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ABSTRACT OF THE THESIS

Flexural behavior of 3D Printed High-Strength Ductile Concrete beams with optimized
topology
by
Amadeu Malats Domenech
Master of Science in Civil and Environmental Engineering
University of California, Irvine, 2021

Professor Mo Li, Chair

The technology of 3D concrete printing (3DCP) has the potential of revolutionizing the
construction industry through an automated, rapid and economical method to build
structures or infrastructure with minimal needs for formworks and labor. In order to realize
the rational and wide adoption of 3DCP a series of fundamental challenges need to be
addressed, ranging from new concrete materials science and engineering to enable the 3D
printing process, to understanding the mechanical behavior of 3D printed concrete

structural elements.

Conventional cast concrete is known to have a quasi-brittle nature and possess
significantly lower strength under tension than under compression. Therefore, steel
reinforcement is commonly used in flexural members made of concrete such as beams. While
steel reinforcements can be well pre-aligned or installed in formworks before casting

concrete, they are difficult to be integrated into the concrete 3D printing process when

XX



formworks are absent. Therefore, this thesis proposes and investigates a new approach to
3D printing concrete beam members with novel concrete featuring a ductile (rather than
quasi-brittle) behavior and an optimized topology. It is hypothesized that if a ductile strain-
hardening tensile behavior of the 3D printed concrete can be achieved, it would lead to
substantially improved flexural behavior of 3D printed beam members, in terms of flexural
strength and ductility, thus reducing the need for steel reinforcement. It is further
hypothesized that the 3D printed concrete beam with optimized topology and ductility

would result in higher mechanical capacity but with less use of concrete materials.

To test these hypotheses, this thesis has two objectives: first, it aims to generate the
understanding on the flexural behavior of beam members made of the high-strength ductile
concrete; second, it aims to reveal how the optimized topology enabled by 3D printing will
affect the flexural behavior of beam members made of high-strength ductile concrete. To
achieve these, this thesis performs both experimental and numerical studies on the flexural
behavior of small-scale beam specimens either casted or 3D printed with newly developed
high-strength ductile concrete materials, either with or without optimized topology. It first
performs topology optimization of a concrete beam geometry using finite element method
(ABAQUS). Then, four types of concrete beam specimens are manufactured with novel high-
strength ductile concrete: (a) 3D printed beams with optimized topology, (b) casted beams
with optimized topology, (c) casted prismatic beams without topology optimization, which
has the same total volume as the beams in (a) and (b), and (d) casted prismatic beams
without topology optimization, which has the same effective volume between supports as
the beams in (a) and (b). These beams are subjected to 4-point bending test. In addition, two
types of boundary conditions are considered: (1) pin-roller support condition without

xXi



horizontal constraint, and (2) with horizontal constraints at both supports. The force-

displacement relation, strain field and damage pattern are experimentally measured.

In addition to the experimental study, finite element based modeling is performed
using Abaqus to numerically analyze the behavior of the different beam specimens. The
model considers the constitutive relation of 3D printed high-strength ductile concrete that
is fundamentally different from that of conventional concrete, it also considers the given

beam geometries and different boundary conditions same as the experimental setup.

This study elucidates how concrete material ductility, 3D printing method, topology
optimization, and beam boundary conditions affect the flexural behavior of concrete beams.
The novel ultra-high-strength ductile concrete transforms the concrete beam behavior from
brittle and localized fracture to a displacement-hardening behavior with spatial
microcracking damage and a highly ductile failure mode. In addition, the study shows ultra-
high-strength ductile concrete can be successfully 3D printed, into the optimized topology of
the beam element. The 3D printing process tends to align the fibers into the direction along
the printing filament, leading to increased resistance to stress and strain long the beam
direction under bending, but less resistance in the direction perpendicular to the printing
filaments. Furthermore, the study shows topology optimization can improve beam flexural
behavior, depending on the boundary conditions. Without additional horizontal constraint
in the four-point bending test setup, the beams with optimized topology exhibit larger
displacement capacity before failure and higher load-carrying capacity, than the prismatic
beams without topology optimization. The failure mode is flexure governed. However, with

additional horizontal constraint, the beams with optimized topology still exhibits larger

xxii



displacement capacity before failure and higher load-carrying capacity than the prismatic
beams without topology optimization; but the displacement capacity is significantly lower
and the load-carrying capacity is significantly higher their topology-optimized counterparts
without horizontal constraint at the supports. This is because the failure mode becomes

more dominated by shear and compression in the topology-optimized beams.
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Chapter 1. Introduction

1.1. Research motivation

The technology of 3D concrete printing (3DCP) has the potential of revolutionizing the
construction industry through an automated, rapid and economical method to build
structures or infrastructure. Different from the conventional construction method that
concrete is cast into prefabricated formworks, 3DCP is a layer-by-layer deposition process,
also known as additive manufacturing, through an automated robotic arm or a gantry
printer. 3DCP opens opportunities of automated onsite construction with reduced need for
labor and formwork, and of building complex structural geometries for higher mechanical
performance that cannot be achieved through the conventional cast method. In order to
realize rational and wide adoption of 3DCP, a series of fundamental challenges need to be
addressed, ranging from new concrete materials science and engineering to enable the 3D
printing process, to understanding the mechanical behavior of 3D printed concrete

structural elements.

Normal cast concrete is known to have a quasi-brittle behavior and significantly
lower strength under tension than under compression. Therefore, steel reinforcement is
commonly used in flexural members made of concrete, such as beams, to resist tensile force
and provide ductility. While steel reinforcements can be well pre-aligned or installed in
formworks before casting concrete, they are highly difficult to be integrated into the concrete
3D printing process when formworks are absent. Therefore, this thesis proposes and
investigates a new approach to 3D printing concrete beam members with novel concrete

featuring a ductile (rather than quasi-brittle) behavior and an optimized topology. It is



hypothesized that if a ductile tensile strain-hardening behavior of 3D printed concrete can
be achieved, rather than the normal quasi-brittle behavior, it would lead to greatly improved
flexural behavior of 3D printed concrete beam members in terms of flexural strength and
ductility, thus reducing the need for steel reinforcement. It is further hypothesized that the
3D printed concrete beam with an optimized topology and ductility would possess higher

mechanical capacity but with less usage of concrete materials.

The novel ductile concrete material investigated in this study features a tensile strain-
hardening behavior as well as an ultra-high compressive strength. It is a fiber-reinforced
cementitious composite material possessing a compressive strength of 100MPa and a large
tensile strain capacity (also known as elongation capacity) up to 8%. This tensile strain
capacity is extraordinarily high, 800 times that of normal concrete or 3D printed concrete
(tensile strain capacity = 0.01%), thus providing remarkable fracture toughness and damage
tolerance under both service loading and extreme loading conditions. The combination of
ultra-high compressive strength and ultra-high tensile ductility, achieved through a
sequentially formed spatial microcracking damage behavior (rather than a localized fracture
behavior), provide great potential for 3D printing of concrete structural members with
reduced steel reinforcement needs. Furthermore, optimizing the topology of structural
members enabled by 3D printing can further reduce material usage but increase structural

capacity and efficiency.

To test these hypotheses, this thesis has two objectives: first, it aims to generate
understanding on the flexural behavior of beam members made of the high-strength ductile

concrete; second, it aims to reveal how the optimized topology enabled by 3D printing will



affect the flexural behavior of beam members made of high-strength ductile concrete. To
achieve these objectives, this thesis study will be first perform topology optimization of a
concrete beam geometry using finite element method (ABACUS). Then, four types of
concrete beam specimens will be manufactured with the novel high-strength ductile
concrete: (a) 3D printed beams with optimized topology, (b) casted beams with optimized
topology, (c) casted prismatic beams without topology optimization, which has the same
total volume as the beams in (a) and (b), and (d) casted prismatic beams without topology
optimization, which has the same effective volume between supports as the beams in (a) and
(b). These beams will be subjected to 4-point bending test under displacement control. In
addition, two types of boundary conditions will be studied: (1) pin-roller support condition
without additional horizontal constraint, and (2) with horizontal constraints at both
supports. The force-displacement relation, strain field and damage pattern will be

experimentally measured.

Furthermore, it is important to develop finite element-based numerical models to
predict the mechanical behavior of 3DCP elements, for which the material constitutive
relation is different from the conventional concrete and the structural member can have
various geometries enabled by 3DCP. Therefore, in addition to the experimental study, finite
element based modeling will be performed using Abaqus to numerically analyze the
behavior of the beam specimens, and to compare the numerical predictions with the
experimental data. The model will consider the constitutive relation of 3D printed high-
strength ductile concrete that is fundamentally different from conventional concrete. It will
also consider the given beam geometries and the boundary conditions same as the

experimental setup.



The experimental and numerical results will be analyzed to elucidate how concrete
material ductility, 3D printing method, topology optimization, and beam boundary
conditions affect the flexural behavior of concrete beams. Finally, the thesis will discuss the
major conclusions drawn from the experimental and numerical studies, and the future work

to be performed to further advance this field.



1.2. Literature review

1.2.1. State of the Arts and Practice of Concrete 3D Printing
3D printing is a group of additive manufacturing (AM) technologies, that through a process
of additive deposition of material by layers is able to create tridimensional solid objects from

a digital model. [1]

The first AM method called stereolithography was invented in 1976 by Hideo Kodama
using a liquid polymer that was hardened layer by layer using ultraviolet lights (Figure 1: 3D

printing with the stereolithography process (Figure 1). [2]

In the following decades, other types of 3D printing methods were developed such as
the fused deposition modeling (FDM). This method uses a thermoplastic material which is
heated and extruded through a moving nozzle that deposits the material in the appropriate
location layer by layer. Then the extruded thermoplastic filament gets cooled and hardened

by the surrounding air and bonds to the adjacent layers producing a tridimensional object

(Figure 2).[3]

Figure 1: 3D printing with the stereolithography process [2] Figure 2: 3D printing using the Fused deposition modeling
3]



1.2.1.1. Extrusion Based Method

Contour crafting

Until the mid-1990s the 3D printing technologies were focused in producing small scale
objects made by polymers or metals. However, Professor Khoshnevis changed this paradigm
in 1998 introducing the technique of Contour Crafting (CC)[4]. This method also consists in
extruding material through a moving nozzle like in the FDM method, but in this case instead
of melted polymers the extruded material is a fresh cement-based paste. The use of concrete
as the extruded material and using a large robot arm or gantry to move the nozzle enables

this technology to 3D print large scale structures in a cost effective way. [5]

Figure 3: Contour Crafting extrusion nozzle while it is 3D printing a Figure 4: Contour Crafting plan to 3DCP a house [5]
concrete wall [4]

Since Contour Crafting was invented, other companies and research teams have
developed their own technology of 3D concrete printing. While most of them work with the
same fundamental technology of extruding a cement based paste, some differ in using a
moving robot arm or gantry system and the mix design of the cementitious paste and its

reinforcement.[6]



One of the major challenges the 3D concrete printing technology faces is the
incorporation of reinforcement in the structure, as plain concrete has a low tensile strength

and is brittle. [7]

Apis Cor

Some companies such as Apis Cor reinforces the 3D concrete printed structure introducing
some steel bars between the printed walls which are then filled with casted concrete (Figure
5) [8]. This company holds the current record for the largest 3D concrete printed building in
the world built in Dubai using this reinforcement method, and a moving printer crane that

can rotate 360 degrees and extend itself in both horizontal and vertical directions (Figure 6).

[9]

Figure 6: Apis Cor 3D concrete printing crane [8]

APIS COR

Figure 5: Steel bar reinforced 3D printed wall by Apis ~ Figure 7: World's biggest 3DCP building by Apis Cor [9]
Cor [8]



Although the Apis Cor method of reinforcing the 3DCP building is structurally sound,
the placement of the steel bars requires a lot of manual labor, which makes the process
slower, more expensive, and dangerous for the health of the workers and limits the geometry
of the structure. Apis Cor also has plans to 3D concrete print affordable housing in California

which could greatly reduce its cost thanks to this revolutionizing technology.[10]

Winsun

The company Winsun in 2019 achieved to 3D print 10 houses (Figure 8) with 195 squared
meters of area each in less than a day with a cost of 4800% each. In this case, the company
used a extrusion based 3D printer to manufacture parts of the house off-site and then
transported and assembled the parts to the construction site, the 3D concrete printed parts
where then put together and reinforced with conventional steel rebar. Using a similar
method a 5-story apartment (Figure 9) was built with a total area of 1100 m?, and also a

concrete villa (Figure 10) with interior fittings for a cost of 160,000%$.[11]

Figure 9: 3D concrete printed 5-story building
by Winsun [11]

Figure 10: Winsun 3D printed Villa for 1600008 [11]



XtreeE

The company XtreeE developed an AMOC method that consists in 3D concrete printing the
formwork and then casting another material inside it such as ultra-high performance
concrete to strengthen the structure or as insulation material like foamed concrete. The

3DCP formwork is left in the structure which is called lost-formwork. [12]

The balance between 3D printed material formwork and casted material is very
important to achieve an economical viability, for some structures formwork 3D printing can

be more optimal than all -3D printed or traditional construction.[13]

This company formwork 3D concrete printed a 4-meter tall pillar using UHPC with a
topology optimized shape. The pillar was produced in 3 parts to reduce hydrostatic pressure
when casting UHCP inside and for ease of transportation (Figure 11) and assembly in the
final location (Figure 12). To improve the continuity of the joints between the three
segments, metallic connectors where installed during the casting and chemical glue was used

to seal the connection.[14]

Figure 11: XtreeE pillar being transported by parts [14]

Figure 12: XtreeE pillar assembled in its final setup [14]



Huashang Tengda

The Chinese company Huashang Tengda achieved to 3D concrete print a two-story villa
manufactured on-site and in one-go, compared to the Winsun that has to transport and
assemble the 3D printed segments of the structure. The structure of the Huashang Tengda
houses (Figure 13) includes conventional steel reinforcement and plumbing pipes.[10] The
construction process consists in first manually placing the steel rebar frame and the
plumbing pipes, and then the concrete is 3D printed over it with a large scale printer that has
a unique extruding nozzle of forked shape (Figure 14) that surrounds the steel rebar frame

extruding concrete on both sides.[15]

Figure 13: 3DCP ville by HuaShang Tengda [10]

Figure 14: HuaShang Tengda 3D printing process with a forked
nozzle [15]

The concrete mix used is an ordinary class C30 concrete, which is durable and tough,
yet inexpensive. The wall thickness of the 3D printed villa is 250 cm and it has been tested
that the structure could withstand a strong earthquake with a magnitude of 8 in the Richter
scale.[16] The main disadvantage of this 3DCP method is that the process of installing the
steel reinforcement frame requires a lot of labor and takes a long time, compared to only 3D

printing.
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University Federico Il of Naples

Another technology to reinforce 3D printed concrete was developed by the University
Federico II of Naples, Italy, that made use of modular 3D printed concrete segment with a
topological optimized shape united using external steel bars, which combined together can

create beams (Figure 15) or pillars.[17]

Figure 15: 3DCP modular beam reinforced with external steel rebar [17]

PERI

The PERI company built one of the most complex 3D concrete printed residential buildings
in Germany. Using the 3D construction printer named ‘BOD2’ (Figure 16) supplied from
COBOD which is reported to be the fastest on the market achieving a speed of 2.2 mph and
completing a 1 square meter of wall in under five minutes. It uses a gantry system that moves
along three axes on a metallic frame, only needing to be calibrated once. During the 3D
printing process the machine analyzes the utilities such as pipes, cables, enabling the manual

workers to install these utilities while the structure is being 3D printed (Figure 17).
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The structure is composed of triple skin hollow walls, that are filled with insulating

material requiring two operators to monitor the process. [18]

This 3D concrete printed house (Figure 18) have passed all the regulatory

requirements in Germany so it can be inhabited.

s ©
.

