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ABSTRACT

Auxetic behavior implies a negative Poisson’s ratio whereby the specimen con-
tracts instead of expands in transversal direction in a compression test. This novel re-
sponse results from a special arrangement of voids formed by auxetic structures inside
the sample. Combined with the advantages of concrete such as low costs, availability,
strength in compression, durability, and fire resistance this innovative material of aux-
etic cementitious cellular composites (ACCC) provides a lot of new opportunities for
the building industry. With the advent of 3D printing technology, it is now possible to
achieve performance enhancement by tuning the geometrical architecture in the
mesoscale. In this research different variations of auxetic mortar structures were inves-
tigated and a procedure to create auxetic test specimen was developed. New auxetic
geometries applicable for a brittle material like mortar were generated. Molds with these
structures were printed with a 3D printer to cast the mortar and after 28 days the samples
were tested in compression and three-point bending tests. The digital image correlation
(DIC) method was used to determine the displacements during the experiments as these
are necessary to identify auxetic behavior. For this method a new technique including a
handheld printer was developed to improve the procedure of painting the required black
dots on the specimen. Analyzing the strength and auxetic behavior of the different struc-
tures, the modified re-entrant honeycomb structure was identified to be the most prom-
ising geometry for an application in the building industry. As a verification of the results
and for defining requirements for auxetic behavior, FEA simulations were performed
for CCCs with elliptical voids judiciously oriented to achieve auxetic behavior. The

FEA simulation results suggest that a high number of elliptical voids and a long major



axis are necessary to achieve a negative Poisson’s ratio. Besides, high aspect ratios of
voids can enhance the auxetic behavior. The lowest Poisson’s ratio found was -0.33 and
the corresponding geometry can be used for future investigations. The discovered ge-
ometries can be used as a first step towards a varied and very auspicious application of
ACCCs in civil engineering. The developed FEA-based simulation framework is used
to generate a large, consistent dataset for auxetic CCCs with varying mesoscale archi-
tectural features. Such dataset can be leveraged to develop robust and efficient machine
learning (ML)-based performance prediction tools in the future which would be of enor-

mous value to the materials designers and decision-makers.
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CHAPTER 1

INTRODUCTION

Concrete is the most widely used material for construction purposes in the world
owing to its good properties and relatively low costs [1, 2]. It is made by mixing coarse
and fine aggregates and mortar, which is a combination of cement paste and sand. Con-
crete has a good compressive, but relatively low tensile strength [2]. Enormous studies
have been investigated to improve the mechanical strength of the concrete such as add-
ing admixture [3, 4] or fibers [5, 6] or changing the type of aggregates [7, 8]. Apart from
modifying the material behavior, the mechanical enhancement can also be achieved
from the structural behavior. For example, by optimizing the packing density of the
aggregates [9] or modifying the air-voids [10, 11], the performance of concrete can be
improved significantly. By changing the configuration of the so-called micro-structure
or meso-structure of cementitious materials, a great improvement can be obtained.

An upcoming topic in research is the auxetic behavior of materials. The special
feature of materials with this behavior is a negative Poisson’s ratio that arises from a
special arrangement of voids, that changes the micro-structure of the material. The Pois-
son’s ratio is the relation of transverse strain to axial strain. In contrast to conventional
materials with a positive Poisson’s ratio, axial tension in a material with auxetic behav-
ior leads to an increase in the cross-section, while axial compression induces a transver-

sal contraction [12].



In this thesis, a concrete or cementitious cellular composite (CCC) with these new
material characteristics will be generated. The objective is to achieve auxetic behavior
on mortar samples tested in compression and three-point-bending tests. As auxetic CCC
(ACCQC) is still in its infancy, the auxetic structures for the mortar samples have to be
modified from already existing auxetic structures for other materials. After that, molds
for the mortar samples will be printed with a 3D printer and used for casting the speci-
men. After 28 days of hardening the samples will be tested for their compressive and
flexural strength, respectively, and their auxetic behavior using the DIC method to de-
termine the displacement of the test specimen during the experiment. In a final step the
different auxetic structures will be analyzed for their strength and their auxetic behavior
and compared to each other to determine their differences and their potential to be ap-
plied in the practice of the building industry.

So, the overall goals are to develop a procedure to create auxetic mortar samples,
to find more auxetic structures that are applicable for concrete and to compare the ex-
periment results of different structures to find the most useful ones, where useful not

only means a negative Poisson’s ratio but also a high strength in compression and bend-

ing.



CHAPTER 2

REVIEW OF LITERATURE

Compared to other building materials, concrete has several advantages including
low costs, availability, strength in compression, durability, and fire resistance [1]. Nev-
ertheless, the construction with conventional concrete is obsolete. Automation and dig-
italization for concrete structures are still in their initial stage whereas the construction
with steel for example is much more advanced. Concrete requires significant time to
develop to a fully-load bearing structure, it is not very precise, and it is challenging to
construct a complex shape due to the need of framework. Furthermore, strenuous phys-
ical labor while using concrete in the building industry has caused significant health
issues [1].

In contrast to conventional methods, a new innovative manufacturing approach for
concrete components includes 3D printing. 3D printing is a new design method that
enables a flexible shape, is cheap in production, less time-intensive, has better quality
control and is much more automated which implicates less physical labor and more ac-
curacy [13]. In ideal circumstances, the 3D printer directly prints the concrete out of its
nozzle. However, due to some issues, for example with big aggregates in concrete, this
technology is still in its infancy. Hence, instead of concrete, a cement paste without
aggregates is used, which is then filled into 3D printed molds made of plastic like pol-

ylactic acid (PLA) with customizable geometry.



This new technology offers the possibility to create a material with completely new
characteristics. The auxetic behavior occurs from the negative Poisson’s ratio whereby
the volume increases when pulling in contrast to materials with a positive Poisson’s
ratio because the material expands in all directions [12]. Auxetics were discovered in
the 18™ century in cat skin and a cancellous bone [14] and were named by Evans in
1991 [15]. There are different mechanisms to achieve auxetic behavior such as re-en-
trant honeycombs, rigid body rotation structures, crumpled or perforated sheet struc-
tures, chiral structures, folded structures, or buckling-induced structures [14-16]. These
different structures that are used to create voids in the meso-scale implicate the degree
of auxetic behavior of the whole component. Because of the unusual but desirable prop-
erties like enhanced indentation resistance, variable permeability, superior shear re-
sistance, high fracture toughness, and damping and sound absorption [14, 16] auxetic
materials are used for many different applications. These include but are not limited to
sports and safety equipment, shock and sound-absorbing materials for vehicles and air-
craft, seals, filters, prostheses, and textiles [12, 14, 16]. Regarding concrete in the build-
ing industry especially auxetic properties such as shear and indention resistance and
damping and fracture toughness are helpful characteristics because they can improve
the life-time and strength of the concrete component [13]. Therefore, the research in the
field of auxetic cementitious cellular composites, which is the scientific name for the
auxetic cement paste, can be a big step toward a successful, future-oriented, and diver-

sified use of concrete.



Furthermore, there are some papers that illustrate the significance of research in
this area. Researchers investigated in 2004 the bending behavior of a cantilever sand-
wich beam with auxetic core material in comparison to a cantilever sandwich beam with
conventional core material. They discovered that the beam with auxetic core material
deforms less than the one with conventional core material. This is due to a higher stiff-
ness of the auxetic beam because it is more resistant to shear which is caused by the
auxetic behavior [17]. The results indicate that auxetics offer the possibility to improve
material properties and optimize the response of components to different load cases.
This is one of the assumptions on which this thesis is based and which makes it worth-
while to advance research in the field of auxetics.

Another paper [14] critics that auxetic materials are not sufficiently applied in prac-
tice. There is a wide variety of laboratory studies with auxetic materials, however, there
are only a few reports of practical application. According to this study, auxetic materials
are a great opportunity for many different areas of research. This knowledge gained
should not only remain in laboratories but should also be made available to the public
to benefit from these novel materials. By continuing research and practical experiments
in this field and testing different structures, pure research is to be brought closer to prac-
tical application. Besides, some challenges mentioned in the paper such as the substan-
tial porosity of materials with auxetic behavior should be further investigated. The anal-
ysis of the bending and compression behavior of different structures will help to under-
stand how the mechanical capability can be optimized.

