelope geometry of AM that is
defined formally as the desired CAD for the geometry. This data based on geometry volumetrics is consistent
with the designs that come later, for instance, slice geometry data, and have reasonable computational and
storage efficiency. There are different formats of geometry to select from, and each one has its own resolution,
compatibility and characteristics representing each size [17]. Although it is not absolutely essential, the
specification that is formal and supports the structures of AM is universally conducted by aligning with the
geometry phase of the volumetric, especially for the DFAM that has digitally enhanced possibilities that skip
the formal descriptions. The support creation of structures is still an ongoing area of research in the DFAM

field that allows for considerable economic benefits by using optimal digital design strategies [17].

Laverne et al. (2014) indicated a significant shortage of DFAM tools and approaches aimed at the early stages
of the design process [24]. This shortcoming is most likely due to a misalignment of market pull and research

push. DFAM tools account for a toolpath's impact on mechanical and functional characteristics.
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Most AM products have hundreds of distinct slicing levels, each with its own toolpath. For structurally
important practical AM applications, DFAM techniques that actively reduce flaws inside these layers are
critical. Developing sophisticated DFAM tools is complicated by the lack of established digital toolpath

standards.

3. Methodology

The research was conducted utilising a physical-empirical method that originated principally from the
development of a design—to—fabrication framework. This entailed using robotic fabrication technology to
perform TO and AM on a reinforced concrete component and creating a physical architectural model (Figure
1). Additionally, the study was fundamentally multidisciplinary in nature and was conducted using principles
of architectural and structural design, material science, mechanical engineering, and robotics. The proposed
methodology depicted in Figure 1 is divided into three distinct steps. The first stage denotes the beginning of
the computational framework in a Rhino/Grasshopper environment. The second stage involves developing
digital and physical prototypes of reinforced-concrete columns with optimised topology. In the third stage, a
mechanical load test was performed to ensure structural function and performance. However, only the load-

bearing system was considered in this study, as walls and finishing are not included.

After identifying the primary challenges and reviewing Saudi Arabia's requirements for concrete structures
(SBC 304) [25], the proposed design-to-fabrication framework will satisfy the Kingdom's requirements and
specifications for the production of 3D-printed reinforced concrete components. As such, the framework is
validated by creating a parametric reinforced-concrete frame structure for a typical Saudi house. A column
will be optimised and analysed to determine its resilience when subjected to an axial load. As specified in
SBC 304, the compressive strength of the concrete should not be less than 20 MPa [25]; hence, C40 self-

consolidating concrete was developed during the prototyping phase.
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3.1. Stage 1: Design and topology optimisation for AM of concrete

The first stage consists of three phases: 1) the development of an algorithmic design-to-fabrication
framework; 2) the TO of a reinforced concrete column, and 3) structural analysis of the TO results (Figure
2). The next subsections discuss how the first stage was implemented, with a particular emphasis on the TO

of a reinforced-concrete column:
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Figure 2. Design and optimisation workflow

3.1.1. Phase 1: Parametric reinforced-concrete frame structure of a typical Saudi villa

The FE parametric model was developed using a floor plan scheme for a typical single-family 'villa', which
was obtained by the Saudi Ministry of Housing. The parametrisation of the frame structure of the authentic
villa in Rhino/Grasshopper was implemented using the structural modelling tool Karamba (Figure 3). The
results of the Karamba model created a finite element model (FEM) that accurately reflected the concrete

frame structure of the house (Figure 4). After developing the parametric frame structure from an official



drawing, the findings were compared to the official drawing obtained from the Saudi Ministry of Housing to
guarantee that the simulated model was identical to the original house layout. Following that, structural data

for structural elements were extracted (e.g. columns, beams and slabs).
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Figure 4: Finite element parametric model generated using Grasshopper script

@ough the entire process was validated by testing one of the reinforced columns and comparing its
efficiency (material waste, labour demand, and construction duration) to a conventionally designed and
fabricated column, the same process (i.e. beams and slabs) can be applied to other structural elements (i.e.
beams and slabs) using the developed GH script as shown in Figure 5. As a result, the slabs can be separated
and printed as small segments that can be assembled on the construction site in the same manner that hollow-
core slabs assembled in-situ. The divided structural components can be printed utilising a transportable

container factory for in-situ construction.
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3.1.2. Phase 2: Topology optimisation of a reinforced-concrete column

The TO of the column was carried out in three steps to achieve minimum structural deflection: 1) setting the column
boundaries, 2) topology optimisation conditions, and 3) verification of the optimisation script (Figure 6). The column

boundaries were determined using a surface box with dimensions of 0.3 m % 0.6 m x 2.90 m (width x length x height).
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Figure 6: Optimisation workflow implemented in the research using Millipede

The model was fed into a topology optimisation processor (Millipede plug-in). The optimisation technique is used to
distribute materials with the least amount of tension in order to precisely delete materials. The applied load on the
column was estimated as part of the house's FEM, which was discussed in Stage 1. Thus, the computed load was
multiplied by 1000 to convert from kN to N because Karamba's units were different from those of Millipede's inputs.
Moreover, a voxelisation-based method was used to take advantage of the Monolith Grasshopper plug-in. The
optimisation parameters (i.e. iterations number, smooth, and density) were then fed into the evolutionary solver
Galapagos, which is a heuristic solver that compares approximate solutions [26]. Galapagos took into account the
number of optimisation iterations, target density, and material density as input parameters. The Galapagos solver

compared several outputs based on the input variables, with the goal of maximising structural stiffness and minimising



structural deflection, as well as producing optimal solutions. To comply with SBC304 requirements the steel

reinforcement was pre-located in the conceptual embedment stage, as shown in Figure 7.