Figure 16: PERI 3D concrete printer 'OBD2' from COBOD [18]  Figure 17: PERI 3D printing a house in Germany while
workers install utilities [18]

Figure 18: First inhabitable 3D printed home in
Germany by PERI [18]

PERI associated with Habitat for Humanity is also building some residential homes in
Tempe, Arizona as a possible solution for a lack of affordable housing in the region. The single
family homes will have a livable area of 1738 square feet and 80% of them will be 3D

concrete printed while the rest of the construction is traditionally built.
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Mighty Buildings

The company Mighty buildings is planning to create a zero net energy single-family homes
community (Figure 19) in the area of Palm Springs, California. These homes will be fully
sustainable using a light stone 3D printing material prefabricated in a factory setting,
allowing for a good quality control, and then installed on-site. Solar panels would be installed

on the roof to boost the sustainability of the complex and insulating the walls. [19]

Figure 19: 3D concrete printed home complex in Palm Springs [19]
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WASP

The Italian company WASP built an environmentally friendly house (Figure 20) 3D printed
using local soil in a zero-waste construction process, which did not require any material to
be transported. It is obtained by excavating the soil, removing the stones and gravel with a
sieve, and mixing the sieved soil with water and rice husks in a concrete mixer. Then the

material is extruded using a layer deposition method (Figure 21).[20]

i 2 2 o , ¥ : ' : J!:‘.
Figure 20: 3D printed dirt house by WASP [20] Figure 21: Process of 3D printing a house using dirt, water and
rice husks by WASP [20]

ETH Zurich

A group of architects and engineers from Eidgendssische Technische Hochschule Ziirich in
collaboration with Zaha Hadid Architects and Incremental 3D have 3D printed a bridge made
of unreinforced concrete (Figure 22). The 12m by 16m bridge is composed by several 3D
printed blocks that are assembled in the arch shaped bridge (Figure 23). The 3D printed
layers are made orthogonal to the flow of the compression forces so that each layer is well
pressed against each other, and just by the compressive strength of the concrete material the

structure does not need any other reinforcement.[21]
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Figure 22: 3D concrete printed modular bridge being assembled Figure 23: Completed modular 3D printed bridge by ETH
[21] Zurich [21]

Ghent University

Researchers at Ghent University in collaboration with the company Vertico and the Technion
[srael Institute of Technology have developed a 3D printed bridge (Figure 24) using the least
amount of concrete.[22] Its shape is topologically optimized, for a post tension cable that
runs at the bottom of the bridge that minimizes stress peaks. Reducing the amount of
concrete have both an economic and time benefits and the capability of 3D printing in any

topology optimized shape enables to produce cost effective and safe structures.[23]

¥ gy “ > _— - ~

Figure 24: Topology optimized post tensioned 3D printed bridge at Ghent University [22]
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Institute for Advanced Architecture of Catalonia

The Institute for Advanced Architecture of Catalonia has developed a new approach to 3D
printing large structures with concrete. Instead of using large robotic arms or gantry
systems, the IAAC have developed a team of minibuilders (Figure 25) which consists of three

types of small robots that can climb the structure and continuously 3D print over it. [24]

The foundation robots make the footprints of the initial 10 layers of the structure. The

robots have a pipe connected to a concrete supplier that provides the printing material.

The Grip robots (Figure 26) have four rollers that clamps to the edge of the structure
allowing it to move along the edge and printing additional layers of material, with a nozzle
that can shift from side to side increasing the printing accuracy. These robots can even print

horizontal ceilings and windows openings.

Vacuum robots (Figure 27) attaches to the surface of the previously 3D printed
surface using a vacuum generator, and then can reinforce the structure 3D printing
additional material around the object in any direction as it can move freely around the

surface.[25]

Figure 25: Representation of how the minirobots work at the Figure 26: Grip robot 3D concrete printing a structure by
same time 3D concrete printing a large structure by IAAC IACC [24]

[24]
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Figure 27: Vacuum minirobot reinforcing a 3D concrete printed
structure by IAAC [25]

Tsinghua University

The Tsinghua University 3D concrete printed a 26.3 meter long by 3.6 meter wide bridge

(Figure 28) in Shanghai, completed in 19 days.

The bridge has a modular composition (Figure 29) of 176 concrete segments 3D
printed in 450 hours using a composite polyethylene fiber reinforced concrete and
admixtures. The structure does not require any additional reinforcement or templates, and

can then reduce the total cost by a third. [26]

The 3D printing robot has two arms with separate functions (Figure 30), one stirs and

extrudes the concrete while the other controls the printing path and the operating system.

The bridge also integrates strain and stress sensors to obtain data in real time of the

performance of the bridge. [27]

17



Figure 29: Modular installation of a 3DCP bridge by
Tsinghua University [26]

Figure 30: 3D concrete printing a modular bridge by Tsinghua
University [26]
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1.2.1.2. Powder-based Technique

Powder-based deposition or binder-jetting is another large-scale additive manufacturing
method that can create very accurate and complex shapes. This technique works by laying a
granular layer, usually sand, and depositing a binder selectively where the object is to be
constructed. This binder creates a bond between the particles that is in contact with. Then
another powder granular layer is placed over with another round of binder layer by layer
until the final object is completed. The remaining powder can be easily removed.[28] This
technique enables the production of objects with a very complex shapes with inclined walls

and ceilings, because the unbounded powder acts as a bed that holds the upper layers.

D-Shape

D-Shape is a company specialized in the binder-jetting technology (Figure 31) which uses
sand as a powder and a magnesium-based binder with inorganic seawater that creates stone-
like objects. The magnesium oxide reacts with the sand creating a strong chemical bond with
a final product that is like a mineral with a crystalline structure and a high tensile strength,

so D-shape structures do not require reinforcement.[29]

S \\ b 0 A\ f“ > ; Y R

Figure 31: D-shape binder-jetting 3D printing process [29]
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D-Shape in collaboration with the IAAC and the construction company Acciona made the first
pedestrian 3D printed bridge (Figure 32) in the world located in Madrid. It has a span of 12
meters and a width of 1.75 m and was 3D printed using the D-shape technology of binder-
jetting. The shape of the bridge was topology optimized to minimize the amount of material

and waste by recycling the raw material during the printing.[30]

Figure 32: 3D printed pedestrian bridge using binder-jetting technique by D-
shape [30]

1.2.2 Advantages of 3DCP

Compared to conventional construction methods, the major advantages of 3D concrete
printing are the capacity to autonomously produce complex designs of structures that are
cost effective because its shape can be optimized to require less material, produce less waste
and being built much faster as it can print at a rapid pace 24 hours a day. As a result 3DCP
requires less manual labor and in some cases it might not require any at all so it is a much
safer method of construction, which would prevent many accidents and casualties that are
currently happening in the construction industry. Because of conventional construction
methods, construction is one of the most dangerous industries, with 150,000 injuries and

1000 deaths annually in the US [31], the majority of whom are aged between 25 and 34 years
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old. Also has one of the highest suicide rates for its workers which reflects the demanding

and dangerous aspect of the manual work.[32]

In terms of economic and environmental impact, construction represents 9% of the
global GDP and it usually operates with low benefit margins of around 5% so the increase in
efficiency from 3DCP can make for a big difference. Due to its significant size, the
construction industry is responsible of 8% the man-made CO2 gas emissions that pollutes
the environment and contributes to climate change, and that could be reduced using greener
concrete mix designs and taking advantage of the reduced material consumption and waste

generated that 3DCP technology offers.[33]

The productivity of the construction industry has remained stagnant for decades with
minimal improvements in its practice which is still very labor intensive, the 3DCP technology
presents itself as a great opportunity to revolutionize this field if it can overcome some major
challenges such as the reinforcement of concrete in order to resist the tensile stresses and
provide a good interlayer bond. Some research groups are working in alternatives such as
reinforcing the material using small fibers mixed in the concrete paste to increase its
performance, although currently no real project has used this kind of material. The
possibility of using ultra high performance fiber reinforced concrete might be the best option
to launch this technology[34]. For this reason this thesis studies the 3D printing of High
Strength Ductile Concrete structures, which makes use of short PE fibers that provides a
strain-hardening behavior and ductility to the material. Due to these properties no additional

reinforcement could be required.[35]
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CHAPTER 2: Experimental Program

2.1. Introduction

The experimental program chapter covers the process of the design, fabrication and
testing of the specimens. The objective is to obtain the force-displacement relationship and
strain field for the 4-point flexural bending test results for every type of beam. The geometry
design of the beam was carried out using a topology optimization tool provided by the
Abaqus software that maximizes the stiffness for a given amount of material and boundary
conditions. The next part is the production of the 3D printed beams that have the topology
optimized shape and the conventional prismatic shaped beams. And the last part of the

chapter explains how the 4-point bending test was carried out.
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2.2. Topology optimization

The Additive manufacturing technology enables the manufacturing of complex structures in
an easy, efficient and cost effective way .The 3D concrete printing can produce an object in
any shape if the vertical stability of it is maintained, which means that the inclination and
overhang of the printed element is the only design limitation.[36] This topological
optimization have an important impact on the manufacturing efficiency, decreasing the
material, waste, time, energy and environmental impact and as a result its cost. So not taking
advantage of this quality of 3D printing into a more optimized shape would be

unjustified.[37]

However, the process of topological optimization is not trivial, depending on the
objective different criteria can be applied, for instance different parameters or a combination

of them can be optimized such as strength, stiffness and volume.

The topology optimization also depends on the material properties, loading states
and boundary conditions. Mathematically the topology optimization consists of finding the
minimum or maximum of an objective function that depends on all the parameters like

material properties, loads and boundary conditions.

The 3D printing technology has a limited resolution and precision that depends on
the nozzle size and the extrusion width. Because of this, the result from the theoretical
topology optimization given by the software Abaqus, which is very fine detailed, has to be

adapted and simplified in order to be 3D printable.[38]

The first step to calculate a topology optimized shaped in Abaqus is to define a volume
of material that will contain the optimized design. In this thesis a prismatic beam of
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dimension 12”"x4”x1” clamped on the sides with a vertical distributed load (Figure 33) is
topologically optimized using the tools for this purpose that are provided within the FEM

software Abaqus.

The output parameter to minimize for the initial iteration of the design response is the strain
energy. As a consequence, the topologically optimized beam will have the lowest strain for a
given amount of material, or in other words the beam will be have the highest stiffness for a
given material amount contained inside the initial reference volume. The resulting optimized

beam from the previous routine is shown in the following (Figure 33):

Conventional prismatic beam

Topologically optimized beam

Figure 33: Beam topology optimization using finite element method
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From the Abaqus software optimized beam it can be seen that it takes the shape of an
inverted catenary arch, which makes sense as the catenary is the shape that distributes the
loads uniformly along its path, and the tensile stresses are reduced in the middle of the arch
as it have more compressive stresses due to the clamped boundary conditions of the beam.
Moreover, it appears that two holes are created within the structure to save volume in an

area that is not subjected to as much stresses as the interior of the beam.

The topology optimized beam from Abaqus has to be adapted to the 3D printing
process limitations, specially for a small scale beam in which the printer does not have much
resolution and the width of the printer nozzle is as wide as one layer of the topology
optimized sections of the beam. The postprocessed topology optimized beam adapted to the
small scale 3D printing process is shown in the following (Figure 34) and also showing all
the layers and printing paths in the software Simplify3D that translates the CAD file (Error!

Reference source not found.) to a .stl file that the 3D printer can read.
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Figure 34: Dimensions of beam specimen with postprocessed — Figure 35: CAD model of the specimen with
topology optimization postprocessed topology



2.3. High Strength Ductile Concrete for 3DCP

The development of ultra-high-strength ductile concrete for 3D printing was achieved based
on a systematic approach that synergically (a) designs the properties of the raw solid
ingredients, water and chemical admixtures to achieve an optimized particle size
distribution and packing density, hydration and pozzolanic reaction kinetics and the
resulting microstructure for reaching an ultra-high compressive strength; (b) tailors
rheological parameters such as the yield stress, plastic viscosity and thixotropy to enable the
3D printing process including the extrusion and precise deposition capacities as well as the
shape deformation resistance and early-age strength gain; and (c) design the
micromechanical parameters including the cementitious matrix toughness and the
interfacial constitutive behavior between the cementitious matrix and the polymeric fibers
to achieve a high tensile ductility, particularly at the given matrix ultra-high strength and the

rheological parameters for 3D printing.

