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ABSTRACT:

Although the production methodologies and technologies used in the construction sector have evolved over time, much of the work is still done
using techniques that can be considered less evolved than those used in other industrial sectors where robotics and other advanced
manufacturing technologies are much more implemented.

In this framework it is presented an analysis regarding the integration of production processes based on 3D printing (additive manufacturing)
versus conventional manufacturing methodologies in the construction sector. With this aim in mind, a set of experiments on manufacturing
usual construction elements have been conducted, both by conventional methodologies as well as by additive manufacturing. In this way, it is
possible to compare variables such as process time, material consumption and quality of each technique, which have an influence on
atomization and other aspects such as safety, productivity or environmental impact. The results obtained confirm the potential of additive
manufacturing as a fast, safe and efficient construction process.
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1.- INTRODUCTION

The construction industry is a significant part of the economy of any country in terms of Gross Domestic Product (GDP). Despite a long
and deep contraction in recent years, this sector represents about 6% of the GDP of the member states of the European Union [1].
Several studies also establish a direct relationship between the construction industry and economic growth of countries [2]. On the
other hand, the construction industry is generally considered a traditional industry, where innovation is rare. [3]. In that sense, despite
significant technological advances introduced in recent years in most industrial sectors [3], the productivity ratios in the construction
sector remain far behind those established in other sectors [4], [5], and even in some aspects have decreased [6].

Alongside this, the construction industry includes activities and work in most projects involve significant environmental impacts [7],
mainly linked to consumption [8] of both material and energy resources. Today, various initiatives are being taken [9] to reduce these
impacts on the environment [10] but there is a line of work that defines a common strategy.

Taking all the above into account, it seems clear that the construction sector needs to improve its processes both to increase
productivity and to reduce its impact on the environment and the consumption of resources. One of the possible ways may be the use
of automated production systems [11],that are more versatile in their management and that optimize the use of materials and
accessories.

In this context, this paper presents a comparative analysis of production processes based in 3D printing (additive manufacturing)
compared to conventional manufacturing methods in the construction industry. On this purpose, a set of manufacturing experiments of
some common construction elements were carried out and are described below.
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1.1-ADDITIVE MANUFACTURE

Additive manufacturing is defined as a manufacturing process in which a series of new technologies are used to allow the generation
of three-dimensional objects directly from a digital model without the need for molds or other tools. Since a few years, these
technologies have broken into different production processes, first as auxiliary systems focused on the development of non-functional
prototypes, to the latest advances where parts are manufactured fully operational for such demanding sectors such as aeronautics
[12], medicine [13] or automotive [14]. This novel manufacturing method involves a number of advantages in any industrial sector,
including construction [15]:

e Reducing the time required for placing on the market for customized products (Time-to-market reduction). This time
reduction is because manufacturing processes are direct from CAD 3D file, without specific tools previously made to the
customized product, as it happens in many conventional manufacturing processes in which an adaptation is required in
product changes.

e  Complete freedom and flexibility in product design. Unlike other production processes, additive manufacturing can produce
parts with almost any shape and complexity, as it does not have any of the geometric limitations of conventional
manufacturing processes.

e  Maximum material savings since it is selectively added and not subtracted from a block. For some applications, especially in
the metal sector, there are case studies showing that waste produced from raw material is reduced by up to 40% when using
additive manufacturing technologies instead of subtractive (machining) technologies. In addition, between 95% and 98% of
the unused material can be recycled [16].

e No investment in molds or tools. The part is produced directly from the 3D CAD file. For the first units, thus reducing the
investment cost and the time required for production tooling, which eventually affect the manufactured parts, as in
conventional processes. All these advantages allow additive manufacturing technologies to be competitive in short and
medium series production, where the size of the production will generally depend on the additive manufacturing technology,
type of material, complexity of the part geometry and the competitiveness of conventional processes for this case.

Faced with these significant advantages, additive manufacturing also has some drawbacks, many derived from being a
technology still under development. Among them it is possible to mention:

e The need to develop new materials or transform existing ones and, therefore, a high cost of raw material.

e The low availability of specific design software for these technologies.

o Difficulty in characterizing the properties of the materials processed by additive manufacturing, as to the additive being a
batch process the material properties can be different depending on the manufacturing direction.

e Improvement of surface quality and dimensional precision. Depending on the application and finishing obtained by the
additive technology may be necessary to a greater number of post-processing and surface finishing.