In addition, a method has been developed to create cementitious cellular compo-

sites (CCC). As they cannot be printed directly with the 3D printer yet, they have to be
5



cast in a mold with auxetic structures. At first a negative mold was printed with a 3D
printer. This mold was vacuum impregnated with a silicone rubber to generate reusable
molds that are easy to demold. These could be cast and demolded to obtain an auxetic
CCC (ACCQC) test specimen that can be tested and investigated. Due to non-availability
of the instruments, the silicone rubber was not used for this thesis and the method was
adapted accordingly. Instead of using silicone molds, the mortar was cast directly into
the 3D printed molds. It was also found in the paper that the brittleness and low deform-
ability of CCC in comparison to materials like plastic or textiles make it more difficult
to achieve auxetic behavior. Allowing enough deformation inside the structure to enable
auxetic behavior, the structure needs an adequate crack bridging ability. This was in-
vestigated on an ellipsoid structure with repeating unit cells. Because of the compressive

load the quadrangular segments are forced to rotate, forming the shape of a peanut as to

be seen in Figure 1. This induces the negative longitudinal strain and the auxetic behav-

Cnmrvssiw load

ior, respectively.

Compressive load Compressive Load

Figure 1: Rotation Leading to Auxetic Behavior [15]



Hence, the joints between the alternate vertical and horizontal oriented ellipses
need to bear compressive as well as tensile forces to facilitate the rotation of the struc-
ture. As CCC can only carry compressive forces, at least 1% but better 2% of fibers in
the mortar mixture are required to bear the tensile forces. For the rotation, small cracks
at the edges of the voids are necessary. The results displayed a curve with two peaks,
the first symbolized these small cracks while the second showed the actual failure. An
adequate crack bridging prevents the immediate failure and thus induces the auxetic
behavior of the structure. Four-point-bending, uniaxial compression, and cyclic loading
tests on cube and beam specimens, respectively, were performed to confirm the simu-
lation results. The DIC method was used to determine the transverse and the axial strain
in order to identify the Poisson’s ratio and with it the auxetic behavior. It is pointed out
that this study can be used as a basis for future research. Especially the energy dissipa-
tion of this auxetic material can be furthered studied as it is very auspicious and can still
be enhanced for instance by varying the cellular structure and the constituent material
[15]. The findings of this study are to be continued in this thesis. A different mixture for
the material will be used, different structures will be printed and compared, and exper-
iments with different load cases will be conducted. For cost reasons, fibers were initially
waived for the cubes. Since different structures and a different mixture have been used
and there is only one study that has tested the auxetic behavior of CCC, the need for
fibers should be re-examined. For the construction industry, it would be easier not to
use fibers for the tensile forces as they are not applicable on actual components as on
test specimens. Fibers were then used for the beams, as here the tensile forces are also

significantly higher.



With the same structure type of alternate ellipses different geometries with different
unit cell sizes and ratios between the major and the minor axis of the ellipse were inves-
tigated. The results show that an ellipse with both axes equal to 8mm does not show
auxetic behavior whereas the geometries with 6x10mm and 4x12mm have a negative
Poisson’s ratio. Good agreement was found between the experiments and the FE (finite
element) simulations. [18] Since auxetic behavior has already been sufficiently studied
on ellipsoidal structures, other structures were tested in this thesis. However, three of
the four created structures were also varied in size to determine the necessary parameters
for auxetic behavior.

In summary, the objective of this thesis is to advance the promising field of research
of auxetic materials in order to enable a meaningful application in the practice of the

building industry in the future.



CHAPTER 3

EXPERIMENTAL METHODOLOGY

The goal of the experimental part of this thesis was to find a structure that induces
auxetic behavior in a construction component made of concrete. Since manufacturing
of a construction component in original size would be too complex and especially not
testable in a usual testing machine, the size is reduced in accordance with the ASTM
(American Society for Testing and Materials) standards. Due to this reduction and the
auxetic structures inside the sample the use of concrete as the construction material was
not suitable anymore because the aggregates inside the concrete are not at scale and
would change the actual behavior of the sample. Therefore, mortar is used instead,
which has similar properties, but consists only of sand, cement, and water. This material
in conjunction with auxetic behavior is referred to as Auxetic Cementitious Cellular
Composites, or ACCC. To reach the goal of detecting an auxetic structure for concrete,
existing auxetic structures for other materials like steel were considered and evaluated,
taking into account that concrete is a very brittle material. Four different structures were
chosen. As already mentioned, 3D printing is a great opportunity to create any imagi-
nable structure in a short amount of time. Hence, the idea of an 3D printed mold as

formwork for a mortar sample with an auxetic structure was developed.



As concrete is mainly used for components subjected to compression and bending,
two series of tests with cubes and beams, respectively, were developed and tested ac-
cording to ASTM standards in order to see which of the structures behave auxetic and

which structure is the most auxetic one.

Technical Requirements

For the experimental part of this thesis a lot of equipment was needed. First of all,
AutoCAD was used for creating and designing the molds for the mortar samples with
the different structures and preparing them for the 3D print.

To make a 3D model readable and printable for a 3D printer it must be inserted into
a slicing software, where the 3D model is sliced into different layers that are supposed
to be printed by the 3D printer. In the slicing software the properties of the layers are
specified by for example settings about the layer height, the shell thickness, the infill,
the printing material, speed, cooling and supports. For this case the slicing software
Simplify 3D and Cura were used depending on which 3D printer was operated.

Due to a large number of samples three different 3D printers were used: The Maker
Gear M3 ID, the Creality CR-10 and the Creality CR-6 SE. Whereas the Maker Gear
M3 ID has a dual extrusion which means that it can print with two nozzles at the same
time, the two Creality printers have only one nozzle.

After an evaluation and testing of different filament types polylactic acid (PLA)
was used as the printing material because of its good characteristics such as printing
simplicity and not too much flexibility. The mortar mixture will be presented later in

this chapter.
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The experimental setup for the compression tests consisted of the AGS-X 100kN
Shimadzu machine with Trapezium as a controlling software, a tripod, and a phone
camera of a OnePlus7t as to be seen in Figure 2. In order to assess whether auxetic
behavior has occurred, the displacements must be recorded and determined during the
test. The Digital Image Correlation (DIC) method was used to determine these displace-
ments. For this method a camera is used to record the experiment and an open-source
software called Ncorr tracks changes in the images afterwards so that the displacements
can be determined. For the three-point bending tests, the BFS-U3-50S5M-C USB 3.1
Blackfly S, Monochrome Camera specially manufactured for the DIC method is used,
which immediately converts the video into separate monochrome images. The camera
shoots 35 frames per second with a resolution of 5 megapixels. The sensor format is

2/3”.

Figure 2: Experimental Setup
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Structures

As already mentioned, there are plenty of already existing auxetic structures. How-
ever, most of these are used for ductile materials like steel. This comes from the fact
that a basic requirement for auxetic behavior is that the structure contracts under com-
pression until it is a compact structure and behaves like a conventional material again.
For this purpose, the material must be able to deform before it breaks. The problem with
concrete, being a brittle material is that it breaks immediately without any warning and
has a very low deformability. Therefore, the goal for designing the structures for the
mortar molds was to find a balance between enough voids to enable deformation and
auxetic behavior, and enough solid material to prevent the concrete from breaking im-
mediately, thus increasing the timespan where deformations can happen. This is also
the reason why three of the four different kinds of molds have two versions so that a
perfect void ratio can be determined.