Achieving a tensile strain-hardening behavior in fiber reinforced cementitious
composite materials is based on fundamental theory of micromechanics and fracture
mechanics.[39][40]. Steady-state cracking must be prevalent in the cementitious composite
material, instead of typical Griffith-type cracking. Steady state crack propagation can be
achieved through tailoring the matrix toughness properties and fiber/matrix interfacial

bonding constitutive relation to satisfy Equation 1.[34][41]

8o
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Where ¢(8) describes the averaged (or smeared) fiber bridging stress across a crack

vs. crack opening relation, Jtp is the matrix toughness at the crack tip, determined by:

K7
]tip = E_ (2)

m

Where Kn is the matrix fracture toughness and Em the matrix elastic modulus. g, is
the maximum fiber bridging stress across a crack, and §, is the critical crack opening

corresponding to the maximum fiber bridging stress. g,,.[42]
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Figure 36: Constitutive relation between smeared fiber
bridging stress across a crack and the opening of the
crack. The darker shaded area represents the matrix
toughness at the crack tip, which should be less than the
complementary energy represented by the lighter
shaded areas [34]

Furthermore, the initial matrix cracking stress ot must be smaller than the maximum
fiber bridging stress oo..[41] The matrix should also contain sufficient natural flaws such as
air pores and weak aggregate/binder interfaces, which behave as crack initiators by having
the flaw size larger than the critical flaw size governed by the fiber bridging stress vs. crack

opening relation.

Achieving the correct rheology for 3D printing considered the following

requirements|[43] [44]:
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- Pumpability: it is the ability of the fresh material to being moved through the pump,

tubes and extruding system.

- Printability: the reliability of the depositing material at maintaining its properties and

filament continuity while being extruded (Figure 37).

- Buildability: the capacity of the deposited material to resist deformation and maintain

its shape in a fresh condition (Figure 38).

- Open time: The period during which the material pumpability, printability and
buildability and other properties are within an acceptable performance for the

printing process to continue and complete[45].

-

Figure 37: Example of poor printability [42] Figure 38: Example of poor buildability in 3D printed concrete [42]
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2.4. Specimen types and fabrication

In order to study the performance of 3D printed High Strength Ductile Concrete structures
and its feasibility as a construction method, that could solve the challenges of reinforcing
3DCP structures to resist shear and tensile stresses, several beam specimens were produced
at a small scale, to be loaded under a 4-point flexural bending test to obtain the force-
displacement relationship and the strain field using DIC. These results will show the beam
behavior in resisting shear, tensile and compressive stresses. Moreover, in order to
understand the role of every aspect in the beam such as the 3D printing path, fiber alignment
and geometry, different types of specimens are produced, all of them using the same High

Strength Ductile Concrete mix.

The first kind and most representative specimens of this technology are the 3D
printed beams with the topology optimized geometry, having a total length of 14 in, width of

4 in and 1 in thickness (Figure 39).

Another type of specimen has the same topology optimized geometry of the previous
beam but is produced by casting the HS-DC material (Figure 40) into a mold instead of being
3D printed. This type of specimen will show the effect that causes the 3D printing process
which tends to align the fibers in the extruded material direction along the printing path,
which in turn increases the performance of the material in that same direction but is

decreased in the perpendicular.

The next specimen type is another casted beam but with a conventional prismatic
shape having the same total weight and volume (Figure 41) as the topology optimized beam

type, with the dimension of 14 in length, 2.79 in width and 1 inch thickness. The change in
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performance in this prismatic shaped beam will show the impact of the topology
optimization geometry.

The last specimen type is another prismatic beam (Figure 42) but that has the same
volume as the topology optimized beam only in the region that spans 12 inches between the
4-point flexural bending test lower roller supports shown in red in (Figure 43), as it is the
region of the beam that supports the majority of the stresses while the material situated
outside the rollers does not interact much. Being the effective volume the same in the

topology optimized beam makes a more fair and rigorous comparison between the two beam

geometries.
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Figure 41: Casted prismatic beam ™ Figure 42: Casted prismatic beam 'O
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between supports as the topology-
optimized beams
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Figure 43: Effective volume highlighted in
red for the prismatic and topology
optimized beams
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A total of 32 beams are produced, distributed in 8 specimens for each type of beam in
order to have a fair amount of data for each beam type to avoid statistical variability and

have a more coherent analysis of the results.

The manufacturing process of the beam specimens starts mixing and producing the
High Strength Ductile Concrete material with the suitable rheological properties for being
3D printed. The casted beam HS-DC does not require any special rheological characteristics,

but same mix design is used for all the casted and 3D printed specimens.

For producing the casted topology beam specimens several layers of cardboard were
cut with the topology optimized shape and stuck together with glue to get a 1-inch thick
cardboard formwork. Then the inside borders of the cardboard were covered by tape to
smoothen and impermeabilize the surface of the cardboard that will be used as a mold for
casting the beam. The inside mold wedge shaped pieces were situated using tape in order to

fix them to the rest of the formwork and make sure its position is maintained when the HS-

DC is casted.

Figure 45: Cardbbc;fc}‘ ;nold for the topology

Figure 44: Cardboard mold for the topology optimized beam with o T
optimized beam with side measurement

length measurement
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With the fresh HS- DC in the optimum rheological condition and checking that the PE
fibers are well dispersed in the mix, the material was casted into the cardboard formwork as
a continuous filament in order to avoid patches of material whose PE fiber would not be well
connected and impacting the behavior of the material as the fibers would not cross one side
of the patch of material to the another creating a weak contact area. The material was then

compacted to fill all the volume and corners of the mold. Finally, the surface of the casted

specimen was smoothened (Figure 46).
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Figure 46: Casted beam with optimized topology

In the first attempt of producing the 3D printed topology optimized beams using the
3D printer and laying the material on an open surface was proven to be difficult to achieve
the precision and geometric tolerances required of the designed topologic optimized shape.
So it was decided to 3D print inside the same cardboard formwork (Figure 47) used for the

casted topology optimized beam. But in this case 3D printing inside the mold to achieve the
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precise geometry and guarantee that all specimens have the same shape, volume and weight.
The 3D printing was performed in a continuous path around the mold with a total of 4 layers
stuck together. After the 3D printing process was completed, the top surface was also

smoothened (Figure 48) to get a perfectly flat surface with a constant thickness of 1 inch like

in the casted specimens.

=

Figure 48: 3D printed beam with optimized topology made of high-
i¢ strength ductile concrete

Figure 47: 3D printing of topology-optimized beam with a
SCARA robot

The prismatic shaped beams were casted in a casting mold board using a 1 inch
thickness rails and allowing them on one side to move to be adjusted to the precise location
to get a 2.79 inches width for the Same total volume prismatic beam, and 2.52 inches width
for the Effective volume prismatic beam. The material was also casted avoiding cold joins

and maintaining the continuity of the material fibers.
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Finally, the material was evenly distributed to fill all the mold and the surface was

smoothened to get exactly 1-inch thickness like in the other specimens (Figure 49).

Figure 49: Casted prismatic beams made of high-strength
ductile concrete

All the specimens were then covered with transparent plastic sheets for curing during
the first four days, to minimize evaporation and retaining the water inside the fresh HS-DC

to get the highest possible strength.

Figure 50: Fresh specimens covered with plastic sheets for curing for the initial four days
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After four days, the HS- DC had hardened enough to be removed carefully from the

mold and be stored in a curing room at a 100% humidity for the following 24 days.

In the 28t curing day the specimens were taken out from the curing station and using
a saw and sandpaper the excess material was removed and the surfaces were further

smoothened.

Followed by a cleaning to remove dust the specimens were prepared for being
painted with a high contrast pattern for the Digital Image Correlation (DIC) system be able
to capture the strain and displacement field during the tests. First a coat of plain white was
applied (Figure 51) to the front area and then with a matte black spray a dotted pattern was

applied (Error! Reference source not found.).

Figure 51: Specimens sprayed with a base white paint for Figure 52: Specimen spray-painted with a black dotted
subsequent DIC measurement of strain field pattern for subsequent DIC measurement of strain field
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2.5. 4-Point bending test with digital image correlation system

The beam specimens are to be loaded under a 4-point flexural bending test, which consists
in placing the beam supported over two rollers separated by 12 inch, and subjected to a load
from the upper two rollers that are separated 4 inches centered in the middle of the beam
(Figure 53). A command of displacement controlled at a constant speed is given and the MTS

machine records the reacting force for every displacement value.

Figure 53: 4-point bending test setup

The test produces a flexural bending load that translates into the beam specimen as
compressive stresses on the top of the beam, tensile stresses on the lower side and shear
stresses on the outsides. This test is chosen because it produces more types of stresses
compared to other tests such as the uniaxial tension or compression test which only

produces one kind of stresses.

The topology optimized beam is designed considering the optimized geometry from

the Abaqus software were the initial reference volume boundary condition is clamped on the
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lower sides, so the optimized shape beam would perform the best if its lower sides were to
be clamped instead of allowing free movement like in a conventional 4-point bending test.
For this reason a solid steel clamp was designed and manufactured using steel such that it
restrains the lateral expansion of the sides of the beam (Figure 54) which better
approximates the FEM topology optimization boundary condition that clamped the lower

sides of the beam.

Figure 54: 4-point bending test setup with the modified fixture to provide additional
horizontal constraints at both supports

This boundary condition would increase the performance of the topology optimized
beam as the lateral confinement increases the compressive side of the stresses on the beam
, reduces the tensile region, and the geometry of the catenary arch is able to resist better in
compression than in tension. Because High strength Ductile Concrete and concrete in general
have a much greater compressive strength, of around ten times the tensile, the global

performance of the beam under these boundary conditions would be greatly improved

37



compared to the normal 4-point bending test ,which will also be tested in this thesis, but in
this case it is expected to show a lower performance for the 3D printed topology optimized

beam.

There are a total number of 32 specimens distributed in 16 beams for the
conventional 4-point flexural bending test with 4 beams for each type and the remaining 16
beams will be tested using the steel clamp fixture that restrain the lateral movement with 4
specimens tested for every kind of beam: 3D printed topology beam, casted topology beam,

same total volume prismatic beam and effective volume prismatic beam.

The 4-point flexural bending test will be recorded by a Digital Image Correlation
camera (Figure 55) that saves the whole test history with images and produces a strain and
displacement field on the front surface of the specimen, giving a very valuable information

of the areas that takes the most strain and damage.

Figure 55: Digital Image Correlation system (DIC)
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CHAPTER 3: Experimental Results and Discussion

3.1. Introduction

In this chapter, the results from the experimental program are presented and analyzed.
These are obtained from the MTS universal testing machine that carries out the standard 4-
point flexural bending test and delivers the force-displacement curve. From these data, the
flexural stress-Displacement curve which are stresses in the middle section of the beam. The
major strain field distribution over the beam front surface is also analyzed using the Digital
Image Correlation camera. The camera provides a magnitude at every point and time of the
front surface of the specimens. This magnitude can also be related to the vertical
displacement. Moreover, the microcracking pattern of the HS-DC is also examined to obtain
evidence relating this multicracking pattern with the overall behavior of the beam

represented with the flexural stress -displacement curves and major strain field.

The first group of test results presented are from the standard 4-point flexural
bending test which comprises the following: 4 beam specimens with a 3D printed topology
optimization, 4 casted topology optimized beams, 4 prismatic beams with the same total

volume and 4 prismatic effective volume beams. Altogether, there are 16 beams.

The same types and number of beams are also tested with the modified 4-point
flexural bending test, using the customized steel clamp that restrain the lateral displacement
of the beams. The results from each kind of beam are compared together in order to
understand the difference in behavior arising from the 3D printing process and the topology

optimization.
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Some extra beam specimens are produced without the fibers that are contained
inside the High-Strength Ductile Concrete while maintaining the same types of geometry as
the Topology optimized and prismatic beams. This means only maintaining the cementitious
matrix of the HS-DC material, and as a consequence, these specimens will not present a
strain-hardening behavior, but it will show how brittle plain concrete is compared to the
same material with the PE fibers, which is the material that has the fill potential of being 3D

printable and structurally sound.

3.2. Flexural Behavior of 3D printed high-strength ductile concrete with
optimized topology

Four 3D printed topology optimized beam specimens, numbered in order from 3D-1 to 3D-

4, were tested in the standard 4-point bending test at a constant displacement rate of 0.05

mm/s. Figure 56 shows the relation between the flexural stress in megapascals versus the

vertical displacement at the top rollers of the MTS bending test machine.

The Table 1 shows for every specimen the peak strength in megapascals which is the
maximum value of flexural stress, and the displacement capacity at roller in millimeters
which is the total vertical displacement of the beam before the flexural stress starts
decreasing at a high rate. The displacement capacity at rollers is also related to the moment
at which the critical crack in the HS-DC starts to propagate beyond the steady state. The
moment widens the crack opening and causes the beam to collapse, losing the strength and

the ability of the HS-DC to recover its original shape.
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25 Table 1: Flexural strength  and
displacement capacity values for the 3D
printed topology optimized beams

Flexural stress (MPa)

20 Repeat  Flexural Displacement
Specimen  Strength Capacity
. # (MPa) (mm)
3D-1 20.8 8.3
10 3D-2 21.7 7.2
3D-3 18.3 6.5
5
3D-4 19.5 8
0
0 ) . 6 3 10 1, Average 20.1 7.5
Displacement (mm)
3D-1 3D-2 3D-3 3D-4

Figure 56: Flexural stress-displacement (at roller) curves of 3D printed topology-
optimized beams under four-point bending

From the flexural stress -displacement relation of the 3D printed topology beams, it
can be seen an elasto-plastic behavior. There is an initial stage for a small displacement in
which the material behaves as an elastic body with a linear relation between flexural stress
and displacement with an average slope of 23.21 MPa/mm, until reaching a displacement of
0.28 mm from which there is a change in behavior at a flexural stress of 6.5 MPa which
represents yielding point. After this point, the behavior becomes plastic with variable strain-
hardening slope, meaning the material is still gaining strength as its being further displaced,
but in this case with a lower slope than in the elastic stage and decreasing as its being

strained.