1.2-ADDITIVE MANUFACTURE IN CONSTRUCTION

At the end of the twentieth century came the first research related to the integration of additive manufacturing processes in the field of
construction industry. Authors like Joseph Pegna [17] began researching new building systems based 3D printing. Later, in 2004,
Professor Behrokh Khoshnevis of the University of South Carolina built the first wall using 3D printing [18]. He proposed the idea of
building individual houses using large-scale 3D printers and named this technology "Contour Crafting". At the same time, Enrico Dini
[19] patented a large-scale printing system called D-Shape, an electromechanical system that uses epoxy resin as a printing material
and that allows the construction of complex structures. Another prominent group in research on the application of additive
manufacturing in construction is the Department of Civil Works and Construction Engineering at Loughborough University (UK).
Already in 2007 this group presented an investigation [20] on the possibilities offered by this technology for the construction industry.

In recent years, various works related to the study of 3D printing with construction materials have been carried out [21], which have
addressed analyzes of materials in a fresh state [22], the development of specific mortars for additive manufacturing processes [23],
as well as theoretical studies on manufacturing methodologies taking into account the complexity of components, the need for
supports [24], etc. Currently, as indicated by different authors [25], [26], additive manufacturing applied to construction is still in a
research and development phase. Different challenges or problems remain, for example, the proper verification of structural properties
through simulation. [27] and the existing limitations for the experimental test of the manufactured elements [3], [28]. This technology
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needs to be fully developed and improved as it reflects that large-scale industrial machines are not yet available on the market, nor are
appropriate materials or clear business models.

2.- MATERIALS AND METHODS

As noted above, an experimental development was established to analyze the effect of the introduction in the construction of additive
manufacturing technology. Firstly, the most suitable construction elements were selected, which were subsequently manufactured by
both conventional formwork methodology and large-scale 3D printing. Subsequently, the comparative analysis allowed studying the
productivity linked to the process times, as well as a quality control based on the mechanical behavior of the structures.

The variables that were considered when carrying out the analysis of the construction processes are the following:
e  Process time: it was considered as the time from the start of manufacturing until the part is fully finished and available for its
application, that is, with fully hardened concrete.
e Materials consumption: both the materials that make up the elements to be manufactured and the different accessory
materials required in each case, such as molds or formwork, were considered.
o  Staff needed: the number of staff required for the execution of the component manufacturing process was evaluated.
e Structural quality: in this case it was assessed by analyzing the compressive strength.

Although one of the advantages of additive manufacturing is the versatility to produce geometrically complex components, the choice
of the elements to study was conditioned by two requirements to fulfill. First, be highly representative of the construction sector and
also facilitate the evaluation of manufacturing technologies. Consequently, it was decided to use the two building elements most used,
that is, the pillars and beams.

Under these conditions, two standard structural elements were defined with representative dimensions comparable to the components
commonly used in construction processes. The dimensions are as follows:

e  Square base pillar with 400 mm x 400 mm side and a height of 900 mm.
e Rectangular base beam 200 mm x 900 mm with a thickness of 400 mm.

The two construction methods applied to the previously indicated elements are described in the next section.
2.1.- CONVENTIONAL TECHNOLOGY THROUGH MANUAL FORMWORK
The conventional beam and pillar construction process (Fig. 1) was developed with the following tasks:

e  Manufacture of the mold or formwork element with metal profiles.

e Pouring of concrete inside the obtained formwork.

e Vibration of the previously poured material, to give it homogeneity and thus eliminate possible air accumulations in the form
of bubbles.

e  Stripping of the mold, after 24 hours.
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Formwork pillar model

Fig. 1. Making column by conventional method
2.1.- ADDITIVE MANUFACTURING TECHNOLOGY

The additive manufacturing system implemented for the development of the construction process was based on a Kuka robotic cell
[29]. Different auxiliary systems for material feeding were implemented on that cell, as well as a specific head for concrete printing.