As long as there are no existing auxetic structures for concrete besides of ellipses
[15] and diamonds [13], auxetic structures for other materials were taken as a base and
their thickness was increased so that auxetic behavior of the mortar sample could be
achieved. Figure 3 shows how the thickness of the original structure was increased and
then converted into a structure for a mortar mold in the shape of a cube or a beam,

respectively.
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Figure 3: Structure Design (Resource: [19])

The original structures were the following:

Figure 4: Original Structures (Resource: [13, 19, 20]

By increasing the thickness of the original structures, the following seven different
mortar molds for the compression test could be developed. The molds are illustrated in
Figure 5-11. The figures each show a printed mold and the AutoCAD model with ap-
propriate dimensioning. As already mentioned, there are only four different kinds of
molds based on the original structures but three of them have two different versions.
Owing to the fact that auxetic behavior of mortar or concrete is still in its infancy, the
perfect void ratio or the ratio of the size of the structure to the size of the gaps between
the structures has not been identified yet. Hence, different versions were developed to

learn more about the basic requirements for achieving auxetic behavior in a mortar
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structure. According to the Standard Test Method for Compressive Strength of Hydrau-
lic Cement Mortars the cube samples are supposed to be a 50mm-by-50mm-by-50mm
[21]. Four test specimens of each structure type for the compression tests were created
to make the results reliable. The printing of the molds took only about 5-10 hours each.
The Standard Test Method for Flexural Strength of Concrete [22] applies to the three-
point bending test of concrete beams and implies that the effective span length of the
beam is four times the width of the beam. For simplification purposes the width and
height of the beams are the same as for the cubes so that the size of the structures can
be transferred. Consequently, the beams have a dimension of 50mm-by-50mm-by-
225mm with an overlap of 12.5mm on either side. For the bending tests only three test
specimens of each structure type were created because three are enough to make the
results reliable and the printing of the beam molds took about one day each so that three
was just more time-effective than four. The samples of the same Mold type are hum-
bered from 1 to 3 or 4, respectively. For the compression as well as the three-point-

bending tests samples without voids were created as a verification of the results.
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Figure 6: Mold 1 - 4 Rows (Mold 1 — 4)

15






DO B>O<] |
KORVELYCAVEAY o)
DO DO
O <FoD.O5<J:> O

DO<g DO
O D>o<J DO
Do<JD>oJ

Figure 9: Mold 3 — smaller (Mold 3 - s)

Figure 10: Mold 4 — bigger (Mold 4 — b)
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Figure 11: Mold 4 — smaller (Mold 4 —s)

As the goal of these experiments is not only to find the Poisson’s ratio and deter-
mine if the structure makes the mortar behave auxetic or not but also to determine the
compressive strength and flexural strength, respectively, of each structure, the void ratio
of each structure was calculated as shown in Table 1. For an actual application in prac-
tice a good balance between the strength and the auxetic behavior of a structure is es-

sential.
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Table 1: Void Ratio for Cubes and Beams with Different Structures

Cubes Beams
Mold — normal 0% 0%

Mold 1 — 3 Rows 11.25% 13.33%
Mold 1 — 4 Rows 15.00% 17.78%
Mold 2 17.28% 17.92%
Mold 3 — bigger 18.17% 20.20%
Mold 3 — smaller 16.48% 18.70%
Mold 4 — bigger 12.60% 14.56%
Mold 4 — smaller 8.06% 9.32%

Printing

PLA was used as filament material for printing. This is due to the fact that the other
common filament type TPU (thermoplastic polyurethane) is much more flexible than
PLA. That results in buckled walls of the cube, a tough demolding since it’s not break-
able or sliceable and a high difficulty during printing because especially very small
structures in the mold wobble during printing and are not precisely printed anymore.
After printing many test samples, the following properties for the molds were selected.
The thickness of the walls was chosen to 5mm to make the mold more stable. To de-
crease the printing time and facilitate the demolding, the infill was chosen to 0% and
the shell of the cubes restricted to only one layer. Because of cooling problems, the sides

of the cubes started buckling when they consisted of only one layer. Since more layers
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made it much harder to demold the cube and the slightly arched sides could be straight-
ened by grinding, the cubes were printed with only one layer. Furthermore, more layers
for the shell would also mean more layers for the structures inside the cube. PLA is
much weaker than concrete and should not have a big influence on the experiments.
However, as most of the structures could not be removed and stayed inside the speci-
mens during testing, the number of layers should be chosen as small as possible to test
the actual reaction of the mortar, avoiding any interaction with PLA. Since these exper-
iments are a model-based test for a practical application of auxetic compression and
bending elements in the future, the properties of the specimens should be as comparable
as possible to beams and compression elements in a big scale. Assuming that these con-
struction elements will not contain any PLA structures, it is also better to choose the
number of layers as small as possible.

In beams, however, their side being much longer than in cubes, arching occurred
to a greater extent which was not acceptable anymore. Also, it was easier to demold the
beams with two layers than the cubes because the sides of the cubes are so short that the
mold becomes very inflexible which is good for the experiments but difficult to demold.
Hence, the shell of the beams was printed with two layers. The bottom must be more
stable in order to prevent damage during casting and is also easier to demold in one
piece if it has four to five printing layers. The layer height was chosen to 0.2mm as a
compromise between printing time and accuracy. In addition, it was observed that trans-

parent filament is easier to demold than other colors.
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Mortar Mixture

After creating the molds as a formwork for the mortar mix the next step was to find
the right mortar mixture. As already mentioned, the mortar mix only consists of sand,
cement, and water in contrast to concrete where also aggregates are added. The most
important characteristics of a suitable mortar mixture are a high compressive strength
and a good workability. With increasing water/cement ratio the compressive strength
decreases and the workability increases. The molds are fragile and the gaps between the
structures are small, so the water/cement ratio needs to be high enough to enable a good
flowability. On the other hand, a high compressive strength is needed so that the sample
has some time to deform with an auxetic behavior under compression before it breaks.
Under these circumstances and after a lot of test mixtures and specimens a water/cement
ratio of 0.45 by mass was chosen. Furthermore, the mixture consists of 50% paste which
includes water and cement and 50% sand by volume. The cement used is Portland ce-
ment type 2 and the sand is Quikrete fine sand.

The following table shows the mixture of the mortar for the compression tests in
percent by mass. After calculating the mass for every ingredient around 20% should be
added because of measuring inaccuracy and losses and leftovers during mixing. The

total mass for one cube is 212g.

Table 2: Mortar Mixture for Compression Tests

Cement (2.8g/cm?) Sand (1.6g/cm3) Water (1g/cmd)

36.48% 47.11% 16.41%
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The following picture shows the consistency of the mix:

Figure 12: Mortar Mix for Cubes

To remember, concrete is a brittle material and cannot take up tensile forces. Even
though the cubes were loaded under compression there will be areas in the cube where
tensile forces inside the mortar occur because of the auxetic structures that initialize
deformations as described earlier. Such tensile forces are much higher during a bending
test in comparison to a compression test. Furthermore, a research group from the TU
Delft [15] could only achieve auxetic behavior in mortar when there were also fibers
included, which take up the tensile forces. In the present thesis, actual reinforcement
was not usable for a sample with small structures inside, therefore fibers were added to
the mortar mix for the three-point bending tests. The fibers greatly increased the viscos-
ity of the mortar mix. That’s why a few drops of superplasticizer were added to the mix.
The amount of superplasticizer was according to the amount used in the paper [15].
Superplasticizer increases the workability without decreasing the compressive strength

as a higher water/cement ratio would do it.
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For identifying the perfect volume of fibers three test mixes with 0.5%, 1% and 2%
of fibers by volume were produced. The goal was to use as much fibers as possible while
maintaining good mortar flowability and ensuring homogeneous fiber distribution. For
the mix with 2% of fibers this was not possible anymore as the fibers could hardly be
pushed into the molds in the gaps between the structures. The mixes with 0.5% and 1%
were both still workable so the mix with 1% of fibers by volume was used. The fibers
were PVA fibers with a length of 0.5in. Table 3 shows the mixture of the mortar for the
three-point bending tests in percent by mass. Again around 20% for every ingredient
should be added to supply a reserve for losses during the casting process. The total mass

for one beam is 1142g.

Table 3: Mortar Mixture for Three-Point Bending Test

Cement Sand Water Fibers Superplasticizer
(2.8g/cm3) (1.6g/cm3) (1g/cm3) (1.28g/cm?)
36.05% 46.81% 16.38% 0.76% 0.05083%

The following picture shows the consistency of the mix:

Figure 13: Mortar Mix for Beams
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Casting and Demolding

Cement and sand were mixed first until they were equally distributed. Then the
water was added and stirred with a shovel until it was a uniform mix without any dry
cement-sand chunks. The molds were sprayed with WD40 before they were filled to
make the shell more slippery and thereby facilitate the demolding. During pouring into
the mold the mortar mix usually sticked at the top parts of the structure especially for
the molds with very small gaps. Manually shaking was difficult because of the brittle-
ness of the molds. Therefore, a vibration table was used to shake the mortar into the
mold equally distributed between the structures. As the cement gets separated from the
water when the mortar is vibrated too long, the vibration table should only be used for
a few seconds so that the mortar can slide between the structures. For the beams shaking
the mortar mixture between the structures did not work very well because of the fibers.
Even if the mortar still slipped into the mold the fibers would be stuck at the top of the
structures. Therefore, a small object like the back end of a plastic spoon was used to
push the fibers between the structures and make them distribute uniformly without stick-
ing together and letting them separate from the mortar. When the mold was full of mor-
tar the vibration table could be used for another 30 seconds until all or at least most of
the air voids inside the mortar mix especially along the structures could escape in form
of air bubbles. Since the mix dries out with time not more than ten cubes should be cast
at the same time.