In the strain-hardening stage from the Figure 56 it shows a sawtooth pattern curve in
which there are several small drops that are rapidly recovered in excess until reaching the
maximum flexural stress or flexural strength, with an average of 20.1 MPa for this kind of
beam. After the peak strength is reached, the tendency of the curve is to decrease the flexural

stress with larger displacements while still having the sawtooth shape but now the dips are
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larger than the recovery producing a downward trend of flexural stress. Physically each
sudden dip of flexural stress in the HS-DC beam happens when a new microcrack is formed
in the HS-DC matrix, but the flexural stress value before the dip is quickly recovered when
the new propagated microcrack reaches the steady state. The accumulation of several of
these steady state microcracks that creates small gaps bridged by fibers is what gives the
High-strength Ductile Concrete its ability to deform and to behave as a ductile material
although cementitious matrix is still a brittle material. In this case the 3D printed topology

beam specimens can support large displacements and bend.

For this type of specimens the average maximum displacement supported before the
beam flexural stress starts to decrease rapidly is 7.5 mm, the rapid decrease in flexural stress
at the end of the test is due to the critical crack leaving the steady state regime and starting

to further propagate causing a decrease in strength and the collapse of the beam at a larger

displacements.

B AN PO R S Lo

Figure 57: 3D printed topology-optimized beam (Specimen 3D- Figure 58: Close-up front view of final failure region in 3D printed
2) after testing topology-optimized beam (Specimen 3D-2)

Figure 57 shows the 3D printed topology beam 3D-2 specimen after the 4-point

bending test, in which clearly shows the critical crack in the middle-right side that led to its
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collapse due to the bending of the beam, caused by the tensile stresses on the lower middle
section. It can also be seen the overall curvature of the beam at the end of the test that
supported 7.2 mm of displacement and a peak flexural strength of 21.7 MPa. The next Figure
58 shows a close-up image of the same critical crack with some fibers still bridging the gap,
although many have been pulled out. The same picture also shows several steady state
microcracks along the border perpendicular to the span of the beam and the curvature of the
outer surface. Another view of the same cracks from the underside of the beam appears in
the Figure 59 showing two major agglomerations of cracks, one around the critical crack and
another agglomeration on the opposite side of the beam symmetrically with respect to the
center. The concentration of microcracks in these areas indicates that in these regions
produce the largest strains and stresses and as a result the most damage and microcracks

are present there, which ultimately leads to the collapse of the beam.

Figure 60: Microcracks formed around the corners (notches) due to stress concentration
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Other areas of the beam also contain a microcracking pattern, such as around the
triangular cavity on both sides of the beam shown in Figure 60 Due to these pointy vertices
that produce stress concentration it leads to the propagation of microcracks in the region.
Although in these areas the microcracks do not cause the collapse of the beam, they
contribute to the overall displacement and bending capacity of the beam providing more

ductility.

The following Figure 61 shows the major strain field obtained from the Digital Image
Correlation sensor (DIC), in which the areas that present the multicracking patterns are
related to the red shaded regions on the DIC major strain field that represent the largest
tensile strain. In general, most of the deformation of the beam under the 4-point bending test
is occurring along the lower side of the catenary arch, and some additional in the stress
concentration areas at the vertices of the triangular cavities that constitutes the optimized

topology geometry of the 3D printed beam specimen.
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Figure 61: Major strain field in 3D printed topology-optimized
beam (Specimen 3D-2) measured by DIC

In the other specimens of the 3D printed topology beams the cracking and strain
pattern is very similar to the 3D-2 beam specimen, with some difference in having more

stresses in the middle of the catenary arch and not as much under the rollers. This specimen
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tends to collapse when the critical crack propagates on the middle-lower side of the arch or

on the middle-side area under the roller, whether it is the left or right side that collapses is

decided by the flaws of the HS-DC material.

!7- i -1.000

Figure 62: Major strain field of the Specimen 3D-1 at the peak
flexural stress

.

Figure 64: Major strain field of the Specimen 3D-3 at the peak
flexural stress
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Figure 63: Major strain field of the Specimen 3D-2 at the peak
flexural stress

Figure 65: Major strain field of the Specimen 3D-4 at the peak
flexural stress



3.3. Flexural behavior of casted high-strength ductile concrete beam

with optimized topology

25 Table 2: Flexural Strength and displacement
capacity values for the casted topology-
optimized beams

Repeat  Flexural Displacement

20
, Specimen  Strength Capacity
© # (MPa) (mm)
= Wi LA
P " W Cast-1 15.6 8.2
o Cast-2 16.7 7.4
210
E ‘ Cast-3 18.6 8.4
x
T5 Cast-4 17.7 8.9
Average 17.2 8.2
0
0 2 Displa6cement (n%m) 10 12
Cast-1 Cast-2 Cast-3 Cast-4

Figure 66: Flexural stress vs. displacement (at roller) curves of casted topology-
optimized beams under four-point bending

Four specimens of the casted topology optimized beam were also tested under the standard
4-point bending setup. Numbered form Cast-1 to Cast-4 these specimens have the same
shape as the 3D printed topology optimized beam but in this case are casted into a mold
instead of being 3D printed in the same mold. Due to being casted, these specimens have a
homogenously and randomly distributed fibers inside the High-Strength Ductile Concrete s
material providing an isotropic properties in terms of strength and ductility. By contrast, in
the 3D printed topology beams the process of extruding the HS-DC material through the
narrow nozzle produces an alignment of the fibers in the same direction parallel to the
printing path, and thus providing an anisotropic behavior, improving the performance of the
material in that direction parallel to the printing path as [46], but decreasing in the

perpendicular direction.
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From the flexural stress — Displacement relation curve of Figure 66 it can be seen that
all Casted topology specimens have an elasto-plastic behavior similar to the 3D printed
topology specimens. Starting with an initial linear relation with an average slope of 20.6
MPa/mm until reaching a displacement of 0.31 mm and a flexural stress or equivalent
yielding point of 6.4 MPa (Figure 68). After that displacement, the slope of the curve
decreases and begins the strain-hardening stage initiating the propagation of the first
microcracks (Figure 69), as discussed before this causes the saw-toothed curve and the small
short drops in flexural stress that recovers after each microcrack reaches the steady state.
This process makes the specimen to keep increasing the flexural stress until reaching an
average peak flexural strength of 17.2 MPa (Figure 70) and an average displacement capacity
at rollers of 8.2 mm before the critical crack starts propagating (Figure 71), severely
weakening the beam and making it collapse at a larger displacement although it maintains a

low residual flexural stress for very long displacements of over 12 mm.
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Figure 67: Flexural stress vs. displacement curve for casted topology-
optimized beam (Specimen Cast-1). The colored dots mark different
displacement levels.
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Figure 68: Strain field in Specimen Cast-1 corresponding to the Figure 69: Strain field in Specimen Cast-1 corresponding to the
displacement level (green dot) in Figure 67 displacement level (black dot) in Figure 67
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Figure 70: Strain field in Specimen Cast-1 corresponding to the Figure 71: Strain field in Specimen Cast-1 corresponding to the
displacement level (yellow dot) in Figure 67 displacement level (orange dot) in Figure
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From (Figure 68) to (Figure 71) shows the process of the 4-point bending test at
different displacements for the specimen Cast-1. In the beginning of the strain-hardening
phase (Figure 68) the microcracks start to propagate at almost the same time in the majority
of areas of stress concentration, such as the lower side of the arch and the vertices of the side
triangular cavity (Figure 68). As the displacement keeps increasing more microcracks are
produced in these same areas of stress concentration besides the ones already existing, and
thus enlarging the high strain areas shaded in red in the DIC major strain field that correlates
to an agglomeration of microcracks (Figure 69). Some of the microcracks in these
agglomerations remain in a steady state with a constant aperture and length, while the newly

formed microcracks are still propagating and opening until reaching a steady state later.

There are a few cracks that starts propagating on the exterior sides and upper side
of the beam, which are not the main areas of stress concentration get strained and
microcracked after large displacements. When the flexural stress reaches its peak all the
microcracks are in a steady state (Figure 70) but after a further increase of displacement in
the areas with the most stresses and with the biggest flaw or weaknesses there are some
cracks that leaves the steady state, becoming a critical crack that starts expanding and
leading to the collapse of the beam (Figure 71). Moreover, it appears that in some cases more
than one critical crack can be developed in different areas at the same time or later on while

the beam is collapsing.
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Figure 72: Front surface major strain field (top) and bottom surface damage pattern (bottom) in Specimen Cast-1

In Figure 72 there is represented the DIC major strain field of the front side of the
specimen Cast-1 compared to an image of the same beam from the underside aligned, so it
can be seen that in the red shaded areas of these DIC major strain concentration areas there
are many microcracks grouped together, sometimes forming thin red stripes or thicker
larger high strain areas shown in red in DIC. However, in both cases they are the result of the
agglomeration of all the microcracks whose gap of each microcrack combined forms a larger

strain.
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3.4. Flexural behavior of prismatic casted high-strength ductile concrete

beam with the same total volume (no topology optimization)

Four beam specimens were produced and tested having a conventional prismatic shape, to
be later compared its behavior to the topology optimized geometry beam. For both beam
geometries to be comparable, the prismatic casted beams were produced with the same total
weight, volume, and maintaining the same length to fit the standard 4-point bending test, of
12 inch of span between rollers and 1 inch thickness. The width of the beam was adjusted to

have the same weight and volume as the topology optimized beam.

These four specimens numbered PTV-1, PTV-2, PTV-3 and PTV-4 were tested with
the same methodology as the other beams, a standard 4-point flexural bending test at a
constant displacement speed of 0.05 mm/s and being recorded using a DIC in order to obtain

its major strain field.

51



25 Table 3: Flexural Strength and displacement
capacity values for the prismatic beams with
the same total volume as the topology-
optimized beams

20 Repeat  Flexural Displacement
= Ay o Specimen  Strength Capacity
S . # (MPa) (mm)
2 PTV-1 15.9 4.4
Q
3 PTV-2 18.6 3.9
S10 PTV-3 19.3 4.5
= PTV-4 17.3 4.8

5 \Nr age | 178 4.4
0
0 2 4 6 8 10 12
Displacement (mm)
PTV-1 PTV-2 PTV-3 PTV-4

Figure 73: Flexural stress vs. displacement (at roller) curves of casted prismatic beams with
the same total volume as topology optimized beams

The beam specimens with a prismatic geometry having the same total volume and
weight as the topology optimized beams also show an elasto-plastic behavior in the flexural
stress -displacement relation obtained from the standard 4-point bending test results. There
is an initial elastic and linear relation stage with a slope of 25.6 MPa/mm until the yielding
point at a flexural stress of 7.7 MPa and a displacement of 0.3 mm. Then begins the strain-
hardening stage reaching an average peak flexural strength of 17.8 MPa at an earlier
displacement of around 2 mm. After this peak, the flexural stress decreases at a small rate
until reaching an average displacement capacity of 4.4 mm of displacement, which is the
point after that the critical crack starts to propagate and causing the collapse of the beam,

and thus the flexural stress decreases at a high rate.
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Figure 74: Flexural stress vs. displacement curve for casted prismatic beam
(Specimen PTV-2). The colored dots mark different displacement levels.
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Figure 75: Major strain field in Specimen PTV-2 corresponding to
the displacement level (blue dot) in Figure 75
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Figure 77: Major strain field in Specimen PTV-2 corresponding to
the displacement level (orange dot) in Figure 75
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Figure 76: Major strain field in Specimen PTV-2 corresponding to
the displacement level (yellow dot) in Figure 75
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Figure 78: Major strain field in Specimen PTV-2 corresponding to
the displacement level (green dot) in Figure 75



The Figure 74 shows the flexural stress -displacement relation for the 4-point
bending test of the prismatic same total volume beam, with four color dots placed at different
stages of the test in the flexural stress -displacement graph that corresponds to the major

strain field of the images from Figure 75 to Figure 78 obtained from the DIC.

The first blue dot is placed on the yielding point that corresponds to the major strain
field shown in Figure 75 where can be appreciate the first cracks are propagating on the
central lower part where the tensile stresses are the highest due to the setup of this test that
produces the highest bending moment between the two central rollers. As the displacement
increases more microcracks are propagated but the propagation stops at around 34 of the
width of the beam and then remain as steady state cracks reaching the peak flexural strength
at the yellow dot position (Figure 76), then the beam reaches its maximum displacement
before collapsing at the orange dot in Figure 77. Each sudden drop in the flexural stress curve
represents a microcrack that is propagating and it recovers the original flexural stress when
it reaches the steady state of the opening and length ,until the critical crack abandons its
steady state due to the critical flaw or weakest area of the beam that causes the collapse as
shown in Figure 78, that corresponds to the green dot at the flexural stress -displacement

graph (Figure 74).