Axial Loading

Cyclic
Lateral Loading

"~ . Steel Reinforcement

Locations
>>
--Concrete Shell
ISupport
Boundaries Multi-objective optimisation Optimisation result

Figure 7: Topology optimisation objectives in the GH script to meet SBC 304 steel reinforcement requirements

3.1.3. Phase 3: Structural analysis

The x-axis mesh resolution was set to 12 as recommended by the software manual, to reduce time and memory used
for optimisation, and allow the Millipede plug-in to efficiently voxelise the main boundaries and create the primary
FEM. Thus, the Karamba Grasshopper plug-in was used to analyse the performance of the optimised structure after
applying the Galapagos plug-in. In this step, the SBC 304 was used to verify the structural analysis [27]. The column
was tested in C40 concrete with a 31.2 kN/m? vertical load and a fixed base support. The Karamba simulation solver
visualised the expected structural stress. The structure's minimum stress was 2.00e-02 kN/cm?, and its maximum was
5.00e-01 kN/cm? (Figure 8). The structural analysis was carried out to compare multiple TO iterations in order to find
the best geometry that can be 3D printed without supporting material. The FE approach was utilised to find a load

scenario that would demonstrate the difference in compression and tensile stress handling.
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MaximumDisplacement: 0.00013 cm
Deflection: 1. 11E-06 m

ObjectRadius: 100 cm

MinStress: -3.08e-02 [kN/cm2]

MaxStress: 4.88e-02 [kN/cm2]

Tension & Stress

MaximumDisplacement: 0.00013 cm
MaximumDeflection: 1.5408699894011E-06 m
ObjectRadius: 100 cm

MinStress: 0.00e+00 [kN/cm2]

MaxStress: 1.27e-04 [kN/cm2]

Displacement

Figure 8. Example of simulation results of the optimised column showing maximum and minimum stress and deflection

3.2. Stage 2: Prototyping

The second stage was to build prototypes to test the general framework (Figure 1). The column's validity had to meet
SBC 304 requirements. To do this, the topologically optimised concrete column was digitally and physically
prototyped. Consequently, designers can benefit from design-to-fabrication approaches while addressing digital AM
design difficulties and challenges. The inherent digital aspect of AM design allows for significant design innovation.
These rely on AM's reliability, reproducibility, and efficiency, as well as detailed validation documentation. In
addition, physical prototyping was used to experimentally evaluate the computational framework processes using AM-

optimised reinforced concrete column prototypes.

3.2.1. Phase 1: Digital prototyping

e Evaluating geometrical feasibility
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The optimised column was contoured with a layer height of 10 mm to identify the best printing method and orientation.
This was conducted to assess the printability of the printed object and detect buildability challenges, as elastic and
plastic collapse are the main failure mechanisms of 3D-printed concrete. Weakness could not emerge only as a result
of thixotropic behaviour due to the enormous overhangs at the top of the hole (Figure 9). A 2-component nozzle was

considered to 3D print the column, allowing for high tensile capacity while avoiding buildability restrictions.

Figure 9. Illustration of a watertight model with overhangs at the centre of the column as a result of topology optimisation
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Figure 10. Evaluation of difficult layers

When analysing buildability, the bottom of the hole in the column was unsupported. Therefore, two different strategies

can be employed to address the lack of support:

e Adding support material to the column's bottom during printing to sustain the printed layers.

e  Printing the column upside-down reduces material waste and production time (Figure 11).

As filling the column with support material would require a significant increase in labour, printing the formwork
upside-down was the most reasonable route to take in terms of formwork manufacturing to achieve the research

objectives.

Multiple curves could be detected at the same layer height while contouring the object, necessitating start-stop
processes (Figure 11). Thus, as the research objective required mitigation in construction duration and labour, it was
essential to 3D-print the column in one go. Hence, an optimal printing strategy had to be devised to reduce the number
of start-stop processes. Because of the accelerated concrete's rapid setting behaviour and the increased layer-to-layer
duration, start—stops were undesirable. It was therefore necessary to devise a method for printing the structure with
the fewest possible start—stops while taking into consideration probable collisions. As a result, the method depicted in

Figure 11 was developed, using a 450 mm extendable nozzle.

Figure 11: Proposing a start and stop-process for the robotic arm and segmenting the column into fragments
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o Slicing of the topologically optimised structure and robotic simulation

The simulation of the fabrication process was part of the computational workflow. This was accomplished by directly
connecting the firmware for the offline robot simulation software, RoboDK, to the Grasshopper environment (Figure
12). This enabled viewing the robotic arm's movement and ensuring that all contours were reachable during
manufacturing. Moreover, the end-effector could be integrated into the simulation of the robotic arm, allowing for
geometrical verification of collisions between previously printed layers and the robotic arm's trajectory. Finally, the

simulation provided a glimpse of the structure's gradual construction (Figure 13).