After the casting the cubes were stored for around 48 hours on a flat surface under
a plastic wrap so that the mortar could cure before it got demolded. During curing the

mortar produces heat which makes the water evaporate. If too much water evaporates
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the mortar dries out and forms cracks. The plastic wrap collects the water so that the
cube is still in a moist environment and cannot dry out.

For demolding pincers and a slotted screwdriver were used for removing the walls
of the cube and a spattle for removing the bottom. Sometimes it was difficult to remove
the bottom layers but the PLA got brittle after 28 days so it could get removed then or
in the worst case it had to be ground away. It was also tried to heat up the cube to about
60°C to make the PLA soft again so that it is easier removable. After three hours no
difference in the consistency of the PLA could be determined and the temperature could
not be increased any further because that would dry out the mortar, so this method was
discarded.

After demolding the cubes were kept in a water bath for at least 28 days. Citric acid
can be added to the water to accelerate the curing. It was ensured that the entire cube

was under water to prevent dehydration.
Testing

DIC Method

Digital Image Correlation is an innovative technique to measure strain and surface
displacement on every material. It is a non-contact optical method, that is cost-effective,
accurate and simple to use. It basically compares all the images taken during an exper-
iment with the reference image and determines the deformation from the changes in the
pictures. This works by forming a grid of unique pixel blocks on the surface and tracking
their deformation during the experiment. For this a random pattern of black dots on a
white surface of the test specimen is needed so that around half of the surface area is

painted black and the other half is white. [23] Also, the dots should be uniform in size,
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around 3-by-3 to 7-by-7 pixels big, and fully adhered to the sample, so that the defor-
mation of the sample corresponds to the deformation of the pattern [24].

Thus, the first step was to dye the test specimen with white paint and black dots.
Different methods were considered. The first was to just paint a random pattern of black
dots by hand with an ultra-fine permanent marker. For this technique the white paint
Semi-Gloss Protective Enamel — Superior Coverage & Durability by Rust-Oleum was
used to dye the specimen white. Since this method was the most accurate and easiest
one without a lot of needed equipment it was used for painting the cubes. The following

picture shows how accurate the painted cubes look like.

s

Figure 14: DIC-Method pen

As the cubes were small (25cm? less the voids) it took like 20min to paint every
cube which is time-intense but still possible. For the beams in contrast, it would have
taken 32 hours which is mis proportioned. Therefore, other methods were considered.

It was tried to just spray with spray paint on the specimen or use a toothbrush or
any other kind of brush, spraying black paint on the bristles of the brush and sprinkle

the black paint onto the white painted test specimen. Since the test specimens were still
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small and had structures inside and the dots had to be small enough so that the DIC
software is still able to distinguish the black holes of the structures from the black dots
of the pattern, this method was not applicable. The sprinkles were too big, and it was
too difficult to distribute the black paint uniformly on the entire specimen as to be seen

on the following picture.

Figure 15: DIC-Method spraying

Another idea was to print a paint roller with the 3D printer. A speckle generator
software created a random pattern of black dots. This pattern was transferred to a de-
signing software like AutoCAD where the dots were converted into bumps on the paint

roller. The following picture shows the printed paint roller.

Figure 16: Paint roller

After printing, the paint roller was rolled over the white painted specimen, but the

dots were too rare, undefined and the paint did not really stick to the surface of the
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sample as to be seen on the following picture so that the DIC software would have lost

correlation.

Figure 17: DIC-Method paint roller

The next considered method was hydro dipping. This procedure can be used for
printing any possible picture on a three-dimensional object and can be applied on almost
every surface. The test specimen was painted white as a base coat with the paint that
was used before. This base coat should make the film stick to the specimen. A normal
ink printer was used to print the black dots onto a water-soluble film. This film was
sprayed with an activator to dispense the ink from the film and placed on the water
surface of a water filled container that is big enough to fully submerge the test specimen
for around one minute. One side of the film is supposed to absorb the water to hydrate
the film. This side should face down. Then the Hydrovator Hydro-Printing Activator by
Southern Hydrographics was used to make the film dissolve. When it was fully dis-
solved the sample was pushed into the ink on the water in a 45-degree angle. The slimy
residue was rinsed off afterwards. Unfortunately, the dots were too big because they got
increased through the water. Also, after rinsing it looked like there would be a water

film on the specimen that made everything flow apart and made the specimen unusable
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for the DIC method. The following picture shows two beams painted with the hydro

dipping method.

Figure 18: DIC-Method hydro dipping

The last method that finally worked for the beams was using a handheld printer.
The printer that was used was the MBrush Portable Mobile Color Printer by Kongten.
The pattern of black dots was generated with the speckle generator and a screenshot of
the pdf could be entered from a phone into the app that controls the printer. A few set-
tings like the size of the pattern, the density, brightness, and saturation could be made.
As the printer can only print a picture with a height of 1.429cm the picture that was
chosen in the app to be printed could be sliced so that the printer would print slice after
slice of the picture. Reprinting the same slice again would be unusable for the DIC soft-
ware as it would lose correlation because of repeating patterns. The printer worked very
well on the paper but on the concrete sample with the white paint that was used before,
the black dots faded with time and were not visible enough for the DIC software. Very
fine sandpaper was tried first but that increased the size of the black dots so that the

pattern was not applicable anymore. Flat white paint from Rustoleum (Ultracover paint
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+ primer) was used. The ink sticked much better on this paint and finally a method to
paint the black dots on the test specimens was found (Figure 19). As the black dots still

faded after some hours the experiments should be performed right after printing.

Figure 19: DIC-Method handheld printer

The next step was to get the pictures that had to be analyzed into the DIC software.
A phone camera of a OnePlus 7t with 60fps and 4K was used to film the compression
tests. For the three-point-bending tests a DIC camera with 35fps and five megapixels
was used. The advantage of this camera was that the recording could be controlled with
a software on the computer that also controlled the testing machine. Also, the camera
takes monochrome pictures instead of a color video so that the step of converting the
video into pictures can be skipped. To reduce the number of pictures taken during the
experiment the DIC software was set at four pictures per second. The phone camera or
the DIC camera had to be placed on a stable tripod that did not shake during filming and
positioned normal and central to the surface to be examined for deformations. At first a
picture with a ruler or some other kind of reference had to be taken as a calibration
image so that the right scale for the deformations could be set later in the DIC software.
Then the experiment and the filming should be started simultaneously so that the time

of the experiment and the time of the captured pictures match for the analysis.
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For converting the video from the phone camera into pictures, the software Free
Video to JPG Converter was used and one picture per second was converted. The open-
source software Ncorr that was used for the DIC analysis could only analyze around
130 pictures at the same time. So, it had to be guaranteed that the number of total pic-
tures did not exceed this number.

Another problem was that the name of the pictures that are proceeded by the DIC
software had to have the format name_#.tiff. This was not the case for the phone camera
pictures as well as the DIC camera pictures. The software Bulk Rename Utility was used
to change the name of the pictures into a format that fits for the DIC software.

Then finally Ncorr could be started to analyze the displacements. Ncorr is a soft-
ware that is running on the platform MATLAB and requires the Statistics and Machine
Learning Toolbox and the Image Processing Toolbox. The first step after installing
Ncorr was to insert the reference image which is the first image of the section that is to
be analyzed. For just determining if the sample shows auxetic behavior or not, the linear
part before the first crack was taken. In this part of the curve the specimen is already
loaded, should not move anymore and just deform according to the load. In this section
auxetic behavior should be visible if it happened. For determining the Poisson’s ratio,
the section between the start of the loading and the first crack would have to be taken.
The pictures of this section including the reference picture had to be added to the soft-
ware next. For this step two different options are offered, Load All (memory heavy) or
Load Lazy (slower but less memory). As the analysis takes a long time anyway the
memory heavy option is recommended especially for bigger specimens. The next step

is to set the region of interest. The drawing option of a rectangle was chosen. Important
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is that the region of interest is not supposed to cover the entire specimen area because
the DIC software would lose correlation if the test specimen moved out of the region of
interest during the experiment because of deformations. The region of interest must
therefore only be so big that the edge of the test specimen remains outside the edge of
the region of interest during the test. For determining the Poisson’s ratio, the edge of the
region of interest should be as close to the edge of the test specimen as possible. To be
able to see only the tendency of the auxetic behavior, it does not have to be quite that
big.