Examining the critical crack in the principal strain field of Figure 78 and from the
reverse side from a close up photography (Figure 79) it can be seen that it is not just a
microcrack that is propagating beyond the steady state, but that it crosses other microcracks

with a diagonal path following the weakest regions of the beam with the biggest flaws.
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Figure 79: Close-up front view of final failure region in prismatic
beam (Specimen PTV-2)

3.5. Flexural behavior of prismatic casted high-strength ductile concrete
beam with the same effective volume (no topology optimization)

Four more specimens were produced and tested under the 4-point flexural bending setup
having a prismatic shape. In this case the specimen was designed such the area between the
two rollers of the 4-point bending test, as shown in the red shaded region in the Figure 80
with a span of 12 inch, had the same volume as in the topology optimized beam specimens
while maintaining the total length of 14 inches and thickness of 1 inch. The section between
the rollers is the effective volume as it takes most of the stresses. The parts outside this area
do not stand as much stresses, due to the standard 4-point bending test setup does not apply

forces on these areas. Therefore, the “effective volume” is defined as the volume between the

Figure 80: Representation
of the topology-optimized
beam and the prismatic
beam with the same
effective volume between
two supports (red region)

outside rollers.
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Table 4: Flexural Strength and displacement

capacity values for the prismatic beams with the
same effective volume as the topology-optimized

beams
20 Repeat Flexural  Displacement
Specimen  Strength Capacity
# (MPa) (mm)
" PE-1 15.7 5
15 ‘/‘ /// %;’;V ﬁ/wkw..a,'n/'l'/y-\ PE-2 16.8 53
/‘/h V PE-3 16.9 4.1
’ PE-4 *10.3 *1.9
10 | Average 16.5 4.8
5
0
0 2 4 10 12

6
Displacement (mm)
PE-1 PE-2 PE-3 PE-4
Figure 81: Flexural stress vs. displacement (at roller) curves of casted prismatic beams with the
same effective volume as topology optimized beams

The four prismatic effective volume beam specimens are numbered PE-1 to PE-4. The

results from the standard 4-point bending test are shown in Figure 81 that represents the

flexural stress -displacement curve. Like in the other types of specimens under the standard

4-point bending test these also have an elasto-plastic behavior, with an initial elastic and

linear stage with a slope of 25.7 MPa/mm until reaching the yielding point at 5.41 MPa at a

displacement of 0.21 mm. Then the strain-hardening behavior increases the flexural stress

until an average peak strength of 16.5 MPa and reaching a displacement capacity at rollers

before starting to collapse of 4.8 mm. The specimen PE-4 is not considered in the calculations

of these performance values as it has a behavior too far from the average and it is considered

a defective specimen, but it can also be studied to understand how these specimens can fail

and have a lower performance than the expected.
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Figure 82: Major strain field of the Specimen PE-1 before critical
cracking
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Figure 84: Major strain field in Specimen PE-3 at the peak flexural
stress

Figure 83: Major strain field in Specimen PE-2 at the peak flexural
stress

SHE -1.000

Figure 85: Major strain field in Specimen PE-4 at the peak flexural
stress

The images above Figure 82 to Figure 85 show the major strain field form the DIC

camera for every prismatic effective volume specimen just before the critical crack starts to

propagate and causing the failure of each beam. As it is a prismatic beam and is being

subjected to bending, the moment is highest

between the upper rollers, causing high

compression stresses on the top and tensile stresses on the underside where a multicracking

pattern is formed. These cracks tend to group under the middle section rollers and the cracks

that are situated outside the central area between the rollers have a certain inclination

towards the center, indicating that besides tensile stresses there are also high shear stresses

concentration, causing the microcracks and strain field to curve toward the center of the

beam.
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The specimen PE-4 shown in Figure 85 has an abnormal low performance in both
flexural strength and displacement capacity, a clear indication of this poor performance is
that it presents very few cracks and the critical crack starts propagating soon, causing an
early collapse of the beam. Some possible reasons of this low performance could be due to a
poor dispersion of the fibers inside the cementitious matrix, but because all the other
specimens are made with the same material batch this possibility seem unlikely. The most
reasonable explanation is that during the process of casting of the PE-4 specimen some major
flaws were generated and the fibers in some region could get disconnected due to casting

and not being able to bridge correctly the cementitious matrix in the flawed areas.

Figure 86: Close-up front view of final failure region in casted prismatic beam (Specimen PE-2)
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3.6. Discussion of the effects of topology optimization and 3D printing

on the beam flexural behavior

Four types of beam specimens were designed to be subjected to the standard 4-point
bending test, with two different geometries: a conventional prismatic shaped beam and a
topology optimized beam shape. By comparing the performance of these two geometries it
can be deduced the effects of this specific topology optimization in terms of strength,
ductility, stiffness, collapse mechanism and stress distribution. In a similar manner, the
different types of beams are 3D printed or casted, so the study of the effects of 3D printing
of High-strength Ductile Concrete can be deduced by comparing 3D printed beam specimens

to casted specimens having both the same geometry.

The following Figure 87 shows all the results from the standard 4-point bending test
for all types of beams, having 4 3D printed topology specimens (red curves), 4 Casted
topology (blue curves), 4 prismatic same total volume beam (black curves) and 4 prismatic
effective volume beams (green curves). In addition, an average curve for every type of beam
was calculated by taking the average of the flexural stress of each type of beam for every
displacement. The average curve is represented in the same color as the individual specimen
type but in a thicker line that helps to visualize the average performance of all specimen
types. In the Table 5 is calculated the average peak flexural strength for every kind of beam
and its displacement capacity at rollers. Moreover, it shows the average slope of the initial
elastic stage for every group of beams, which represent the stiffness in which the beam

deflects.
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Figure 87: Comparison of all results from four-point bending test. “Cast Topology” stands for casted optimized-topology beams. “3D
Topology” stands for 3D printed topology-optimized beams. “Prismatic Effective V” stands for casted prismatic beams with the same
effective volume between supports as topology-optimized beams. “Prismatic Total V” stands for casted prismatic beams with the same
total volume as topology optimized beams. “Conventional concrete” stands for beams produced without fibers .

Table 5: Comparison of the flexural behavior of four different types of beams made of high-strength ductile concrete

Average values Flexural Strength Displacement Initial Stiffness
(MPa) Capacity (mm) (MPa/mm)
3D Topology 20.1 7.5 23.2
Casted Topology 17.2 8.3 20.6
Prismatic Total V 17.8 4.4 25.6
Prismatic Effective V 16.5 4.8 25.7

Examining the flexural stress -displacement results from all the beam types from
Figure 87 it can be seen that the overall behavior of the beams follow the same elasto-plastic
pattern, with a linear elastic initial stage, then strain-hardening until reaching the peak

flexural strength, after this point there is a slight decrease in flexural stress until the critical
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crack starts propagating, and then the flexural stress rapidly decreases as the beam collapses
atalarger displacements. However, there are some clear differences between types of beams

in terms of the ductility, flexural strength and stiffness.

Starting with the effects of the process of 3D printing, it appears from (Figure 87) and
the previous Table 5 with the average values, that the 3D printed topology beams have a
higher flexural strength compared to the casted topology beam with a 16.8% increase. As the
only difference between these two types of beams is that one is 3D printed and the other
casted , maintaining the same geometry and material, the improvement of strength in the 3D
printed topology specimens is due that the PE fibers during the extrusion from the 3D
printing process get aligned in parallel to the extruding direction causing an increase in
fibers bridging and reinforcing the cementitious matrix in the same direction. Because the
beam was printed and tested longitudinally with respect to the 4-point bending test, the 3D
printed beam takes advantage of this increase in strength in that particular direction.
However, if somehow the 3D printed beam was tested in a perpendicular direction, the
strength would be reduced for the same reason that the fibers would be predominantly

aligned in the unfavorable perpendicular direction.

The stiffness of the 3D printed beams is also increased 12.6% on average, effect
caused by the same reason as the increased strength. On the other hand, the displacement
capacity of the 3D printed specimens is lower than in the casted topology by an average
amount of -10.6%, as the property of the ductility tends to be inversely proportional to the
Stiffness of a material in this case the 3D printed beam has a stiffer behavior. As explained

before the printing path in this geometry is favorable for the 4-point bending test, but using
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other geometries in which the 3D printing path is perpendicular to the stresses, then the 3D
printed beams could have a lower stiffness or strength and a higher ductility as the 3D

printed HS-DC is an anisotropic material.

To deduce the effects of the topology optimized geometry, the Casted topology beams
are compared to the prismatic same total volume and the prismatic effective volume beams
which are also made by casting, and the effect of the 3D printing is not interfering in this
comparison. To have the most fair and exhaustive comparison, it has to be taken into account
that the material situated on the ends of the beams does not take any stresses under the 4-
point bending test. Due to the different amount of material in this region depending on the
specimen type, it is expected that the prismatic total volume beam will be the upper limit in
terms of performance of the beam as it has the highest amount of material between the

rollers which is the region that has to support the stresses.

On the contrary, the prismatic effective volume beams are going to represent a lower
boundary of the performance, as the amount of material between the rollers is the same as
in the topology optimized beam and it has a lower volume overall. The ideal prismatic beam
design for this comparison would be somewhere between the prismatic total volume and the
prismatic effective volume but it is difficult to define a certain dimension that would best
represent and be comparable between the topology optimized and prismatic shaped beams,
so these two types of specimens represents and upper and lower boundary in terms of
performance compared to the Casted topology beam. The average performance value
between the two prismatic specimens will also be considered in the comparison as it is a

median value between the upper and lower performance boundary.
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In terms of peak flexural strength the casted topology beam has a slightly lower
performance than the prismatic total volume beam by -3.5 %, which represent the upper
strength limit. compared to the prismatic effective volume beam, the casted topology beams
have a slightly higher peak flexural strength of +4.2% that represents the lower boundary. If
the strength is calculated taking the average for both types of prismatic beams averaging the
peak flexural strength, then the casted topology beam has a marginally higher strength of
+0.2%. This result indicates that the strength increase due to the topology optimized
geometry is minimal or it is equal to the prismatic shape due to the experimental error that

could skew the results making its performance marginally better or worse.

In terms of displacement capacity the casted topology beams show a much higher
performance of +88% compared to the prismatic total volume beam, and +73% compared
to the prismatic effective volume beams. The average improvement of performance in
displacement capacity with respect to both prismatic beams is +80%. This major increase in
displacement capacity is explained as the topology optimized geometry is formed by two
thinner segments of material that joins in the center of the beam, and for the same amount
of displacement the thinner sections produce less strain and stresses, specially on the
border. So the ductility in thinner HS-DC sections is greater compared to thicker sections in
the prismatic effective volume beams. The thicker sections produces larger strains peaking
at the boundary where the microcracks start propagating (Figure 88), and in the end the
beam collapses at a lower displacement in the 4-point bending test. This effect is
corroborated as the thicker prismatic total volume beam has a lower displacement capacity
by 9% than the prismatic effective volume beam which is thinner. The total strength of the
topology optimized beam is not compromised by the individual thinner sections as it is

63



formed by two of them that work together, so in the end equalizes the prismatic geometry

strength as shown in the results in the previous paragraph.

The stiffness of the linear elastic region is reduced for the casted topology optimized
beam compared to the prismatic beams by -24% due to the thinner local sections of the

Topology optimized geometry the global stiffness is reduced.
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Figure 88: Geometric explanation that for two beams with a different thickness, the strain on the boundary of the beam for the
same displacement is bigger in the thicker prismatic beam

In addition, the Figure 87 includes the flexural stress -displacement relation for two
beams specimens produced using only the HS-DC cementitious matrix without any fibers,
which is then similar to conventional high strength concrete. These two specimens are the
“No fibers casted topology beam” (orange curve) and the “No fibers prismatic effective
volume beam” (purple curve). In which the ductility is reduced by a factor of 20 and the
strength is also reduced by a factor of 3, showing the great impact of the fibers and the
increase in performance of the HS-DC over conventional high strength concrete which is

brittle.
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3.7. Modified four-point bending test with addition horizontal

constraints at supports

A modification from the standard 4-point bending test was designed in order to restrain the
lateral displacement of the beam using a metal clamp, so that the boundary conditions of the
topology optimized beam would be equivalent to the conditions set in the Abaqus model
during the topology optimization process. With this modification it is expected to greatly
improve its performance as the catenary arch geometry would distribute the stresses in its
optimum setting, as this geometry was specially designed with the topology optimization

process from the FEM software with these same boundary conditions.

The clamp fixture consists of a steel piece that extends all the longitude of the beam
and is supported over the lower 4-point bending test rollers. On the sides of the fixture the
geometry extends to fit the 14 inch long beam specimens that in turn are supported over the
fixture in a step like shape that is curved separated by 12 inch that acts as a lower roller.
With these two elements the specimens have the longitudinal displacement restricted and
are as well supported in an equivalent setup acting as the lower rollers from the standard 4-

point bending test

Figure 89: Steel clamp fixture that restrains the horizontal
displacement of the beam specimens at both supports

Figure 90: Modified 4-point bending test setup with additional
horizontal constraints at both supports
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3.8. Flexural behavior of 3D printed high-strength ductile concrete
beam with optimized topology (with additional horizontal

constrains at supports)

Table 6: Flexural strength and displacement
capacity values of 3D printed topology-
optimized beams with additional horizontal
constraints

Repeat  Flexural Displacement
100 . ,
Specimen  Strength Capacity
# (MPa) (mm)
30 CL 3D-5 109 5.8
= CL 3D-6 96 4.7
S , My CL 3D-7 71 4.6
2" CL3D-8 | 95 5.4
3 CL 3D-9 90 4.3
£40 Average 92 5
ko
[ y
20 '/
7
0 r/ /
0 2 4 6 8 10 12
Displacement (mm)
CL3D-5 CL3D-6 CL3D-8 CL3D-9 CL3D-7

Figure 91: Flexural stress vs. displacement (at roller) curves of 3D printed topology-optimized beams
with additional horizontal constraints

Five specimens of the kind 3D printed topology were subjected to the clamped 4-point
bending test using the steel fixture to restrain its lateral displacement, numbered CL (for
clamped) from 3D-5 to 3D-9. The rest of the parameters such as the displacement rate of

0.05 mm/s is the same as in the standard 4-point bending test.