RoboDKScale Carrection]

Layer Thickness | 0052 0 5

Fabrication

Figure 12: GH script enables the slicing and robetic fabrication of TO results

The model was contoured and scaled using the Grasshopper plug-in, RoboDK, an offline programming firmware suite
used for robotic fabrication applications (Figure 13). Its integration with Grasshopper is essential for toolpath
generation, as the slicing algorithm can adjust the printing layers' height and the printing speed, according to the
material's proprieties. Eventually, the 3D printing process was simulated again using RoboDK. The layer height was
7 mm, and the printing speed was 160 mm/sec. However, these variables were parameters and could be modified

based on material proprieties, as illustrated in the RoboDK simulation (Figure 13).
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Figure 13: Example of robotic simulation for a scale model using RoboDK

The creation of AM concrete and robotic manufacturing techniques, as well as the development and integration of an
algorithm-based framework, were the emphasis of this research. The Grasshopper algorithms were verified by

simulating the fabrication process using RoboDK, an offline programming tool.

The development of computational design processes and algorithmic tools for manufacturing and robotic control was
one of the main objectives of this research. As a result, the automated creation of formwork geometry and its
conversion into fabrication data were included in the investigation of the computational design framework. Thus, a

single integrated computational workflow can accelerate both design and manufacturing processes.

e Manufacturing procedure

The manufacturing procedure for a reinforced-concrete 3D printed column is demonstrated in Figure 14. First, the
column shape and fabrication data were produced and simulated using the design-to-fabrication methodology outlined
in Figure 1. Following that, fabrication preparations began by developing the simulation (i.e. digital prototyping) for

fabricating the column using the mechanical properties of the concrete mortar, which represent the printing filament.
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The 3D prints were conducted in the facilities of the Dutch company Vertico. The ABB 6640 robotic manufacturing
arm, mounted on a 6-meter track, was used for the prints. The robotic arm was capable of erecting structures up to
three meters in height, and the column was realised and manufactured in the following sequence. First, the robotic
arm printed the outside contours, which acted as formwork for the concrete. Second, steel bars were placed into the
printed formwork in accordance with SBC 304 requirements. Third, self-consolidating concrete C40 was poured into
the printed concrete formwork. This manufacturing method is further detailed throughout this paper, and the whole

fabrication procedure is illustrated in Figure 14.

| (1) 3D Printing the shell  [(2) Installing reinforcement | | (3) Casting Concrete |

Figure 14: Fabrication procedure implemented in this research based on SBC 304: 1) 3D-printing the outer contour, 2)

installing reinforcement bars and 3) casting the column with concrete

The build volume orientation has a significant impact on the feasibility and performance of AM objects, and object
orientation optimisation was one of the first digital fabrication techniques used within AM. The manufacturing time,
local roughness, support structure requirements and buckling were the main criteria used to assess the feasibility and
realisation of the optimised structure. Framework physical validation was carried out to verify whether the

computational framework was suitable for producing concrete structures in real case scenarios.

In order to avoid buckling or elastic collapse of the model, a simulated prototype was developed to assess the printing

process of the model to find out the best orientation, based on the concrete filament that will be used in the 3D-printing
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process. Due to the sharp overhang angle at the middle of the column, it was suggested that it would be better to flip
the column upside-down to print it in one go rather than printing separate fragments and avoid unnecessary use of
supporting material. The column was segmented into three manufacturing phases, as illustrated in Figure 6-18. The G
code to instruct the robotic arm was generated based on the simulation in Figure 15. The next step entailed

manufacturing and testing physical columns to compare the simulated model in Grasshopper with the physical models.

Figure 15: Slicing and segmenting the model to evaluate printability

3.2.2. Phase 2: Physical prototyping

The formal and structural potential of the construction system was proven primarily through the fabrication and
validation of physical artefacts of different sizes, ranging from a small prototype to complete 3D-printed reinforced-
concrete structures (Figure 16). Four robotically fabricated prototypes were created to validate the computational and
physical framework fabrication processes: the first was a 1:3-scale reinforced-concrete column, the second was a 1:2-

scale reinforced-concrete column, the third was a fragment of the full scale, and the fourth was the actual-scale column
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(Figure 16). Based on the algorithmic TO solver (i.e. Millipede), all columns were optimised to reduce unnecessary

material with the objective of minimum structural deflection.