To carry out the manufacturing process using additive manufacturing technologies or 3D printing, it is necessary to previously define
the printing paths to be followed by the robotic system, as well as the characteristics that the layers that will be deposited must have.

For this purpose, computer software was used with which the construction elements were first designed considering the manufacturing
capabilities and the systems used in it. Then the layer definition process (sliced) was run on them (Fig. 2) considering fundamental
parameters such as the thickness of the layer to be printed and the number of these. Once done, the trajectories of manufacturing
equipment (paths definition) were defined to obtain those layers. Fig. 2 shows this definition of layers and printing paths for the pillar
and beam.

Sliced Paths definition

Sliced Paths definition

Fig. 2. Defining layers and print paths
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The files generated in the previous process of layer definition and path printing are introduced into the specific software of the Kuka
robotic cell to perform a virtual simulation of the manufacturing procedure that was carried out (Fig. 3). This simulation is very useful

because it allows check for deviations or errors to correct both paths defined as movements that the robotic system performs to
achieve.

Fig. 3. Simulation of the manufacturing process with the robotic cell Kuka

Once it was verified that there were no deviations or errors in the generation of layers and trajectories, a pillar-shaped structure with a
square base of 400 millimeters per side and an approximate height of 900 millimeters was manufactured by printing 16 layers of
material with an approximate thickness of 55 millimetres. Printing began making the inside or core of the pillar, then perform printing its
periphery to finished dimensions.

Secondly (Fig. 4), a rectangular base beam-shaped structure was manufactured, with dimensions of approximately 400 millimeters
high, 200 millimeters wide and 1,300 millimeters long. The manufacturing process was carried out by printing 7 layers of approximately
55 millimeters thick.

LR uie

Fig. 4. 3D printing on concrete of the beam.

During the printing process of the structures, several stops were made in the deposition of the material to achieve the necessary level
of setting for the correct support of the following layers.
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2. RESULTS

Table 1 compares the process time, staff involved, material volume and formwork material for elements made by conventional
construction process and by additive manufacturing. As can be seen, the manufacturing times of the additive manufacturing process
are far (13 and 14 minutes for pillar and beam respectively) from those obtained by conventional manufacturing methods (120 and 129
minutes).

. Additive
Conventional process manufacturing
Pillar
Processing time (minutes) 120 13
Staff involved (operators) 2 0,5
Material volume (m?3) 316 316
Formwork material (kilograms) 307 0
Beam
Processing time (minutes) 129 14
Staff involved (operators) 2 0,5
Material volume (m?) 158 158
Formwork material (kilograms) 153 0

Table 1: Comparative data between conventional process and additive manufacturing

The volume of material used in both cases is identical, while obviously no formwork material is used in the additive process and the
staff involved is significantly less. On the other hand, by means of a process speed test, the maximum and minimum admissible
speeds were checked and evaluated so that the 3D printing process could be executed effectively, that is, being able to print parts in
mortar / concrete without failures. Different tests were carried out where the amount of water added to the material was varied, as well
as the material pumping and printing / movement speeds of the Cartesian system itself designed for this purpose. Additionally, during
such tests, different impression material layer configurations were tested, varying their width and constituent height. In this test
process, the layer configurations were established to be feasible considering two fundamental requirements:

e The ratio of low slenderness in the layer, that is, that there were no great differences in the width-height ratio of the layer, so
that it can be printed without generating a risk to its structural integrity in the form of collapse or collapse of it .

e The establishment of the speed limits acceptable by the printing system, both in terms of its own integrity and in terms of the
integrity of the printed structures, and without material deficiencies due to excessive deposition speed.

In the test plan worked with layers 100 x 40 mm, 100 x 50 mm, 100 x 60 mm, 100 x 70 mm, 100 x 80 mm and feed rates of between
(1m / min) and maximum (7m / min), based on this different productivities and qualities were obtained. The following graph (Fig. 5)
shows the productivity of the new large-scale 3D printing system based on these parameters:
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Fig. 5. Production rates (m3/ h) based on the speed of advance of the robot (y-axis) and the layer dimensions.