The Figure 91 shows the flexural stress -displacement relation for the clamped 4-
point bending test of the five clamped 3D printed topology beams in different shades of red.
For an initial small displacements it shows a linear elastic relation with an slope of 31.9

MPa/mm, better seen in Figure 92 that represents the same flexural stress -displacement
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relation but focused for very small displacement for the specimen CL 3D-5. At a displacement
of 0.26 mm the elastic trend deceases at a yielding point of 6.7 MPa, after which the strain-
hardening stage begins with a sawtooth pattern, indicating that microcracks are being
formed but the stress are still being recovered at every dip in flexural stress, with an overall

slope of 10 MPa/mm.
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Figure 92: Initial part of the flexural stress vs. displacement curve for
Specimen CL 3D-5 showing the initial elastic region, strain-hardening and
compression stage

Until this point the behavior in the clamped 4-point bending test of the 3D printed
topology beams is very similar to the standard 4-point bending test having an elastic initial
stage and then an increasing flexural stress strain-hardening phase. But after a displacement
of 1.05 mm and a flexural stress of 13.9 MPa the slope of the curve increases significantly to
24.5 MPa/mm, at this phase the steel clamp that fits the beam starts to react to the lateral
forces produced by the beam which as a reaction it creates compressive stresses back in the

beam reducing the tensile stresses on the lower side of the beam arch, and thus increasing
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the stiffness and strength of the beam. In this case the strength of the 3D printed topology
beam is greatly increased achieving an average peak flexural strength of all the 3D printed
topology beams of 92 MPa and a displacement capacity at rollers of 5 mm. At this point there
are microcracks formed along the catenary arch and at the vertices of the stress
concentration areas of the side cavities. On one side of the arch there is a high strain area
shaded in red from the major strain field that runs along all the right side of the specimen CL

3D-5 (Figure 93), that is mainly formed by shear stresses and later becomes the critical crack

that leads to the collapse of the beam.
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Figure 93: 3D printed topology-optimized beam (Specimen CL 3D-5) at the peak flexural stress under four-point bending

Due to the shear nature of the critical crack, for having an inclination, shown in Figure
94 and Figure 97: Image of damage pattern in Specimen CL 3D-8 after four-point bending
test the propagation of the crack is fast and explosive causing a big release of energy, causing

loud sound and big loss of strength of more than 90% in the case of the CL 3D-5 and around
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50% of the other 3D printed topology beams. The critical shear crack can be propagated
along the lower side of the arch of the beam like in the CL 3D-6 (Figure 94) or it can cut
perpendicularly through the section of the arch like in the CL 3D-5 specimen (Figure 94).
After this fracture the flexural stress drops by more than 50% but then it remains constant
until reaching a displacement of 10mm as the clamped and the compression stresses keep

all the sections of the beam together. enabling the beam to support some residual loads.
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Figure 94: Major strain field of Specimen CL 3D-5 after the critical
failure crack has formed in addition to microcracks
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Figure 95: Major strain field of Specimen CL 3D-6 specimen after the
critical failure crack has been formed in addition to microcracks
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Figure 96: Major strain field of Specimen CL 3D-9 after the critical Figure 97: {mage of damage pattern in Specimen CL 3D-8 after four-
failure crack has been formed in addition to microcracks point bending test
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3.9. Flexural behavior of casted high-strength ductile concrete beam
with optimized topology (with additional horizontal constraints at

supports)

Four Casted topology beam specimens, named CL Cast-5 to Cast-8, were tested with the
clamped 4-point bending setup. These specimens were casted in a mold using the same High-
Strength Ductile Concrete material as the 3D printed topology beams, but in this case the
fibers are homogeneously distributed inside the cementitious matrix as they are not
extruded through a nozzle that aligns them like during the 3D printing process. That makes
the 3D printed topology beam to have an anisotropic behavior compared to the isotropic
material behavior of the casted topology beam. The rest of the properties such as geometry,
testing setup and displacement rate are the same as in the clamped 3D printed topology

beams test.

Table 7: Flexural strength and displacement
120 capacity values of casted topology-optimized
beams with additional horizontal constraints

Flexural stress (Mpa)

100 Repeat Flexural  Displacement

Specimen  Strength Capacity

20 # (MPa) (mm)
CL Cast-5 | 74 3.9
CLCast-6 | 95 4.6

60 CL Cast-7 | 107 3.5
CL Cast-8 | 113 4.2

40 Average \ 96.5 4

20

0
0 2 4 6 8 10
Displacement (mm)
CL Cast-5 CL Cast-6 CL Cast-7 CL Cast-8

Figure 98: Flexural stress vs. displacement (at roller) curves of casted topology-
optimized beams with additional horizontal constraints
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The Figure 98 represents the flexural stress -displacement relation for the casted
topology beams in the clamped 4-point bending setup, which uses a metal fixture to restrain
the lateral movement of the beam and improves its performance as the reaction forces of the
clamp compresses the beam and the tensile stresses decreases. Because the HS-DC material
and cementitious materials in general have a much better performance in compression than
in tension, this clamp fixture takes advantage of this property together with the topology
optimized shape of the beam, with its arch shape and lateral confinement significantly

improving its strength.

In this case the clamped casted topology beam have a similar response as the 3D
printed topology beam, it begins with a small linear elastic stage until reaching a yielding
point at a displacement of 0.5 mm and a Moment of rupture of 8.5 MPa (Figure 99). After this
point there is a short strain-hardening phase that has the same behavior and properties as
in the standard 4-point bending test, because at this phase the clamp is still not being loaded
laterally as there are always small gaps between the beam and the clamp so it behaves as the
standard 4-point bending test (Figure 98: Flexural stress vs. displacement (at roller) curves
of casted topology-optimized beams with additional horizontal constraints) until reaching a

displacement of 0.9 mm and an average flexural stress of 12.6.

Then the clamp starts to react to the lateral forces exerted by the casted topology
beam. This reaction of the clamp to the lateral deformation of the specimen prevents the
beam from deforming laterally, increasing the compressive stresses inside the beam and
decreasing the tensile stresses (Figure 101). Because the strain in the compressive regions

is relatively small to the tensile strain sections of the HS-DC material, this translates into a
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very high Young Modulus and strength in compression. Because the HS-DC has a high
strength in uniaxial compression of around 100 MPa, which is 10 times higher than in
uniaxial tension, taking advantage of this property by the topology optimized shaped beam,
with its catenary arch and the whole geometry makes its flexural stress be able to increase
to a very high average peak flexural strength of 96.5 MPa and a displacement capacity at

rollers of 4 mm.

After the critical crack develops, like in the clamped 3D printed specimens, it causes
a large energy release and a sudden decrease in strength, although some residual stresses

are left and maintained at a constant level at around 50% of the peak strength, due to the

clamp still confining the beam in compression.
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Figure 99: Major strain field of casted topology-optimized beam Figure 100: Major strain field of casted topology-optimized beam
(Specimen CL Cast-7) when microcracks appeared (Specimen CL Cast-7) during deflection-hardening stage
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Figure 101:Major strain field of the clamped casted topology beam Figure 102: Major strain field of casted topology-optimized beam
CL Cast-7 at the peak flexural stress (Specimen CL Cast-7) after peak flexural stress
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3.10. Flexural behavior of prismatic casted high-strength ductile concrete
beam with the same total volume (with additional horizontal
constraints supports)

The prismatic casted same total volume beams were also tested in the clamped 4-point
bending setup. A total of four beam of this type were tested named CL PTV-5 to -8. These
specimens are made with the same HS-DC material and were casted in a prismatic mold,
having the same total weight and volume as the topology optimized beams.

100
Table 8: Flexural strength and displacement

90 capacity values of casted prismatic beams (same
total volume as topology-optimized beams) with

80 additional horizontal constraints

70 Repeat Flexural  Displacement
Seo Specimen Strength Capacity
S # (MPa) (mm)
©50 CL PTV-5 73 5.2
(O]
%40 CL PTV-6 65 6.3
©
:2330 CL PTV-7 90 4.8
£
%20 CL PTV-8 59 4.4

10 Average 72 5.2

0
0 2 4 6 8 10 12 14
Displacement (mm)
CL PTV-5 CL PTV-6 CL PTV-7 == CL PTV-8

Figure 103: Flexural stress vs. displacement (at roller) curves of casted prismatic
beams (with same total volume as topology-optimized beams) with additional
horizontal constraints
The Figure 103 represents the flexural stress -displacement relation for the clamped
prismatic same total volume beams in curves with different shades of grey. The initial linear
elastic region for these specimens is tiny, and for very small displacements (Figure 104) the
clamped prismatic same total volume beams already starts to form microcracks and begins

the strain-hardening phase with a sawtooth pattern due to the multicracking, and with a

general positive and constant slope (Figure 105). The reason this type of specimen have very
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little elastic zone is due that it is a thicker specimen and for smaller displacements the outer
sides of the beam experience bigger strain and stresses than in the topology optimized beam

that is formed by thinner sections.

The strain-hardening phase peaks at an average flexural strength of 72 MPa with a
displacement capacity at rollers of 5.2 mm (Figure 106). After this peak in strength and
unlike in the topology optimized beams, the flexural stress starts gradually to decrease which
by comparison in the topology optimized beams a sudden formation of a critical crack
released a lot of energy breaking by shear and decreasing the stresses by more than 50%. On
the contrary, in this case all the clamped prismatic casted same total volume beam began its
collapse with the formation of a critical crack in the middle of the lower side of the specimen
(Figure 107), where the biggest tensile stresses are present due to the bending forces.
Because in this case the collapse mode of the critical crack is by tensile stresses the flexural

stress decreases gradually and not in a brittle manner like in shear failure mode.

Examining the Major strain field for the specimen CL PTV-7 (Figure 106) it can be
seen that there are two cracks on the sides of the beam at a 45 degree inclination, indicating
that in this area there are shear stresses concentration, but in the end this region does not
fail maintaining the steady state of these microcracks caused by shear. During the phase of
decreasing flexural stress and leading to the collapse of the beam the region between the
upper rollers also collapses and cracks due to compressive stresses indicating that in this
area these stresses might be around 100 MPa as it is the failure threshold of HS-DC. These

high stresses in compression are cause by the reaction of the steel clamp that confined the
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beam and does not enable it to expand laterally compressing all the beam but specially the

middle section that ends up collapsing (Figure 108).
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Figure 104: Major strain field of Specimen CL PTV-7 when
microcracks formed
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Figure 106: Major strain field of Specimen CL PTV-7 at the peak
flexural stress.
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Figure 105: Major strain field of specimen CL PTV-7 during
deflection-hardening stage
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Figure 107: Major strain field of Specimen CL PTV-7 after peak
flexural stress and at failure

Figure 108:
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Close-up front view of final failure region in
casted prismatic beam (Specimen CL PTV-7) with same
total volume as topology-optimized beams and with
additional horizontal constraints at supports.



3.11. Flexural behavior of prismatic casted high-strength ductile concrete
beam with the same effective volume (with additional horizontal

constraints at supports)

The prismatic casted effective volume specimens are beams with a prismatic shape that have
the same length 14” and thickness 1” of that of the other beam specimens but the width is
adjusted so that the volume of material between the 4-point bending rollers is the same for
this type of specimens and for the topology optimized beams. Four specimens of this type

were made and tested in the Clamped 4-point bending setup, named CL PE-5 to CL PE-8.

100

MPa)

Flexural stress (

90 Table 9: Flexural strength and displacement

80 capacity values of casted prismatic beams (same
effective volume as toboloav-ontimized beams)

70 Repeat  Flexural Displacement

60 Specimen  Strength Capacity

50 . # (MPa) (mm)
CLPE-5 | 58 5.8

40 CLPE-6 | 58 4.3

30 CLPE-7 | 51 5.6

- CLPE-8 | 75 4.6
Average \ 61 5.1
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Figure 109: Flexural stress vs. displacement (at roller) curves of casted prismatic
beams (with same effective volume as topology-optimized beams) with additional
horizontal constraints

The flexural stress -displacement relation for the clamped prismatic effective volume
beams is shown in Figure 109 and each specimen is represented in a curve colored in

different shades of green.

The overall behavior from the flexural stress -displacement relation (Figure 109) is

similar to the clamped topology optimized beams, with an initial linear elastic phase, then
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reaching a yielding point and starting the strain-hardening stage as if it was not clamped.
After reaching a certain displacement the steel clamp starts to react to the lateral loads of
the beam and the confinement it creates improves the stiffness of the beam increasing the
slope of the flexural stress -displacement curve and also rising its flexural strength to an

average peak of 61 MPa at a displacement capacity at rollers of 5.1 mm.
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Figure 110: Major strain field in Specimen CL PE-5 when Figure 111: Major strain field in Specimen CL PE-5 during
microcracks appeared deflection-hardening stage

Figure 112: Major strain field in Specimen CL PE-5 at the peak Figure 113: Major strain field in Specimen CL PE-5 at failure stage
flexural stress

After the peak flexural stress the critical crack propagates in a shear mode causing a
sudden release of energy and causing a fall of the flexural stress to almost 0 MPa. The shear
critical crack connects the two rollers and in both sides of the beam there is a strain
concentration stripe inclined at around 45 degrees but only one side of the beam collapses

in the end.
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All four clamped prismatic effective volume specimens collapse in an abrupt release
of energy of the critical crack caused by shear stresses. On the contrary, all the clamped
prismatic total volume specimens collapsed due to tensile stresses on the middle of the beam
although they also presented shear strain stripes on the same areas like in the prismatic
effective volume beam. This completely different mode of failure for such a similar types of

beam is due to the width of the beam.

In the case of the clamped prismatic total volume beams being wider it creates more
tensile stresses on the lower sides of the beam for the same displacement and also the shear
induced steady state cracks have more area to distribute the stresses, so the beam finally

collapses due to the tensile stresses and tensile microcracks and not due to shear.

On the other hand, the clamped prismatic effective volume beam is thinner so the
shear stresses have a larger impact in respect to the tensile stresses concentration areas
which ends in a collapse due to shear in a more brittle way like in the clamped topology

optimized beam (Figure 114).

Figure 114: Final failure crack in Specimen CL PE-5 indicating shear-governed failure
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3.12. Experimental results discussion and summary

The clamped 4-point bending test was designed to provide the beam specimens with a
boundary condition similar to that of the FEM topology optimized process, in which a
prismatic beam was simulated in the Abaqus software to be loaded and supported by a
clamped boundary condition on the lower side of the beam and the software calculated and

generated the most efficient shape that minimized the strain energy inside the beam.