Scale 1:3 1:2 Fragment 1:1 1:1
Cross-Section 10 x 20 cm 15x30 cm 30 x 60 cm 30 x 60 cm
Height 100 cm 150 cm 100 cm 290 cm
Layer Width 24 mm 24 mm 25 mm 25 mm
Layer Height 10 mm 10 mm 7 mm 7 mm
e | L | <

Figure 16: Comparison table to demonstrate the fabricated prototypes

The design and fabrication of the four reinforced-concrete prototypes that utilised TO techniques were tested for
applicability in AM of concrete. The goal was to investigate design feasibility and identify fabrication challenges for
a reinforced-concrete column using 3D-printed concrete stay-in-place formwork. The prototypes were large-scale
examples of prefabricated buildings designed, to demonstrate the process's application to architecture by enabling
mass customization through parametric design. The 1:1 prototype's dimensions were 0.30x 0.60x 2.90 m reinforced-
concrete column. The design space was discretized into voxels, resulting in a topologically-optimised material

distribution depiction.
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The purpose of digital prototyping was to create a set of proper design provisions based on the fabrication constraints.
The determination of design possibilities and limitations enabled the precise fabrication of the geometric complexity
of the formwork in terms of the dimensions and volumetric content of concrete and required reinforcement in the
concrete mixture used in the formwork. These constraints guided the final design of the four robotically fabricated
prototypes in terms of rheological restrictions imposed by the concrete casting process. The robotic fabrication of the

four concrete prototypes was carried out based on the fabrication strategies described in the digital prototyping phase.

Furthermore, this part of the research focused on selecting concrete mixtures to meet the requirements of the entire
building system under SBC 304, as well as addressing essential criteria such as concrete class, minimum reinforcement
and composite structural behaviour. A significant part of the investigation conducted in this research involved
examining the interrelationships of the system components and fine-tuning through iterative optimisation and physical

testing.

In order to meet the SBC 304 requirements, the construction process of the column was divided into three phases,
illustrated in Figure 14. They were: 1) 3D concrete printing of the formwork for the topologically optimised column,
2) insertion of 12mm steel reinforcement bars inside the concrete printed formwork and 3) casting the column with
self-consolidating concrete. The following subsections will describe each of the three steps performed in the

fabrication process in detail:

e Printing the column

After the column had been accurately evaluated, sliced and segmented, the configuration was then ready to be printed.
The printing of the four prototypes was divided into three categories: 1) printing scale prototypes (i.e. 1:3-scale and
1:2-scale), 2) printing a fragment of the full-scale prototype and 3) printing full-scale prototypes. The printing of the
scale prototypes contained two scaled columns that were one-half and one-third of the actual scale, respectively. For
the 1:2-scale column, the dimensions were 0.30 m % 0.15 m % 1.50 m (width x length x height; Figure 17). For the
1:3-scale model, the dimensions were 0.20 m % 0.10 m x 1 m (width x length x height). The printing of both 1:2-scale
and 1:3-scale prototypes showed agreement (i.e. geometrical and dimensions) when compared with the simulated
digital prototypes, as seen in Figure 17. For both of the scale models, the use of a 10 mm layer height was suggested,
in order to reduce the variation in layer-on-layer time and so provide a more consistent and smoother print quality

overall (Figure 18).
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Figure 17: Documenting the dimensions of the 1:2-scale column and validating the dimensions of the printed model with

the simulated model

L

T

Figure 18: Prototypes of the scaled columns (1:2-scale in the foreground and 1:3-scale in the background)
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The purpose of printing a full-scale segment (Figure 19) was to ensure the feasibility of the concrete filament for
realising a complex angle (e.g. overhang at the middle of the column). This model was carried out to test the
printability of the sharp angle when it came to fabricating the 1:1-scale column. Accordingly, reinforcement and

casting of this fragment were not required, as the performance and functionality of the structure would not be tested.

Figure 19: Printing a full-scale fragment

The full-scale prototype had dimensions of 0.60 m x 0.30 m x 2.90 m (width x length x height; Figure 6-24). It took
90 minutes to print the full-scale topologically optimised reinforced concrete column formwork without any issues.
However, the time difference between printing various sections was 21 minutes. When examining the influence of the
time difference from section to section, the concrete hardening and shrinkage phenomenon could be noticed on the

finished print, which has been marked in blue in Figure 20.
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Figure 20: Full-scale prototype

Due to the start-stop technique, the longer section-on-section duration resulted in slightly higher and narrower lines
because the layers on top were delayed in their placement. This was obvious because the wide layers produced a little

shadow on the 'uncompressed' earlier layer that was visible due to the wide layers.

It was projected that where the section-on-section period was 21 minutes, layer adhesion would be marginally reduced,
but the reduction would be significant enough for the intended utilisation in the context of this research. The
transportation of the column, which was carried by straps attached to the column's centre hole, revealed the bond
performance of the adhesion layers (Figure 21). The column could hold its own weight, which clarified the bond

between the printed concrete layers.
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Figure 21: Transporting the column using straps attached to the centre hole of the column

¢ Placing reinforcement

The 1:2- and 1:3-scale columns were reinforced with six longitudinal steel bars of 12 mm in diameter, in accordance
with SBC 304 requirements for minimum reinforcement (Figure 22). Moreover, the full-scale column was reinforced
with 4 x 4 longitudinal steel bars of 12 mm in diameter, with horizontal steel ties of 10 mm in diameter spaced at a

distance of 145 mm, in accordance with SBC 304 requirements (Figure 23).
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Figure 22: Top: 12 mm steel bars used to reinforce both the scaled columns, Middle: Reinforcement scheme for the 1:3-

scale column, Bottom: Reinforcement scheme for the 1:2-scale column
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Figure 23: Reinforcing the full-scale column with rebar 4 cages; each cage has 12 mm longitudinal bars

e Casting the concrete

Due to the tight space inside the 3D-printed concrete formwork, self-compacting concrete was proposed for casting
the column, with a minimum strength class of C40. The main advantage of using self-compacting concrete is the
workability and durability of the concrete mortar flowing inside the robotically fabricated formwork. There would be
no need for a vibration device to consolidate the concrete, whereas vibration could cause unnecessary hydrostatic
pressure on the 3D-printed concrete formwork, which could eventually damage the 3D printed layers of the mould.
As a result, a unique mortar combination including SF2 with a minimum strength class of 40 N/mm? was produced.
The mixture contained the following: quartz sand (50-75%), Portland cement (25-50%), calcium oxide (3%), calcium

aluminium sulphate (1%) and crystalline silica (1%).