Then the DIC parameters had to be set. The subset radius which defines the size of
the subset included around nine black dots to get the best analysis results. The subset
radius which defines the size of the pixel blocks should be set so that the pixel blocks
are about as large as the space between the black dots. The last step before the analysis
is to allocate the subareas of the test specimen to the seeds of the processor of the com-
puter that is used for the DIC software. The subareas should all be of the same size in
order to perform the analysis as quickly as possible. After the analysis the right scale
for the deformations had to be set. Therefore, in the Format Displacements section, the
calibration image that was taken before the experiment has to be uploaded. Then usually
a length of 10mm had to be marked in the image to scale the deformations from the
picture size to the actual size of the specimen. Then the displacement could be plotted
picture by picture and the displacement and the behavior during testing could be read

off.
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Compression

The compression experiments were performed according to the Standard Test
Method for Compressive Strength of Hydraulic Cement Mortars [21]. The experiment
enables determining the compressive strength of each auxetic structure. Because mortar
should be cured for 28 days it does not really matter if the cubes are tested after exactly
28 days or later [25]. For this case the cubes were taken off the water bath after around
30 days. As painting them white was needed for the DIC analysis they were painted
after taking them off the water bath and the paint had to dry for another two days. Be-
cause of casting the cubes in the 3D printed molds, the walls were not perfectly straight.
As already mentioned, the molds were printed with only one layer so that the walls
buckled out a little bit. To distribute the pressure of the compression machine uniformly
on the whole area of the cube, the cubes had to be ground before they were tested. They
were ground with an angle grinder.

The testing machine consists of a fixed round steel plate with a diameter of 10cm
where the cube sits on and a same sized steel plate over the cube that moves downwards
to compress the cube. As auxetic behavior can only occur when the cube is loaded or-
thogonal to the auxetic structures, the test specimen had to be placed between the plates
so that the white painted side that shows the auxetic structure is in the front and parallel
to the machine and the camera. The top plate was moved as far down as possible without
touching the test specimen and putting a pressure on it. The setup is to be seen in the

picture below.
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Figure 20: Setup for Compression Test

Then the experiment could be started in the Trapezium software on the computer
that was connected to the testing machine. To facilitate a static loading the loading rate
was chosen to Imm/min.

The experimental results that can be exported as a CSV file from the machine con-
trolling software are time, force, and stroke. The file had to be converted into excel so

that the stress-strain-curve can be calculated.

St _ Force _ Force N ]
resso = Area 50 x 50 lmm?
Strain e — Stroke  Stroke [mm]
rame = Height 50 Llmm

As the timespan between starting the experiment and loading the test cube is dif-
ferent for every test specimen but does not tell anything about the behavior of the cube
under compression, the point in time where the actual loading of the specimen started

had to be zeroed so that the stress-strain curves and especially the young’s modulus are
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comparable. The charts were generated in Grapher. In order to create a demonstrative
comparison basis for the different molds, a plot was created with the stress-strain curves
of all molds together. For this purpose, the results of each mold type were averaged and
combined to form one curve. As the tests were stopped at different times, jumps oc-
curred in the originally averaged curve. Therefore, a trendline was created with the func-
tion Fit Curve and the Fit Type LOESS in Grapher. LOESS stands for locally estimated

scatterplot smoothing [26].

Bending

The three-point-bending experiments were performed according to the Standard
Test Method for Flexural Strength of Concrete (Using Simple Beam with Third-Point
Loading) [22]. As already mentioned, the effective span length of the beam has to be
four times the width of the beam. Since the width of the beam is 50mm the effective
span length has to be 200mm. The beam is located centrally on two supports. The sup-
ports are cylinders with a diameter of 3cm orthogonal to the beam so that they are not
districted during the bending experiment. The third point is the point in the middle of
the beam that pushes the beam uniformly over the whole width down. As the determi-
nation of a good DIC method for the beam experiments took a long time, the beams
were taken off the water bath around 50 days after molding. Since the beams were more
uniform than the cubes because of two printing layers of the shell and furthermore the
beams were only supported at 3 points and not bearing on an entire side, grinding was
not necessary. Similar to the cubes, the beams were loaded orthogonal to the structures
so that the side with the structures could be filmed for the DIC analysis. The setup is to

be seen in the picture below.
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Figure 21: Setup for Three-Point-Bending Test

Then the experiment could be started through the controlling software Trapezium
from the connected computer. The static loading rate for the three-point-bending exper-
iments was 0.375mm/min.

The experimental results that can be exported as a CSV file from the machine con-
trolling software are time, force, and stroke. To generate a force-displacement chart for
every structure type the CSV file had to be converted into an excel file. For simplifica-
tion the stroke that is measured at the top edge of the beam is assumed to equal the
displacement that is usually measured at the centerline. For the comparison of the dif-
ferent structure types two charts were generated that show the averaged curves of the
eight structures. One chart shows the relationship between force and displacement and
the other one the relationship between flexural strength and displacement. The flexural

strength is calculated by:
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The point in time where the actual loading of the specimen started had to be zeroed
again so that the curves are comparable. The charts were generated in Grapher. As for
the results of the compression experiments, a plot was created with the stress-strain
curves of all molds together to facilitate the comparison of the different structure types.
For this purpose, the results of each mold type were averaged and combined to form one
curve. As the tests were stopped at different times, jumps occurred in the originally
averaged curve. Therefore, a trendline was created with the function Fit Curve and the
Fit Type LOESS in Grapher. LOESS stands for locally estimated scatterplot smoothing
[26]. As the flexural strength is an important characteristic of bending elements, one
chart with the flexural strength-displacement for all molds is created. The procedure to

obtain the averaged curves is the same as just explained for the force-displacement chart.
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CHAPTER 4

RESULTS

This chapter deals with the description and evaluation of the results of the com-
pression and three-point-bending tests. The compressive and flexural strength are dis-
cussed and differences between the different types of molds are determined. The de-
scription of the types of molds can be found in the chapter “Structures”. In addition, it
is amplified how the auxetic behavior can be identified with the help of the DIC method.
Thus, all test specimens are examined, analyzed, and compared for auxetic behavior.
Furthermore, challenges and uncertainties are pointed out, which leaves opportunities
for future work open.
Compression Tests

For the compression tests four test specimens for each mold were printed, cast,
demolded, painted, tested, and analyzed. As the fourth mold of Mold 2 broke during
casting, there are only three molds investigated. The data is determined, and the plots
are compiled as described in the Compression Test section.
Compressive Strength

As to be seen in Figure 22 the test specimens all show very different compression
behavior. Figure 22(a) shows the stress-strain curve of the normal molds without any
auxetic structure. Mold_normal_1 and Mold_normal_4 have a very similar behavior
with a maximum stress of around 40MPa and a strain of 3%. These two specimens also
failed right after they reached their maximum compressive strength without any advance

notice. Mold_normal_2 had a pre-crack, but the stress has still increased after that. All
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four molds had a similar young’s modulus of around 1800MPa. Figure 22(b) shows how
different the results of actual experiments in comparison to the theory of compression
tests can be. Even though the young’s modulus seems to be similar for all four molds,
they all cracked at completely different stress levels that vary from 2MPa to 17MPa.
Although two of the Mold 1 test specimens with 4 Rows in Figure 22(c) had probably
a pre-crack they all could reach a similar stress level. Mold 2 in Figure 22(d) is definitely
the mold where the results of the test specimen resemble each other the most. For all of
them the young’s modulus is around 1000MPa, the stress varies from 4 to 5 MPa and
the strain is around 0.7%. In contrast to Figure 22(e) and Figure 22(g) where the young’s
modulus is similar but the stress and strain level at failure vary a lot, Figure 22(h) shows
a very similar behavior between three of the four test specimens. For this Mold 4-smaller
the maximum stress is around 13MPa and the strain at failure around 1.3%. The com-
pression behavior of Mold 3-smaller in Figure 22(f) shows a similar young’s modulus
and a similar maximum strain level for three of four molds of around 1%. The compres-
sive stress at failure varies from 2.5 to 7.5MPa.