The custom fixture installed in this clamped 4-point bending test restrain the lateral
movement of the beams in the longitudinal direction so the reacting forces that prevents this
displacement creates compression inside the beam and improving its performance. The
topology optimized beams takes this advantage to the optimum condition, making use of and
arch like structure which is similar to an inverted catenary shape that distributes the stresses

into compression forces acting along the arch in an uniform way.
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Figure 115: Comparison of all results from modified four-point bending test with additional horizontal constraints at supports.
“CL Cast Topology” stands for casted optimized-topology beams. “CL 3D Topology” stands for 3D printed topology-optimized
beams. “CL Prismatic Effective V” stands for casted prismatic beams with the same effective volume between supports as
topology-optimized beams. “CL Prismatic Total V” stands for casted prismatic beams with the same total volume as topology
optimized beams. “Conventional concrete” stands for beams ergoduced without fibers.



Table 10: Comparison of the flexural behavior of four different types of beams made of high-strength ductile concrete, with
additional horizontal constraints at supports

CL Prismatic Effective V 61 4.3

Average values Flexural Strength (MPa) Displacement Capacity (mm)
CL 3D Topology | 92 5

CL Casted Topology \ 83 4.4

CL Prismatic Total V 72 4.5

From all the flexural stress -displacement results represented in Figure 115 it can be
seen that the topology optimized specimens have a significantly higher flexural strength of
92 MPa for the 3D topology and 83 MPa for the casted topology, compared to 72 MPa for the

prismatic total volume and 61 MPa of the prismatic effective volume beam.

The effect of the topology optimization on the strength can be deduced by comparing
the Casted topology to the prismatic beams which are made with the same HS-DC material
while conserving an homogeneously distributed fibers, because these were casted in a mold.
This causes an increase in strength due to the topology optimization which is between 15 %
and 36 % depending if it is compared to the prismatic effective volume beams or the
prismatic total volume. Like in the previous standard 4-point bending test, there is a central
region of the beam between the supports that are more important in supporting the stresses
than the material on the sides. So the two types of prismatic beam represent an upper and

lower bound for the performance comparison with the topology optimized beam.

The prismatic same total volume beam has a higher amount of material in the middle
section between the supports of the beam compared to the topology optimized beam
geometry. The prismatic same effective volume has the same amount of material in the
middle effective section of the beam between the supports, but a lower overall material

volume compared to the topology optimized beams. Taking the average flexural strength

80



value of the prismatic beams, it can be calculated that the increased flexural strength due to

the topology optimization is about 25%.

The effect of the 3D printing on the peak flexural strength is that the 3D printed
topology beams have an 11% higher peak flexural stress than the casted topology optimized
beam, this effect is due to the fiber alignment that takes places during the extrusion of the
HS-DC material through a narrow nozzle that aligns the fibers along the printing path,
increasing the material strength parallel to that direction as the fiber amount is theoretically
increased in that direction. In the perpendicular direction, the fibers would be aligned in an
unfavorable direction decreasing the overall bridging capacity of the fibers and decreasing
the strength performance in the perpendicular directions. In this test, the longitudinally fiber
alignment is favorable to the loading and supports setup as the fiber alignment direction is

parallel to the span of the beam.

From the average displacement capacity results there is no significant difference
between the performance of the casted topology optimized beam at 4.4 mm, the prismatic
total volume 4.5 mm and the prismatic effective volume 4.3 mm. Moreover, the displacement
capacity for the casted topology optimized beam falls in between the two prismatic beams
which represent the upper and lower bound in terms of comparable beam geometry
indicating that the topology optimization geometry, in this case for the clamped 4-point
bending test, does not affect the ductility. This could contradict the results from the standard
4-point bending test which in that case showed a better performance in ductility for the
topology optimized beam because these have a thinner cross section, but in this case the

clamped 4-point bending test setup increases the compressive stresses which changes the
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failure mode to one in which the compressive strength have a bigger impact, so the topology
optimized beam is being disfavored for having a thinner cross section that as a consequence
provides a lower ductility in this clamped test setup that increases the compressive stresses

compared to the tensile governed failure mode of the previous standard 4-point bending test.

On the contrary, the 3D printing process does have a significant increase in
displacement capacity, at 5mm for the 3D printed topology to the 4.4 mm displacement of
the Casted topology beam there is a 14% increase in performance due to the fiber alignment

along the span of the beam.

The stiffness is not compared as in the clamped 4-point bending test the elastic
regions have a large variation between the different types of specimens in which some did

not even have a linear elastic region.

Two additional control specimen types are added in the Figure 115, the no fibers
clamped topology beam (brown curve) and no fibers prismatic effective volume beam
(purple curve). Which are beams produced using only the HS-DC cementitious matrix
without the fibers, which is then a material similar to conventional high strength concrete.
This shows the great impact of the fibers that without them the strength and ductility is

severely reduced by a factor of 10.
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The following chart (Figure 116) shows the average relative performance impact of
the topology optimization and 3D printing process in the beam for the standard and clamped
4-point bending test. It is based on the performance results of the properties flexural
strength, displacement capacity at rollers and stiffness summarized from the previous

chapter about the experimental results.

100% Standard four-point ~ Modified four-point
Bending test bending test with
75% additional horizontal
constraints
50%
25%
0%
-25% ' Flexural Flexural
strength Ductility Stiffness strength Ductility

| Topology | 3D printing

Figure 116: Effect of topology optimization and 3D printing on the percentage differences in
flexural strength, ductility (displacement capacity) and initial stiffness of beams made of high-
strength ductile concrete

Each bar represents the average relative performance of a beam, with the topology

optimization represented in grey and the 3D printing process in red. For instance, for the
standard 4-point bending test the displacement capacity is increased by 80% if the beam has
the topology optimized design, and it is decreased by -11% if the beam is 3D printed. Looking
at the clamped 4-point bending test side the flexural stress is increased by +25% if the beam

is topology optimized and it is also increased on average by +11% if it is also 3D printed.
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CHAPTER 4: Finite Element Based Modeling of High-Strength

Ductile Concrete Beam Behavior

4.1. FEM Model

A Finite Element Method model was created with the software Abaqus to simulate the
standard and clamped 4-point bending tests for every type of beam specimen. With the
objective to model in the most accurate possible way the behavior of the High Strength
Ductile Concrete beams, whether 3D printed or casted and with the topology optimized

geometry.

Being able to precisely simulate 3D printed HS-DC objects is mandatory in order to
design any structure using this new technology, and doing so with a good enough tolerance

to ensure a safe and reliable design.

First, the test setup and beams were modeled in a CAD software and imported into

the Abaqus program and assembled into its position like in the real test.

Figure 117: Finite element model of topology-optimized
high-strength ductile concrete beam under four-point
bending
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The material properties were applied to each element. The steel in the rollers and
clamp was modeled as a material with an elastic behavior given a Young’s Modulus of 200

GPa, density 7800kg/m3 and Poisson’s ratio of 0.32.

The High strength Ductile Concrete material was simulated using a Concrete damaged
plasticity model in which the material constitutivep relation and parameters were obtained
from real testing of the HS-DC material. The compressive behavior was obtained from a
uniaxial compression test of a cylindrical specimen and the Concrete tension damage
behavior was also experimentally obtained from the Stress-Strain relation from a uniaxial

tension test.

The model requires the Young’s modulus of 45.1 GPa obtained from the initial linear
stress-strain relation of the previous tests, density 2400 Kg/m3, Poisson ratio 0.18, dilation

angle 30, eccentricity 0.1, fb0/fc0 = 1.16, k = 0.667 and viscosity 0.00005.

The strain hardening stage can be input from the graph of the stress-strain relation
removing the elastic region which is already considered with the Young’'s modulus. To model
the concrete damage which represents the collapse of the beam and the decrease in strength
after the peak, it is derived from an equation for the Simplified model of the Damage
plasticity. It considers that the compressive and tensile damage in based on the inelastic
hardening strain that controls the unloading curve slope [47]. So the slope of the unloading

stage is considered the damage (d) and is calculated with the equation:

dzl_i (3)
Uu
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The boundary conditions were set on the rollers and the clamp, with a fixed boundary
condition on the lower rollers and the upper rollers with a vertical displacement of 10 mm

constrained to reference points RP-1, RP-2 and fixed on the horizontal directions.

Figure 118: FEM model boundary conditions

A contact property was set between the steel rollers and the HS-DC beam with a
tangential behavior with a Friction coefficient of 0.1, and a normal behavior with a hard

contact pressure-overclosure.

The displacement of the upper rollers was subordinated to two points called RP-1 and
RP-2 in which the boundary condition displacement is applied. The two points are
constrained to the upper rollers and all move at the same rate and time. This constrain was
set to easily obtain the output of the total force for every displacement. By comparison,
obtaining the total reaction forces directly from the roller elements would require the
integration of the local forces of each mesh polygonal element that forms the roller, which

could decrease the precision of the analysis.
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Figure 119: FEM model of the topology
optimized beam under four-point bending
with Hex mesh applied

Figure 120: FEM model of the prismatic beam
under modified four-point bending with Hex mesh
applied

The parts were meshed in a finite element Hex mesh as shown in Figure 119, trying
to minimize the amount of elements for computation economy, while maintaining a good

geometric fidelity and enabling calculation convergency.

The output parameters were selected to be the vertical displacement U2 to know the
vertical displacement on every point and time and the Reaction force RF to know the force

applied on the reference points RP-1 and RP-2.

Finally, the complete model was run and after a calculation period all the results from
of the standard and clamped 4-point bending test for all beam specimens types were

obtained and presented in the next chapter 5.
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4.2. Numerical simulation results - 3D printed high-strength ductile

concrete beam with topology optimization

The 3D printed topology beam under the standard 4-point bending test was simulated using
the FEM Abaqus model described in the previous chapter. From the simulation the flexural
stress -displacement relation for the test was obtained (Figure 121) and the Major strain
field of the front face of the beam (Figure 122). Also using the same scale and color
representation as in the real Digital Image Correlation strain field (Figure 123) obtained at

the experimental part.
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Figure 121: Comparison between modeling and experimental results for 3D printed topology-optimized
beam
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From the flexural stress -displacement relation (Figure 121) comparing the FEM
model (blue curve) to the real 3D printed topology beam (orange curve) for the standard 4-
point bending test, It can be seen that both have an elasto-plastic behavior. With an initial
linear elastic behavior which in the case of the FEM model has a higher slope, also in the
strain-hardening phase. In this plastic stage the FEM model shows a lower flexural strength.
Moreover, the real 3D printed beam has a saw-toothed pattern indicating the formation of
microcracks in each drop in flexural stress, which in the case of the FEM modeled beam has
a smoother curve and doesn’t reflect this behavior as much. However, for the general
performance of the beam the small sudden drops in strength from the propagation of
microcracks in the real 3D printed beam do not have a significant effect as these drops are

small relative to the overall flexural stress.
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Figure 123: Experimentally measured major strain field in the 3D printed topology-
optimized beam
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The Figure 122 shows the Major strain field of the FEM modeled 3D printed topology
beam at the same displacement as in the real major strain field from Figure 123. It is
represented in the moment the critical crack starts propagating and causing the collapse of
the beam. The areas shaded in red in both major strain field figures represent a tensile strain
over 3%, in light blue 0% strain and in dark blue negative or compressive strain. It can be
seen that the areas shown in red from the FEM Abaqus model correlates to the areas where
there is an agglomeration of microcracks in the real beam as these microcracks causes most
of the tensile strain and ductility. These high strain areas concentrate on the lower side of
the arch right below the upper rollers and in the vertices of the triangular shaped holes of

the topology optimized geometry.

Overall, there is a good correlation between the Abaqus model and the real beam
strain field, and the deformed shape that bends toward the center also correlates to the real

test.

From the flexural stress -displacement relation (Figure 121) the overall elasto-plastic
behavior is also well simulated but the slope of the elastic stage is higher and the maximum

flexural strength is lower in the case of the Abaqus model.
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4.3. Numerical simulation results - Casted high-strength ductile

concrete beam with topology optimization

The Figure 124 shows the flexural stress -displacement relation of both the FEM Abaqus
model and real standard 4-point bending test of the Casted topology beam. Both curves show
an initial linear relation and after a yielding point, a strain hardening stage similar to the
previous 3D printed topology case but with a slightly lower peak flexural strength. Because
in the case of the 3D printed topology beam the material properties in Abaqus was adjusted
to 3D printed HS-DC behavior which in this case improves its performance due to fiber
alignment. On the contrary, the casted topology beam is modeled after an isotropic HS-DC
where the fibers are homogeneously distributed, decreasing the flexural strength compared

to the 3D printed one.
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Figure 124: Comparison between modeling and experimental results for casted topology-optimized beam
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The major strain field of the FEM model and real casted topology beam is represented
in Figure 125 and Figure 126 for a given displacement after the critical cracks have been
formed and the beam is collapsing. In the real specimen the critical cracks are located inside
the red colored areas indicating the largest strain and damage. These high strain areas are
accurately simulated in the FEM modeled beam. Although this model is not able to represent

the microcracks, the overall collapse mode and deformed geometry is realistic.
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Figure 125: FEM model predicted major strain field in the casted topology-optimized beam
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Figure 126: Experimentally measured major strain field in the casted topology-optimized beam
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4.4. Numerical simulation results - Casted prismatic high-strength

ductile concrete beam with the same total volume

The flexural stress -displacement relation for the prismatic same total volume beam in the
FEM model and in real 4-point bending test is represented in the (Figure 127). In this case
the behavior is also elasto-plastic but the initial linear elastic slope of the FEM model fits

better the real test than the previous topology optimized beams.