After determining the ingredients and ratios for the C40 self-consolidating concrete, preparation of the concrete 3D
printed formwork was started for the casting. In the first steps of the casting process, the formwork was pre-wet and
adhered to the support (Figure 24). As an added precaution, all prints were secured with straps to prevent the formwork

from being cracked by pressure caused when the concrete was poured (Figure 25).
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Figure 24: Adhering the 3D concrete printed formwork before casting with self-compacting concrete

Figure 25: Securing the prints with straps to prevent potential hydrostatic pressure between printed layers when the

concrete was poured
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The preparation of the mortar began as soon as the printed formwork was ready for casting (Figure 26). The mortar
was made out of a two-part combination, to which 70% of the water was added initially, followed by 30% of the water
coupled with an admixture to reduce shrinkage and achieve the desired workability while retaining the strength class.
After the mixture had been prepared, the casting process began and was performed using the conventional
manufacturing approach. Moreover, the columns were covered with plastic sheets to prevent spilling concrete from

getting onto the printed surface during the process of pouring the self-compacting concrete (Figure 27).

Figure 26: Preparing and mixing the self-compacting concrete
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Figure 27: Covering the outer printed surface with a plastic sheet to protect the concrete from spilling while it was poured

To ensure the correct placement of the steel bars, the reinforcement was installed after the column had been cast for
one-fifth of its whole length. In order to ensure that the reinforcement was properly positioned, the remainder of the
column was cast until it was completely filled, and the placement of the reinforcement was checked during the casting
process (Figure 28). It is worth mentioning that casting C40 self-compacting concrete inside both the 1:2- and the 1:3-
scale prototypes of the columns was successfully poured inside the 3D-printed topologically optimised concrete

formwork.

Figure 28: Completed reinforced concrete prototypes
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Furthermore, a total of two 3D-printed concrete columns were robotically fabricated to cast the full-scale prototype
column. However, due to the anticipated hydrostatic pressure during the casting process, it was essential to inspect
the 3D-printed formwork before casting to prevent hydrostatic failure. It was found that the performance of the 3D-
printed concrete was high in withstanding compression but weak in resisting tensile pressure. Moreover, a high tensile
capacity was necessary due to the column's rectangular form to withstand the outward casting pressures. In the first
attempt of 3D-printing the full-scale formwork, there were major concerns about tensile stresses due to breaking
occurring at the bottom of the column during its transportation and preparation for casting, with the hydrostatic

pressure greatest at the bottom (Figure 29).

Figure 29: Cracking was visible during the first full-scale printing attempt
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The second full-scale printed prototype passed the inspection phase and was ready to move into the casting phase.
However, during the casting process, cracking developed after two-thirds of the column was cast with self-compacting
concrete (Figure 30). The cause of the crack was most likely the consequence of the combined impact of tensile
stresses caused by the shrinking of the printed geometry and the hydrostatic forces. The mechanical properties of the

concrete filament and the width of the printed layers play a substantial role to withstand tensile and compression.

As the pressures advanced through the different layers, it could be seen that the layer adhesion was impressive (Figure
31), but at the point when the time difference between layers was 21 minutes, enough force had built up to break the

formwork outwards (Figure 30). The outcome of the second test, following controlled demolition, is shown in Figure

32.
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Figure 30: Failure of casting due to the hydrostatic pressure on the 3D printed formwork

35



Figure 31: A closer look at the cracks

Figure 32: Controlled demolition showing adhesion of the 3D concrete printed layers
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Due to the cracks occurring on both the full-scale prototypes, the huge size of the column at the conceptual
experimental level and the fact that the mechanical properties and tensile strength of the 3D-printed concrete paste
were not sufficient to be integrated into the FE simulation, the full-scale column was excluded from the structural test
involving applying axial load. Accordingly, the 1:2-scale and 1:3-scale printed columns were transported to the

Eindhoven University of Technology to perform structural load testing.

3.3. Stage 3: Structural load testing

Along with the physical prototypes of the topologically optimised, 3D-printed reinforced-concrete column, a testing
device was built to apply the axial load case into the concrete specimens. It was vital to verify the maximum
deformation of the apparatus during the testing and that loads were distributed uniformly throughout the experiments,
even if the system had an unbalanced settlement (Figure 33). Consequently, soft boards were used to support the
specimen both below and above to provide a smooth levelling between the concrete prototypes and the load testing
machine. This would also help prevent unexpected stresses because of imperfections in the surface of the concrete.
The load testing of the column started with the 1:2-scale prototype. The load applied to the column was based on

cyclical steps.