The tested system therefore presents a clear reduction in process times (around 80%), linked to the absence of formwork, short setting
times and high productivity values that can reach more than 3m3 / h with advance speeds of up to 420 m / h with layers of up to 100 x
80 millimeters.

Finally, with the aim of evaluating the quality of the resulting elements, the test and subsequent validation of the physical-mechanical
properties of the manufactured elements (pillar and beam) were carried out by both methods. For this purpose, the following test
methodology was established:

Preparation of standard specimens: the procedure consisted of filling conventional 150 x 150 x 150 mm. cube specimen
molds, directly from the print head. This ensures that the concrete mix is deposited in the same way as it is done in the 3D
printing process.

Preparation of test specimens by 3D printing: after the generation of the standard specimens, we proceed to manufacture by
additive manufacturing, a prismatic part with dimensions of approximately 700 x 700 x 400 millimeters, thus generating a
solid block. After the setting of the material for 24 hours, 150 x 150 x 150 mm specimens were extracted from the previously
printed solid block by mechanical methods. The mechanical properties of which were compared with the data of the
established pattern.

Performing physical-mechanical: once prepared the test pieces, flexural strength tests were performed. In this line, rupture
tests have been carried out at 30 hours and 7 days. Since the production process is fast, it is interesting to know the
behavior of the samples in the short term, this being the reason for making breaks at 30 hours.

The results of the tests yielded values appropriate resistance but emphasized a reduction of around 25% compared to the resistance
values thrown specimens obtained by conventional manufacturing methods (Fig. 6). This reduction is linked to the layer-by-layer
material deposition process and the absence of a vibrating process, but the values obtained in the tests are, already 7 days, above the
25 MPa required by regulations [30] for conventional concretes on 28 days.
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Fig. 6. Rupture of specimens obtained by printing (left) and traditional (right) method.

It should be noted that in the test specimen in the left image, obtained by additive manufacturing, the break follows a trend parallel to
the manufacturing layers (Fig. 7), while, in those obtained in a conventional way, the break is predominant in the load application
direction (vertical and transverse direction to it).

-

it).
Fig. 7. Breakage of concrete specimen manufactured by 3D printing.

3. CONCLUSIONS

The new proposed system represents a significant and necessary technological leap compared to current construction methods. The
comparative study using common constructive elements carried out in this work allows draw the following conclusions regarding the
use of additive manufacturing in construction:

e Reduce reliance on the human factor. After checking the design through simulation, the robot can perform the job through
data taken directly from a digital file.
e lthas been found that the elimination of formwork operations several advantages are obtained:
— A very significant reduction of manufacturing time, by eliminating the design, assembly, and removal time of the
formwork.
—  Less staff needed in the manufacturing process.
Decreasing the costs associated with the auxiliary materials necessary.
The risks associated with these operations.
e Materials (e.g. water content), layer definition and print paths, as well as print speed must be controlled for appropriate
results.
e Improve the unit costs of the process, after the initial stage of development of the system, due to the significant reduction in
the labor required, auxiliary materials and time spent for obtaining parts, will significantly reduce in the costs of the
manufacturing process.

Publicaciones DYNA SL -- ¢) Mazarredo n°69 - 4° -- 48009-BILBAO (SPAIN) Pag.8/10
Tel +34 944 237 566 — www.revista i



http://www.revistadyna.com/
mailto:dyna@revistadyna.com

PRODUCTIVE PROCESSES BASED ON 3D PRINTING VERSUS
CONVENTIONAL METHODOLOGIES: A COMPARATIVE ANALYSIS IN

j J THE CONSTRUCTION SECTOR CONSTRUCTION
Ingenieria e Indusiria TECHNOLOGY
RESEARCH ARTICLE José Manuel Mesa Fernandez, Juan Carlos Piquero Camblor, Marina Diaz Additive Manufacturing

Pilofieta, Henar Moran Palacios

e The preliminary results of the tests carried out, in relation to the physical-mechanical properties of the manufactured
elements, show adequate resistance values, although lower than those obtained by conventional means. It is necessary to
deepen the future development of specific materials, as well as in the study of the effect of printing paths.
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