This very diverse behavior probably comes from the fact that the sides of the cubes
were not perfectly flat. As they were cast in 3D printed molds with shells with only one
layer, the sides were a little bit convex or concave, respectively. Even though they were
ground in order to make the surfaces rectangular and straight, it was only by visual
judgment. For the compression test a tenth part of a millimeter is enough to load the
cube unequally and cause a stress concentration at one point that leads to a crack. While

concave surfaces induce a higher pressure at the edges of the cube, convex surfaces
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provoke a higher compressive stress in the middle of the cube. This leads to very differ-
ent fracture behavior and could explain why the young’s modulus for each mold type is
similar for most of the molds, but the moment of failure differs greatly. In order to avoid
this bulge of the cube sides in the future, either silicone rubber molds should be used as
in the paper [15] or a better method to demold 3D printed molds with more than one
layer has to be developed.

Another problem might be the sharp edges of some of the srcutures. Since the stress
concentration is much higher at sharp edges than at round edges this could also lead to
a faster and more immediate failure. Together with a slower loading rate, rounded edges

could give time to the test specimen to deform and carry more load.
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Figure 22: Stress-Strain Curves for Compression Tests for (a)Mold normal,
(b)Mold 1-3Rows, (c)Mold 1-4Rows, (d)Mold 2, (e)Mold 3-bigger, (f)Mold 3-smaller,
(9)Mold 4-bigger, (h)Mold 4-smaller

Figure 23 shows the averaged Stress-Strain curves for the seven different molds

with auxetic structure plus the normal mold without any structure. As expected, the

normal mold has by far the highest compressive strength and the highest young’s mod-

ulus. The strongest structure beside of that is Mold 1 — 3 Rows, followed by Mold 1 - 4

Rows and Mold 4 -smaller. As to be seen in Table 1 these molds are the structures with

the lowest void content. Just Mold 4 — bigger is missing in this ranking which probably

comes from the fact that the arrows of Mold 4 have much more sharp edges than Mold

1 does. Furthermore, the tips of the arrows point to each other which can cause a crack

much faster than the sides of the triangles that are turned towards each other. This prob-

ably also explains why Mold 4 - smaller is so much stronger than Mold 4 — bigger. As

the arrows are closer together for the last-mentioned mold a crack occurs faster than for

a bigger gap between the voids. Mold 2 is the weakest structure according to this chart.
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This could be due to the corners of the diamonds that are relatively close together and
facilitate stress concentrations and therefore a faster failure.

Regarding the comparison of the different variations of Mold 1, 3 and 4, it is ob-
served that a lower void content leads to a higher compressive strength. An exception
to this is Mold 3 that shows almost no difference between the two variations.

To summarize, of the compressive strength Mold 1 — 3 Rows is the most suitable
structure for use in the construction industry, since its strength comes closest to a mold

without voids.
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Figure 23: Averaged Stress-Strain Curves for all Molds

Auxetic Behavior

Auxetic behavior occurs if a negative Poisson’s ratio is existent. This means for a
compression test that the cube has to contract in longitudinal direction as it is com-
pressed in axial direction. Since the displacement in the DIC software Ncorr is defined

positive to the right in X direction and down in Y direction, negative displacement on
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the right half of the cube and positive displacement on the left half of the cube has to
occur to identify auxetic behavior. The expected DIC result is to be seen in Figure 24(b).
For a cube that does not behave auxetic the exact opposite is expected. Figure 24 shows
the U-displacement and V-displacement for Mold 2_3. The pictures show the expected
result for a cube with auxetic behavior just the displacements are switched. That means
that the U-displacement (Figure 24(a)) shows the expected displacement in Y-direction
and the V-displacement (Figure 24(b)) shows the expected displacement in X direction.

A possible reason for this is again the concave and convex sides of the cube as it
makes the cube move during compression. This could lead to a rotation during the ex-
periment and these switched displacements as a result. Even though this could be a log-
ical explanation it is very perplexing that the displacement is switched for every single
mold without any exception and that all molds show a perfectly horizontal and vertical
displacement just in the wrong displacement plot. Different time segments of the same
experiment were analyzed with the DIC software to find the moment where the test
specimen is not moving anymore and fixed between the two compression plates. It was
obtained that the DIC is very dependent on the reference picture or on the point in time,
where the analysis starts, respectively, especially for a difficult case like these experi-
ments, but nothing worked out and showed a reasonable displacement. Another consid-
eration was that the DIC software switches the axes for some reason during the experi-
ment. A 3D printed plastic cube with 100% infill was tested to see if the same happens

in this case but for this cube the displacements were the right way around.
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100 mm

Figure 24: Displacement Compression Test in (a) X direction and (b) Y direction

As a verification three normal samples and one cube with the structure of Mold 2
were cast again to see if straight walls can change the result of the DIC software. For
time reasons only these four samples could be created. For the normal molds a massive
plastic mold was used and for Mold 2 a mold with two layers was printed to guarantee

that no bulging can occur. Mold 2 was very difficult to demold but after 28 days the
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molds could be painted and tested. Finally, Mold 2 showed the expected displacement
in the right displacement plot in the DIC software as to be seen in Figure 25. Unfortu-
nately, it does not show auxetic behavior as the cube expands in horizontal direction.
This result shows that the problem is not in the software itself. On the other hand, all
three full cubes of the normal mold showed very unclear behavior. For none of them the
horizontal displacement could be obtained as the U-displacement was rotating and mov-
ing until it looked almost like the V displacement. To the best of the authors knowledge
the elastic and linear section of the curve was chosen to prevent movement, the DIC
parameters were set as they are supposed to be, and the dots were painted in a way so

that the software never lost correlation.
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Figure 25: Displacements for Verification Cube in (a)X-direction and (b)Y-
direction

Since it is still unclear why the displacements were the other way around and about
half of the molds showed auxetic behavior in the V-displacement, which roughly corre-
sponded to the expectations of these experiments, the results are presented here anyway.
It should be noted that the assumption of whether auxetic behavior was achieved or not
was made on the basis of the V-displacement, although it would actually have to be
attached to the U-displacement. In order to rule out the possibility that the cubes expand
or contract as a result of the convex or concave shape of their sides, the cubes were
analyzed for their bulge and compared with their behavior in the X-direction. No corre-
lation could be established. The results are presented in Table 4. The seven rows present
the different structure types whereas the four columns list the specimens for each type.
The bold written molds behaved auxetic according to the standards mentioned. It is ob-

tained that for most of the structure types at least half of the samples behaved auxetic.
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Mold 1-4 Rows and Mold 4-smaller appear to be the most auxetic ones. Only Mold 3

seems to behave rather not auxetic.

Table 4: Auxetic Behavior Cubes

Mold 1 3 1 Mold 1 3 2 Mold 1_3 3 Mold 1_3 4
Mold 1 4 1 Mold 1_4 2 Mold 1 4 3 Mold 1_4 4
Mold 2_1 Mold 2_2 Mold 2_3

Mold 3_b_1 Mold 3 b 2 Mold 3 b_3 Mold 3 b 4
Mold3 s 1 Mold 3 s 2 Mold 3 s 3 Mold 3 s 4
Mold 4 b 1 Mold 4 b 2 Mold 4 b 3 Mold 4 b 4
Mold 4 s 1 Mold 4 s 2 Mold 4 s 3 Mold 4 s 4

Three-Point-Bending Tests

As the results of the cubes regarding the auxetic behavior were not satisfying, 1%
of fibers were added to the mortar mix of the beams to increase the deformation capa-
bility and the time between the beginning of loading and failure. For this reason, the
loading rate was also reduced from 1mm/min to 0.375mm/min. Furthermore, the molds
for the beams were printed with two layers instead of one to prevent bulges at the sides
and increase the position stability during testing. For time reasons only three instead of
four samples for each structure type could be created. The testing procedure is explained

in the three-point-bending section.
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Flexural Strength