Due to the fact that many TO methods employ the system's compliance as an objective function, quantifying the
deflections was desired at each of the system's point forces. As seen in Figure 33, the topologically optimised
reinforced-concrete column was put into the testing equipment that was fitted on a load testing machine. Four LVDTs
were mounted to concrete specimens in such a way that the front and rear of the specimens were firmly fastened to
sturdy steel plates and rested beneath the specimen, which provided stresses. Force was applied using a displacement-
controlled technique, and both forces and deflections were measured throughout the experiments. Although the
column had been built for elastic behaviour, samples should be tested to failure to obtain data at both design load and

beyond the optimisation's limitations.
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Figure 33: The setting of the structural load test

The cyclical loading steps of the tests were implemented on the 1:2-scale reinforced-concrete column to assess its
mechanical characteristics. The maximum capacity of the compression machine was 80 kN. The testing of the column
took 3 hours due to the cyclical steps. The loading rate increased at 5 kN intervals for the first eight cyclical steps until
40 kN was reached. At this point, the axial load of the testing machine was left to continue until the load cell limit of
80 kN had been reached. However, the performance of the 3D printed reinforced-concrete column exceded the
prescribed loading condition, which was part of the topology optimisation objectives (Figure 7). However, this force
was insufficient to fracture the 1:2-scale column to detect the actual compressive strength. Only a few cracks appeared
on the 3D-printed surface, which is common for 3D-printed concrete (Figure 34). The test configuration is depicted
in Figure 35. Although the column had been built for elastic behaviour, samples were tested to failure to obtain data

at both design load and beyond the optimisation's limita.
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Figure 34: Small cracks appeared on the printed surface of the 1:2-scale prototype after applying a load test of 80 kN
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Figure 35: Displacement of the 1:2-scale prototype under axial mechanical load up to 80kN

It was suggested that the other prototype (1:3-scale) be tested to failure by using another load-testing machine with a
greater loading capacity. The 1:3-scale prototype was fitted into the load testing machine (Figure 36). Four LVDTs
were used to measure the displacement of the column when applying axial load. The LVDTs were installed using a

similar method to that described previously for installation in the 1:2-scale prototype.
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Figure 36: Fitting the 1:3-scale model into the load-testing machine

Because of the loading machine's greater capacity and the resilience of the reinforced concrete prototype, a low loading
rate of 0.05 mm/min was employed to increase the axial load. Figure 37shows the displacement curves of LVDT
sensors under this loading speed. The results show that the force's initial rate was minimal, but that it increased during
the test. The total time spent testing the column at a speed of 0.05 mm/min was about 2 hours. The column
displacement based on the LVDTs measurements are 2.75mm and 1.50mm (Figure 37), with a jack displacement of
3.5mm (Figure 38), the maximum load to the failure point was 1475 KN. The compressive strength was calculated

based on the following equation:
Compressive Strength = Max Loading /Loading Area EI
~ Compressive Strength = 1475 kN /0.02m? = 73750 kN/m? = 73.7MPa

The compressive strength of the 1:3-scale concrete column is 73.7MPa, obtained after converting the result of the

previous equation from kN/m? to MPa by diVi@ the result by 1000.

E
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Figure 38: One can see the axial force applied on the column and jack displacement
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Figure 39 demonstrates that the addition of steel bars and self-compacting C40 concrete to the column was crucial to
give it the required robustness, resulting in a better post-peak response of the column. In the case of C40 concrete
specimens, the damage included splitting and shear, and in the case of steel bars inside the prototype, bending of the
steel occurred, as illustrated in Figure 40, after removing the prototype from the load-testing machine. For the overall
specimen, cracks were found along the middle of the side and in the centre of the specimen's front and back, as

illustrated in Figure 39.

Figure 39: Demonstrating the failure mode of the 1:3-scale prototype after load testing
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Figure 40: After removal from the compression machine. Light grey shows the printed concrete, and dark grey shows cast

concrete
4. Findings

The main findings involved evaluating the feasibility and robustness of the proposed design-to-fabrication framework
focusing on the design, TO, and robotic fabrication of four physical prototypes of a reinforced concrete column. The
full size of the column was 0.30 x 0.60 x 2.90 metres. The design idea and layout must be defined before building the
parametric model for the reinforced concrete frame structure. It is also necessary to consider the relationships between
the structural components when building the parametric model (e.g. the connections between columns, beams, and
slabs). A GH script for structural component design and optimisation was required to comprehend the steps specified
in the created framework. The script took advantage of GH's 3D parametric design environment, as well as Millipede
and Karamba3D plugins, for structural TO and structural FEA simulation. Thus, integrating generative design,
topology optimisation, and FEA into a single process was critical for completing the investigations necessary to gather
component design data and decrease the evaluation time for choosing an optimal design iteration. To obtain the desired

result, the required investigations for identifying the optimal iterations were sorted using the Galapagos GA solver.