The strain hardening phase for this kind of beam shows a lower ductility which is also
reflected in the FEM result in which it reaches a flexural strength at around 2.5 mm and then
it begins to collapse like in the real specimen, although a bit earlier and with a lower flexural
stress as in previous beam types.
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Figure 127: Comparison between modeling and experimental results for casted prismatic beam with the same total
volume as topology-optimized beam
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The major strain field of the FEM prismatic total volume beam (Figure 128) indicates
the areas with most damage and strain are located on the lower middle section of the beam
specially below the upper rollers. For the real beam (Figure 129) the location of the highest
strain areas are also in the middle lower section, but in this case the strain is more dispersed
in several small microcracks along the middle span, although there is an increase in
microcracks concentration below the upper rollers, similar to the the FEM model. This
indicates that although the FEM Abaqus model using the Concrete Damage plasticity model
cannot represent microcracks, it does approximate well the location of the strain and the

overall deformation of the beam.
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Figure 128: FEM model predicted major strain field in the casted prismatic beam (same total volume as
the topology-optimized beam)
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Figure 129: Experimentally measured major strain field in the casted topology-optimized
beam (same total volume as the topology-optimized beam)
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4.5. Numerical simulation results - Casted prismatic high-strength

ductile concrete beam with the same effective volume

The prismatic effective volume beam modeled with FEM also follows the behavior of the real
specimen as shown in the flexural stress -displacement relation from the standard 4-point
bending test represented in Figure 130. The most significant difference is that the FEM model
beam curve (blue curve) has a higher yielding flexural stress but in the strain-hardening
stage the slope of the FEM beam is lower and the trend of the strain hardening phase of the

real specimen is steeper resulting in a higher flexural strength for the real specimen.
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Figure 130: Comparison between modeling and experimental results for casted prismatic beam with
the same effective volume as topology-optimized beam

95



The major strain field of both the real (Figure 132) and FEM beam (Figure 131) have
the shaded areas in red and green in similar locations. With the FEM model strain field
indicating a broader area of high strain around the middle span of the beam and in the real
specimen located inside the same areas but in thinner stripes, which are formed by
microcracks. The microcracks located more on the sides of the real beam are bent towards
the upper rollers, and for the FEM model the border of the green shaded area is also curved
in a similar way. Indicating the FEM model simulates the same phenomenon but with a
shaded high strain area instead of more concentrated real microcracks, with this curvature

being caused by shear stresses.
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Figure 131: FEM model predicted major strain field in the casted prismatic beam (same effective volume as the
topology-optimized beam)
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Figure 132: Experimentally measured major strain field in the casted prismatic beam (same total
volume as the topology-optimized beam)
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4.6. Numerical simulation results - 3D printed high-strength ductile
concrete beam with optimized topology (with additional horizontal

constraints at supports)

The FEM Abaqus model of the 3D printed topology beam was also implemented with the
Clamped 4-point bending setup, modelling the steel clamp with the same geometry as the
real one with steel material properties. From the flexural stress -displacement relation of the
Clamped 4-point bending test in Figure 133 it can be seen that the FEM modelled 3D printed
topology beam has an initial linear increase of the flexural stress with a very steep slope
compared to the real test which has a smaller derivative on this initial phase. However, both
reaches a similar flexural strength but at a very different displacement. In this case the
displacement capacity of the FEM model is much smaller. After the flexural stress reaches its
peak strength both curves have a steep reduction of the flexural stress with an almost
vertical slope, indicating that the collapse of the beam in a similar way for both the FEM

model and real specimen and with a rapid energy release for a brittle collapse mode.
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Figure 133: Comparison between modeling and experimental results for 3D printed topology-
modified beam with additional horizontal constraints at supports
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The major strain field for both FEM model and real clamped 3D printed topology
beam is represented in Figure 134 and Figure 135 respectively. The areas with a high strain
are shaded in red which in the case of the FEM model it occupies all the regions between the
upper rollers to the lower support of the beam running along the arch, and two more red

areas on the side of the beam where the clamp ends vertically.

The regions shaded in red in the real beam correlates to the amount of microcracks
and are all contained inside the red shaded areas of the FEM beam. The overall deformation
of the beam is very similar for both real and FEM model indicating it is also modelling this
clamped 4-point bending setup reasonably well, although for the real beam on side of it is
more damaged than the other and for the FEM beam it has a symmetric result, which could

be important to take into consideration.
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Figure 134: FEM model predicted major strain field in the 3D printed topology-optimized beam
with additional horizontal constraints at supports
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Figure 135: Experimentally measured major strain field in the 3D printed
topology-optimized beam with additional horizontal constraints at supports




4.7. Numerical simulation results - casted high-strength ductile
concrete beam with optimized topology (with additional horizontal

constraints at supports)

The flexural stress -displacement relation of the FEM casted topology beam with the clamped
4-point bending test setup compared to the real specimen have the same differences as in
the previously studied 3D printed topology beam. It shows a very high initial slope compared
to the real test, but the flexural strength value is well approximated. However, the peak is
produced at a much smaller displacement and having a much lower displacement capacity

than the real beam.

The collapse mode of the beam is well simulated with both FEM model and real beam
curves having a vertical fall of the flexural stress to a similar value plateau, which then
continues constant for very large displacements, as the steel clamp is still compressing the

cracked beam and providing a residual strength.
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Figure 136: Comparison between modeling and experimental results for casted topology-optimized
beam with additional horizontal constraints at supports
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The same conclusions can be observed from the major strain field of the FEM model
casted topology beam (Figure 137) like with the 3D printed topology model, there is a broad
red shaded area with a strain over 3%, which in the real specimen test these red shaded
areas represent microcracks which are more concentrated in narrow red stripes along each
microcrack. Nevertheless, all microcracks fit inside the red shaded area from the FEM model

(Figure 138), indicating that the high strain areas are well modeled in the FEM beam.
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Figure 137: FEM model predicted major strain field in the casted topology-optimized beam with additional horizontal
constraints at supports
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Figure 138: Experimentally measured major strain field in the casted topology-optimized
beam with additional horizontal constraints at supports
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4.8. Numerical simulation results - casted prismatic high-strength
ductile concrete beam with the same total volume (with additional

horizontal constraints at supports)

The flexural stress -displacement relation for the clamped 4-point bending test of the FEM
model and real prismatic total volume beam is represented in the Figure 139. The orange
curve represents the real specimen and the blue the FEM model. In this case there are
important discrepancies in the behavior of these two curves. To begin with, the initial slope
of the FEM model is steeper, and the peak flexural strength is much lower than the real beam.
Moreover, the displacement capacity is also much smaller in the FEM simulated beam, which
collapses with a brittle vertical decrease in flexural stress. On the contrary, the real prismatic
same total volume beam has a continuous decrease in flexural stress with a constant smaller

slope instead of a sudden brittle collapse.
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Figure 139: Comparison between modeling and experimental results for casted prismatic beam (same total
volume) with additional horizontal constraints at supports
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Examining the major strain field of the FEM model (Figure 140) the areas shaded with
red, indicating a strain over 3%, are located in an inclined band running from the upper
rollers to the lower clamp support of the beam. The inclination and location of the high strain
area indicates that this mechanism is caused by shear stresses. Compared to the major strain
field of the real specimen (Figure 141) it also shows two red stripes inclined towards the
center of the upper rollers, that correlates to the region of high strain from the FEM model.
However, in the real specimen there are also vertical microcracks shaded in red in the middle
section of the beam which are caused by tensile stresses. These damaged regions caused by
tensile stresses are not well simulated in the FEM model as these areas are not shaded in any

color other than light blue which represents 0% strain and damage.
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Figure 140: FEM model predicted major strain field in the casted prismatic beam (same total volume) with
additional horizontal constraints at supports
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Figure 141: Experimentally measured major strain field in the casted prismatic beam (same
total volume) with additional horizontal constraints at supports
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4.9. Numerical simulation results - casted prismatic high-strength
ductile concrete beam with the same effective volume (with
additional horizontal constraints at supports)

The Figure 142 represents the flexural stress -displacement relation of the FEM model and
real clamped prismatic effective volume beam. Similar to the previous clamped prismatic
total volume FEM model, there are significant differences in the behavior of the both real and
FEM beam. The initial linear slope is steeper and have a much lower displacement capacity
at rollers for the later. However, in this case the flexural strength of the FEM model is in a
similar order of magnitude as the real beam, and the collapse mode is also brittle for both

with a vertical decrease in MOR.
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Figure 142: Comparison between modeling and experimental results for casted prismatic beam (same effective
volume) with additional horizontal constraints at supports

The major strain field distribution of the FEM model clamped prismatic effective
volume beam also has an inclined red shaded band that runs from the upper rollers to the

clamp support like in the previously described prismatic total volume beam. Compared to
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the real specimen it also shows the inclined high strain areas that crosses the beam from the
upper rollers to the clamp support, with these areas formed by thinner red shaded stripes

that represent the microcracks and are mostly caused by shear stresses.

Nevertheless, there is a noticeable difference in which the real specimens have tensile
microcracks in the middle section of the beam which are not shown in the FEM model. This
indicates that the FEM model response in shear is weaker than in the real specimen and
causes the FEM model beam to fail mostly in shear compared to the more diversified damage
distribution of the real specimen, that contains shear damage and tensile strain areas in the

middle section which are not present in the simulation.
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Figure 143: FEM model predicted major strain field in the casted prismatic beam (same effective volume) with additional
horizontal constraints at supports
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Figure 144: Experimentally measured major strain field in the casted prismatic beam (same
effective volume) with additional horizontal constraints at supports
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CHAPTER 6: Conclusions and Future Studies

3D concrete printing is an emerging technology that interfaces different disciplines in
science and engineering, such as materials science and engineering, advanced
manufacturing, robotics, topology, and mechanics. Understanding and harnessing the
interconnections in these fields can lead to more rational and accelerated adoption of this
technology to build structures and infrastructure with greatly improved mechanical
performance but much reduced material uses and environmental impacts. The study
presented in this thesis represents an initial step forward in such efforts, by integrating novel
high-strength ductile concrete materials, 3D printing process and topology optimization to

understand and to improve the mechanics of beam behavior.

This thesis work elucidated how concrete material ductility, 3D printing method,
topology optimization, and beam boundary conditions affect the flexural behavior of

concrete beams. The following conclusions can be drawn from this study:

e The novel high-strength ductile concrete transforms the concrete beam behavior
from brittle and localized fracture to a displacement-hardening behavior with spatial
formation of microcracking damage and a highly ductile failure mode. Without any
steel reinforcements, the beams made of high-strength ductile concrete, whether
casted or 3D printed, with or without topology optimization, were able to
accommodate excessive bending force and extraordinarily large bending
deformation and curvature before final failure happened.

e This study shows that high-strength ductile concrete with tailored rheology can be

successfully 3D printed, into the optimized topology of the beam element. The 3D
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printing process tends to align the polymeric fibers into the direction along the
printing filament, leading to an increased resistance to stress and strain long the
beam direction under bending, but less resistance in the direction perpendicular to
the printing filaments. Therefore, the 3D printed beams with optimized topology
exhibited higher flexural strength with similar large flexural ductility (which is the
displacement capacity before failure) than the casted beams with optimized topology.
The study shows topology optimization can significantly improve beam flexural
behavior with the same usage amount of high-strength ductile concrete materials.
The extent of improvement depends on the beam boundary conditions at the
supports. When the supports are pin-roller without additional horizontal constraints
along the beam direction, the beams with optimized topology exhibited higher load-
carrying capacity (increased by 46%) as well as larger (more than twice)
displacement capacity before failure, than the prismatic beams without topology
optimization. The strain field evolution with increasing loading and displacement,
captured by the digital image correlation system, revealed a sequential formation of
a number microcracks within the tensile region of the beams, and the stress
concentration areas cause by local geometry change (e.g., notches in the topology-
optimized beams), leading to a spatially distributed damage process that significantly
increased the overall flexural ductility and strength of the beams. The failure modes
were flexure governed under this boundary condition.

However, with additional horizontal constraints along the beam length, the beam
failure modes under bending became shear- and compression-dominant, and the final

failure was shear-governed, as seen in the measured damage pattern and strain field.
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As a result, much less deflection-hardening behavior was observed in these shear-
governed beams compared with their flexure-governed counterparts without
horizontal constraints. Nonetheless, the high-strength ductile concrete provided
much higher resistance to shear failure than conventional concrete, through
developing distributed microcracking damage in the shear region. Furthermore, the
additional horizontal constraints were favorable for taking advantage of the “arch-
shape” geometry as part of the topology-optimized beam, subjecting the high-
strength ductile concrete material mainly in compression along the “arch-shape”
portion, rather than tension, thereby utilizing the ultra-high compressive strength of
the concrete material. This unique mechanism enabled by the optimized topology,
combined with the high shear resistance of the novel concrete material, led to
extremely high flexural strength of the beam, in addition to maintaining a decent
flexural deformation capacity before failure despite that the failure stage was less
gradual or ductile as it was shear governed. Notably, the 3D printed beams with
optimized topology achieved flexural strength up to almost 100 MPa when there were
horizontal constraints at both supports, much increased from 20 MPa with a pin-
roller support condition.

In both scenarios of boundary conditions, the optimized topology in this study
enabled by 3D printing significantly improved the beam flexural behavior, in terms of
load carry capacity and flexural ductility, with the same amount of material usage.
The finite element model well captured the stress and strain fields and the damage
pattern in the beam specimens with different boundary conditions, with and without

optimized topology, in agreement with the experimental results. Particularly, the
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model well predicted the high strain-concentration areas within the beams where
spatial microcracking damage was observed in the experiments.

e However, there is still significant discrepancy between the numerically predicted
beam load vs. displacement relations and the experimental data. This calls for future
studies to develop more accurate constitutive models of 3D printed high-strength
ductile concrete materials, to reduce variation in the printed material properties, and

to refine the finite element model parameters.

The research carried out from this thesis can be further pursued in multiple directions of
future work. These include: (1) understanding how the 3D printing process, ranging from
smaller- to larger-scales, would affect the rheological parameters and the resulting
mechanics and properties of 3D printed structural elements made of high-strength ductile
concrete; (2) developing more accurate constitutive models of 3D printed concrete or 3D
printed high-strength ductile concrete, including monotonic and cyclic models, to integrate
into the finite element modeling framework to better predict their structural behavior and
to guide structural designs; (3) performing more refined topology optimization and complex
geometries enabled by 3D printing for structural elements subjected to various loading
conditions to achieve greatly improved structural capacity, damage resistance, ductility and
energy-dissipation capacity; (4) scaling up the beam designed with optimized topology and
validating the 3D printing process and the resulting structural behavior at larger scale; (5)
exploring bio-inspired designs and manufacturing of structural members, enabled by the
novel concrete materials and 3D printing process, to achieve unprecedented structural

behavior and capacities resisting normal and extreme loading conditions.
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