As to be seen in Figure 26 the Force-Displacement results of the three-point bend-
ing tests are much closer together as the results from the compression tests. Most of the
test specimen show a steep increase until failure, then the curve drops as a result of the
crack and then it maintains the same level or decreases slowly. A good example for this
is Mold_normal in Figure 26(a). All three samples peak around 2000 to 2300N, drop
around 400 to 500 N and flatten out at around 1100N. On the other hand, the vertical
displacement varies from 0.15mm to 0.4mm. On the contrary, Mold 1-3 Rows in Figure
26(b) shows a deflection of around 0.4mm for all three test specimen but the force at
failure varies from 1600 to 2300N. The Force-Displacement curve of Mold 1-4 Rows
in Figure 26(c) looks almost like a stress-strain curve for steel with a yield force between
1100 and 1400N and a maximum bearable force of 1200 or 1600N, respectively. While
two of the Mold 2 samples in Figure 26(d) showed a similar behavior of a force of
1100N and a displacement of 0.4mm at failure, the third Mold shows a slow irregular
increase until it fails at impressing 1.2mm of displacement and a force of 1550N. The
curves of Mold 3-bigger in Figure 26(e) are very parallel to each other and fail between
1350 and 1600N and between 0.35 and 0.55mm of deflection, respectively. Mold 3-
smaller in Figure 26(f) shows a big variation of results. The force varies from 1250 to
2000N and the displacement from 0.4 to 1.3mm. While the curves of Mold 4-smaller in
Figure 26 are identical until the samples fail at different force levels between 1150 and
1600N at around 0.6mm of vertical displacement, Mold 4-bigger in Figure 26(g) all
show a similar shape of the curve but at different force and displacement levels. The

force varies from 1350 to 1900N and the displacement from 0.4 to 0.7mm.
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The differences between the different samples of each structure type probably arise
again from the not perfectly straight sides of the beam. Even though only some of the
molds arched because of cooling problems during printing, the specimens were not ex-
actly rectangular. The uniformity was better than for the cubes and furthermore, the
beams had only a very small area of support in the three-point bending test, but it could
still make a small difference. Another difficulty was the fiber distribution in the mortar
mix because of all the small structures in the molds as already explained in the Casting
and Demolding Section. Although the fibers were distributed as even as possible, the
distribution could still have a big influence on the fracture behavior during the three-

point-bending experiments.
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Figure 26: Force Displacement Curves for Three-Point-Bending Tests for
(2)Mold normal, (b)Mold 1-3Rows, (c)Mold 1-4Rows, (d)Mold 2, (e)Mold 3-bigger,
(HMold 3-smaller, (g)Mold 4-bigger, (h)Mold 4-smaller

Figure 27 is supposed to illustrate the differences between the various structure
types. The left chart shows the force in Newton and the displacement in mm whereas
the right chart represents the flexural strength in MPa and the displacement in mm. In
comparison to the cubes these results are much closer together. The normal mold is still
the strongest with around 4.3MPa but also had the smallest displacement of 0.35mm.
The two strongest molds of the molds with voids are Mold 1-3 Rows and Mold 3-smaller
with 3.9 and 3.7MPa, respectively. The weakest molds are Mold 3-bigger and Mold 4-
smaller with 3.1 and 3.2MPa, respectively. This is kind of surprising as Mold 3-bigger
is the mold with the highest void content but Mold 4-smaller is the one with the lowest
void content and the distance between the lower edge of the beam and the first void
where the crack occurs is also the biggest of all molds. The molds with voids with the
lowest displacement at failure are Mold 1-3Rows and Mold 1-4Rows with 0.4 and
0.5mm, respectively, and the molds with the highest deflection are Mold 2 and Mold 3-

smaller with 1.3mm and 1.1mm, respectively.
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Regarding the comparison of the two variations of Mold 1, 3 and 4 most of them
performed as expected concerning the flexural strength. As already mentioned, Mold 4-
small was surprisingly weak and performed worse than the bigger variation of Mold 4
although in relation to the void content something else would have been expected. For
Mold 1 and 3 the mold with the higher void content for each of the structures showed a
lower flexural strength as expected. Nevertheless, it should be pointed out that although
Mold 3-bigger had a lower maximum flexural strength as Mold 3-smaller, the displace-
ment was also lower. Depending on the area of application in the construction industry,

this can have a similar meaning as load-bearing capacity and should therefore not be

overlooked.
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Figure 27: (a) Averaged Force-Displacement Curves for all Molds, (b) Averaged
Flexural Strength-Displacement Curves for all Molds

In summary, regarding the flexural strength and the displacement at failure Mold
1-3Rows performed the best of all molds with voids and is almost comparable to the

beam without any voids.
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Auxetic Behavior

When a conventional beam made of mortar or concrete is tested in a three-point-
bending machine, it bends particularly in the middle, while it barely moves on the end
bearings apart from a slight rotation in response to the bending in the middle and thereby
reduces the overhang a little. Due to the deflection, a conventional beam becomes nar-
rower towards the middle. In contrast to this, a beam with auxetic behavior would be-
come wider, thus expanding vertically towards the middle.

In order to find out whether auxetic behavior has been achieved, it is first necessary
to determine how the displacement in the DIC software is supposed to look in case of
auxetic behavior. For this purpose, it was considered that for a theoretical beam that
does not expand or shrink, the deflection over the height of the beam remains constant
and decreases from the center to the edge. With a Y -axis that is positively defined down-
wards, as is the case of the DIC software, and a conventional beam, the narrowing in
the middle of the beam would mean that the displacement would have to be larger at the
top of the beam and smaller at the bottom of the beam than at the center axis and would
still decrease towards the edge. This results in a semicircle as shown in Figure 28(a).
The exact opposite would happen for a beam with auxetic behavior. The expansion in
the middle of the beam would cause a smaller displacement at the top of the beam and
a larger displacement at the bottom of the beam than at the center axis and would de-

crease again towards the edge as to be seen in Figure 28(b).
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Figure 28: V-Displacements for Beams (a)without auxetic behavior and (b) with
auxetic behavior

Even though the results were much more reasonable than the ones of the cubes,
they were still not completely clear. It was expected that the pattern of the displacement

stays almost the same during an experiment and the displacement slowly increases with

55



time and force, but this was not the case. For most of the samples the force was increas-
ing very constantly as to be seen in Figure 26 and a few tenth of a millimeter of deflec-
tion could be identified. For the DIC only the linear part of the curve where no move-
ment of the beam should occur anymore was chosen. But as the displacements were
very small and the beams not perfectly rectangular the displacement changed consider-
ably with every picture in the DIC, and it is not possible to say unequivocally how the
beams have deformed. Another problem was that some of the beams were a little bit
inclined on the pictures for the DIC because of the slightly uneven sides of the beam. A
beam that is not exactly parallel to the X-axis makes it more difficult to read the results
in the DIC because the displacements are only in X and Y direction.

In the light of such vague results, it was decided not to calculate the Poisson’s ratio
of the beams. Although it has to be mentioned that these results should be treated with
caution, there are some beams that, at least according to the DIC analysis, show tenden-
cies towards auxetic behavior. Therefore, these results are presented here (Table 5). The
seven rows show the different structure types, and the three columns list the different
specimens of each type. The bold written molds are test specimens that have shown

auxetic behavior in the displacement results.
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Table 5: Auxetic Behavior Beams

Mold 1 3 1 Mold 1_3 2 Mold 1_3 3
Mold1 4 1 Mold 1 4 2 Mold 1 4 3
Mold 2_1 Mold 2_2 Mold 2_3

Mold 3_b_1 Mold 3_b_2 Mold 3_b_3
Mold 3 s 1 Mold 3 s 2 Mold 3 s 3
Mold 4 b 1 Mold4 b 2 Mold 4_b_3
Mold4 s 1 Mold 4 s 2 Mold 4 s 3

As to be seen in Table 5 Mold 3-bigger seems to be the most auxetic structure. This
is surprising as this mold showed the least auxetic behavior in the compression tests.
The next structures showing tendencies of auxetic behavior are Mold 1-3 Rows and

Mold 3-smaller.
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CHAPTER 5

VERIFICATION WITH SIMULATIONS

The experiments have not been able to make a clear statement whether or not aux-
etic behavior has occurred. In order to find out why the experiments did not work as
expected, and to determine the parameters required for the auxetic behavior that the
different molds were originally intended for, simulations were performed. The hypoth-
esis was that a structure with repeating unit cells is needed to achieve auxetic behavior
and that the thick edge around the voids of the created molds prevented the fracture
behavior that is needed for an auxetic behavior. Therefore, similar to [18] a geometry
with alternating horizontal and vertical ellipsoid voids was created. To identify require-
ments that are needed for achieving auxetic behavior, different parameters were chosen
and varied for the simulations. The parameters were the aspect ratio, the length of the
major axis and the number of voids along X and Y direction. The objective of the sim-
ulations was to find a structure that behaves auxetic to compare this with the structures
that were used for the experiments to clarify why they did not work as expected. Fur-
thermore, conditions that must be met in order to achieve auxetic behavior are to be
identified so that one can repeat the experiments of this thesis and can actually verify
auxetic mortar structures.