The simulation results obtained throughout the optimisation process in Stagel demonstrated that the GA solver was
necessary for obtaining the most significant values from the optimisation results. The optimum results generated by

the solver, in contrast to the pre-set optimisation boundaries and conditions (e.g. reinforcement), revealed the outcomes

43



that should be considered in the component design process. The shapes of TO results could not have been predicted
or specified in advance. Furthermore, the optimisation and FEA findings for the components retrieved by the GH
script and GA solver were critical for the construction of physical prototypes and the topology-optimised reinforced
concrete column at an architectural scale. After defining the TO conditions, the GH script had to be modified to

predefine the positions of steel reinforcement manually in the optimisation process to meet the SBC 304 standards.

The inherent digital aspect of the AM design process offers many design possibilities. Digital data connected with the
design specification process includes numerical values relating to design constraints and objectives, a digital definition
of spatial limits and associated boundary conditions. Therefore, it was possible to build completely algorithmic AM
systems using digital algorithmic design methods, with design decisions applied using high computational rates and
data bandwidths. The benefits of advanced digital algorithmic methods allow the creation of extremely complex
designs using generative design methods, allowing for the use of novel design approaches and advancing the prospect
of an algorithmic design framework for practical implementation. Thus, computational design opportunities allow for
the early specification of high-level AM manufacturing data and its formal incorporation into the related CAD

environment, providing data security for designers who plan to outsource production to independent third parties.
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Figure 41: Comparison between a conventional column and developed columns
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Figure 42: Comparison between conventional construction of a column with the digitalised method

5. Discussion

As a solution to the housing construction problems in the KSA, the design-to-fabrication algorithmic framework
proposed in this research provides numerous potential benefits for architecture, structural engineering, and relevant
fields such as material science. The study's findings provided evidence for topologically optimised structures' design,
assessment, and manufacturing potential. A parametric GH script was also created to manage the frame structure of a

typical Saudi villa.

The purpose of the design-to-fabrication framework developed in this research was for analysing, optimising, and
testing concrete structural components throughout the conceptualization, prototyping, and testing stages. Designers
should be able to use the script to design and optimise various structural components (e.g. columns, beams, and slabs),
ascertain their viability, and prepare structural components for robotic manufacture. The control parameters for the
parametric villa can be incorporated into a GA solver process to perform an environmental or acoustic study, for future

case studies, based on the villa's proposed location.

The created GH script was essential for manufacturing the experimental column, including slicing the column,
determining sharp angles (e.g. overhang), suggesting fabrication strategies, and generating robotic G-code
instructions. The calibration of the mechanical characteristics of the printing filament and the created GH script should

be considered before the manufacturing process (e.g. digital prototyping phase). Therefore, the TO and 3D printing
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simulation of a typical column showed the proposed framework's effectiveness to address concerns like labour
shortages and construction duration in practical construction in the KSA. A comparison of the material consumption
in conventional and optimised columns found that the material volume of the optimised column was lowered by 40%.
Furthermore, the use of unnecessary plywood in the construction of the concrete formwork was eliminated. Thus, the
material could be further reduced based on the physical test (Figure 41). Furthermore, robotic technology in

conjunction with AM could reduce the amount of labour required on a building site by 28% (Figure 42).

Moreover, the time required to print the column was decreased by 80% since the column was printed in a single
process, thereby minimising construction waste and eliminating the need for labour to construct the plywood
formwork. The developed framework, based on algorithmic data structure, can mitigate the design process by
employing generative design and parametrically customising the house. Compared to the usual building approach, the
framework can enhance the efficiency of housing construction, as shown in Figure 41. This conclusion is based on

the reduction of required labour, material volume, and construction duration.

The topologically optimised reinforced 3D printed concrete column was developed with digital and physical
prototypes to validate the feasibility and functionality of the proposed design-to-fabrication framework. The
experiments were conducted to assess the result of computational design and its compatibility with the robotic control
process that would generate intricate reinforced concrete structure elements algorithmically and transform them to
manufacturing robotic fabrication instructions (i.e. G-code). Computational workflow included simulation of
fabrication processes was embedded in the GH script. RoboDK was used to mimic the 3D-printing process and
generate robotic instructions. Furthermore, four prototypes were fabricated to examine design feasibility and
constraints using concrete 3D-printed stay-in-place formwork. The prototypes include a small prototype to check
water tightness and entire 3D-printed reinforced concrete structures, which were implemented to demonstrate the
construction system's efficiency and structural capabilities. Thus, the layer adhesion of concrete filament illustrated
its effectiveness as the column can hold its weight. The bonding between the concrete printed layers and self-
consolidating concrete revealed excellent interlocking mechanical properties, as illustrated in Figure 40, which can

increase the structural performance of the topology optimised column. In addition, the implementation and validation
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procedures described in this paper demonstrate that the proposed framework and the algorithmic GH script can be

used to efficiently design, optimise and fabricate reinforced-concrete building components.

Furthermore, to avoid hydrostatic failure when casting the 3D-printed topologically optimised formwork, it was vital
to inspect the printed formwork before casting. Although a crack developed during the pouring of self-compacting
concrete inside the full-scale chambers, the speed rate of pouring the concrete, layer width, and mechanical properties
of the concrete filament play crucial roles to withstand hydrostatic pressure. Furthermore, it is essential to investigate
the speed rate of pouring concrete, and the orientation of the printed structure (e.g. print and cast structure

horizontally), which may reduce the hydrostatic pressure.

The proposed approach could handle practical construction difficulties such as labour shortages and construction
duration in the KSA. The created framework, which is built on an algorithmic data structure, can help to speed up the
design process by incorporating generative design and parametric customisation. In comparison to conventional
construction methods, the framework will increase the efficiency of dwelling construction, as illustrated in Figure 41.
Moreover, 3D-printing of structural building components using robotic-based printers will not only improve
construction production efficiency but will also address KSA citizens' customisation problems, which centralised
precast manufacturing has failed to address. However, various obstacles need to be overcome to introduce robotic
printing into the construction industry efficiently. The most evident issue in this research was running robots for in-
situ fabrication due to various factors, including the extreme climate in the KSA due to the high temperatures and
dust. It would be difficult to handle the printing of housing components during the summer without operating the
fabrication process in a controlled environment. However, this issue can be tackled using a transportable robotic arm
based in a shipping container (Figure 43). Thus, the mechanical proprieties of printing materials have a major impact
on the complexity of architectural designs. Overcoming these challenges can pave the way for a revolutionary building

method that can be adopted into the present SBC 304, which was the main focus of this research.
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Figure 43: Transportable factory based in a shipping container

6. Conclusion

The standard TO techniques that are compatible with AM was evaluated in order to highlight the value of TO in
leveraging material savings when used in conjunction with AM technology. The researchers then examined the
simulation and voxelisation of the TO outputs using FEA methods. Using a generative design technique, the study
examined the possible benefits of TO in load-bearing system development. Also, the research established the design-
to-fabrication framework in Grasshopper, the framework examined the compatibility of AM and TO in terms of design

and manufacturing as well as the suitability to be implemented under SBC304.

As a result, by abstracting the building down to its fundamental structural components, the reinforced concrete frame
structure of a typical house may be optimised and readied for 3D printing (columns, beams, and slabs). The TO
performed on the column demonstrated that the specifically developed approach was capable of adapting to the
imposed axial loads while taking into account the material restrictions. As a result, this technology increased structural

stiffness while reducing material consumption.

The developed framework contributes to the design, optimisation, and fabrication of structural components with regard
to SBC304. Therefore, FE analysis was performed to determine the structural stability and verify the structure. To

confirm the proposed approach to the present Saudi Code, steel bars were employed to strengthen the core sections.
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This was accomplished during the detail design phase by updating the GH script to incorporate real material attributes
(i.e., reinforcement allocation) from the fabrication process. The optimisation result (i.e. TO column) indicated that it

may be used to construct a robotic toolpath through slicing algorithms coupled to RoboDK to generate the G-code.

The created framework's feasibility and functionality were examined by designing and fabricating a proposed 0.30 m
% 0.60 m x 2.90 m (height x width x length) topology-optimised reinforced concrete column and constructing actual
prototypes of various sizes. The validation procedure began with the testing of the framework on an official drawing
for a typical Saudi villa, followed by GH development of the villa's parametric concrete structure. A reinforced
concrete column was then considered to assess the applicability of the Millipede TO method in GH by developing a
parametric GH script. The GH script integrated form generation for both the parametric frame structure and structural
TO, using FEA and heuristic search techniques with the Galapagos genetic algorithm (GA) solver in a GH parametric
design environment, and slicing the optimisation results to generate G-code for the robotic instructions using the off-
line RoboDK programming tool. The TO process required a special procedure, which was characterised by a set of
optimisation boundaries and constraints essential to the design input data for the TO solver. The developed script was
then used to design, assess, and extract the design data for the GH components of the topology-optimised concrete
column, employing the extracted loading conditions from the FEA model built according to official drawings obtained

from the KSA's Ministry of Housing.

Subsequently, the study concentrated on the design-to-fabrication process for the topology-optimised reinforced
concrete column to construct concrete prototypes. Two scaled prototypes were built and tested found that the column's
shape and the tensile strength of the concrete filament used to fabricate the formwork both contributed significantly
to the printed formwork's ability to withstand axial load. Additionally, the one-to-one scale column experiment
demonstrated significant results regarding sustaining hydrostatic pressure during the casting process, which pave the
way for future research. The developed prototypes were digitally modelled, robotically manufactured, and assessed
using GH scripts. It was necessary to reinforce the column with a minimum of 12-mm steel bars to meet the SBC 304
standards [27] while fabricating the prototypes. Finally, fabrication techniques for the model were developed, which
involved printing the outside contours, reinforcing them with steel, and casting them using C40 self-consolidating

concrete.
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In summary, this research aimed to expand AM of concrete building components horizons and contribute significantly
to knowledge of the AM of concrete in housing construction. Additionally, the research identified methodologies and
procedures for the design and TO of reinforced concrete structures, as well as their potential for creating bespoke
reinforced concrete building components. Moreover, the research developed a design-to-fabrication framework and a
GH script to assist designers in generating, investigating and evaluating the results of topologically optimised building

components and smoothly preparing the components for AM.

To enhance the reliability, convenience, and accuracy of the created framework and GH script, as well as the precision
of the simulation results obtained, future research is essential. Further study is required to integrate other parameters
(e.g. hydrostatic pressure) into the design-to-fabrication framework. Thus, this research can be used as a basis for

future research in the fields of architecture and structural engineering, both academically and practically.
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