In addition, the simulations are used to create a prediction tool for the Poisson’s
ratio or auxetic behavior, respectively. The papers, explained in the Literature Review

of this thesis, show that auxetic behavior of CCC is generally possible and highlight the
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basic requirements to achieve this behavior. Some geometries that have a negative Pois-
son’s ratio were found. What is still missing is an easy prediction tool for everyone.
Auxetic properties such as shear and indention resistance and damping and fracture
toughness are helpful characteristics in the building industry because they can improve
the life-time and strength of the concrete component [13]. Materials with these innova-
tive properties should not only stay subject of laboratory research but also be accessible
to everyone in industry and the scientific community. As of now a FEA (finite element
analysis) with simulations would be necessary to determine the Poisson’s ratio and the
degree of auxetic behavior. But not everyone is able to use these complex simulation
tools. Besides, a simple and yet robust as well as user-friendly design tool would provide
enormous Value to the designers and decision-makers as they would be able to easily
leverage such tools for performance tuning and risk assessment which is challenging to
do with computationally exhaustive and complex FEA-based simulation tools. The goal
of this work is to develop a machine learning based prediction tool for ACCC that is
easy to use so that everyone can access the advantages of auxetics.

However, the development of a robust ML-based prediction tool requires a large,
consistent and representative dataset which is currently not available for auxetic CCCs.
Moreover, owing to the black-box nature of ML techniques such as neural network, its
indiscriminate use can lead to non-physical solutions. Therefore, to address the afore-
mentioned challenges, this study implements high-throughput FE simulations to obtain
a large dataset of Poisson’s ratio for varying mesoscale architectural features. The large
dataset is leveraged for ML-based performance prediction. Integration of ML with FEA-

based numerical simulation helps to maintain the fundamental laws of physics and to
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avoid nonphysical solutions. This provides the opportunity that everyone can for exam-
ple change the material properties at his convenience and gets an immediate response.
Overall, the synergistically integrated high throughput FEA-based simulations and ML-
based approach, that is based on the simulations explained in this chapter, is expected
to enable materials engineers and decision makers to make intelligent, informed deci-
sions regarding the selection of mesoscale architectural features in cellular cementitious
composites to meet the desired performance goals. Thus, the design tools presented in
this paper can accelerate the acceptance and utilization of auxetic cementitious cellular
composites for a wide range of structural applications. This innovative platform will
shift the use of ACCC from the laboratories and research into the world of the industry
and practical applications and will open new doors for everyone.

In the following it is explained how the effective Poisson’s ratio of the cellular
cementitious composites is computed using finite element analysis. The forthcoming
sub-sections first detail the numerical simulation methodology followed by response

evaluations and large dataset generation.

Simulation Methodology

In this section, the numerical simulation framework towards the prediction of Pois-
son’s ratio of the cellular cementitious composites with variating shape and dimension
of voids is elaborated. The framework is schematically illustrated in Figure 29. The first
step involves generating the periodic geometry for representative unit cells with ellipti-
cal voids. It is assumed that the geometry to be studied must be periodic in order to
exhibit auxetic behavior. This means that the unit cell under study must be constructed

in such a way that it can be connected to an infinite number of identical unit cells in all
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directions, forming a larger geometry that is still auxetic. The variations of the Poisson’s
ratio are simulated by changing the aspect ratio of the elliptical voids, which is the ratio
of the major axis to the minor axis, the length of the major axis, and the number of voids
in the X and Y direction in the representative meso-structure. For each combination, the
shape of each void in the meso-structure is maintained identical but the voids are alter-
nate vertical and horizontal oriented. Similar observation is considered in the previous
literature [15, 18]. Then the unit cells are meshed. An RVE Mesh Convergence Study
is located in the Appendix. Afterwards, a Dirichlet boundary condition is chosen to
mimic the free edges uniaxial compression test. A uniaxial strain at a finite rate is ap-
plied, and a longitudinal strain and a transverse strain response are obtained. Using a
homogenization procedure and the linear relationship between the longitudinal strain
and the transverse strain, Poisson’s ratio is then computed. The analysis is carried out
in ABAQUS™ using python scripts for geometry generation and followed by a post-
processing module coded in MATLAB. The following sub-sections further elaborate on

the process for a comprehensive understanding.
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Figure 29: Schematic Representation of the Simulation Framework

Geometry Generation Approach, Model Geometry and Parametric Variations

The unit cell is generated by forming a grid with the desired number of voids along
the X-axis and the Y-axis. The center points of the voids are placed by distributing the
points with an equal space based on the size of the unit cell, which is 50mm in this study.
Once, the points have been generated, unit circles around the points are added with a
given diameter. For an aspect ratio greater than 1, the ellipse shape is developed by
varying the unit circle with scale factors that correspond to the major and minor axes
length or the major axis length and the aspect ratio. Since the elliptical shapes in this
study are arranged alternately, as shown in Figure 30, two different voids with two dif-
ferent angles are applied at O degree and 90 degrees. These angles are necessary to rotate
the ellipse accordingly. Since, the aspect ratio considered in this study is greater than or

equal to 1, the maximum diameter or the maximum major axis length, respectively, is
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varied until the distance between the center-to-center points is greater than the sum of
one half of the major axis length and one half of the minor axis length of the ellipse and
the minimum spacing allowed, which is 2mm in this study. The minimum diameter is

decided by the user and is chosen to 6mm.

L.
Figure 30: Representative Geometry of the Unit Cell Meso-structure

Table 6 describes the range of the parametric variations considered in this study.
The ranges have been selected judiciously with a maximum void content of 50%. The
aspect ratio, which is the ratio of the major axis to the minor axis is taken between 1 and
5. The aspect ratio adopted in the literature ranges from 1 to 3 [15, 18]. The minimum
length of the major axis is 6mm whereas the maximum length of the major axis is
38.3mm. Considering the median diameter of 0.6mm for sand in mortar, the minimum
void length of 6mm was chosen as smaller voids are challenging to create using standard
3D printers. The maximum length was calculated based on the width of the model equal

to 50mm, the number of voids, the aspect ratio, respectively, and the minimum gap of

2mm between the voids. The interval between the minimum and the maximum length
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of the major axis was subdivided uniformly into 10-20 values depending on the size of
the interval. The smallest difference between two values that was assumed is 3mm, since
smaller differences no longer have any influence on the result, and thus on the Poisson's
ratio. The maximum number of voids along X-axis and Y-axis considered in this study
is 8. The same value has also been adopted in the previous literature [15, 18]. This value
was calculated by considering the spacing of 2mm, the aspect ratio, respectively, the
width of the specimen equal to 50mm and the length of the major axis equal to 6mm as

this will facilitate the highest possible number of voids.

Table 6: Mortar Model with Different Design Parameter Variations

Parameters Min Max
Aspect ratio 1 5
Length of major axis 6 mm 38.3 mm
Number of voids along X-direction (N,) 2 8
Number of voids along Y-direction (N,,) 2 8

Figure 31: Model geometry with 6mm length of the major axis for an aspect ratio
of (a) 1, (b) 2.5, (c) 4. The number of voids in x-direction and y-direction is identical
and equals to 4
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Figure 31 demonstrates the model geometry with various aspect ratios for a con-
stant length of major axis, and the same number of voids along X-axis and Y-axis. The
subfigure in Figure 31(a) indicates the minor axis and the major axis for one void. The
major axis is always the longer axis. The minor axis is calculated by the length of the
major axis divided by the aspect ratio. It can be seen that with constant number of voids
and length of the major axis, the porosity decreases with increasing aspect ratio. Figure
32 depicts the model geometry with variations in the number of voids along the X-axis
and Y-axis for a constant aspect ratio and length of the major axis.

(a)

(b) (c)

Figure 32: Model geometry with number of voids (a) N x =2 and N_y = 2, (b)
N x=2and N_y =4, (c) N x=4and N_y = 4 for a constant aspect ratio of 5 and
length of major axis = 15 mm. The number of voids in X-direction and Y-direction is
denoted as Nx and Ny, respectively

In this case, the porosity increases with the increase in the number of voids along
the two axes. Figure 33 illustrates the change in the model geometry when the length of
major axis increases for a constant aspect ratio and number of voids. The porosity
increases with increasing length of the major axis. All these variations can certainly
change the response behavior of the structure and impart auxetic nature from the

structural response, which is the key objective of this study.
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(a) (b) (c)

Figure 33: Model geometry for the major axis length of (a) 6 mm, (b) 10 mm and
(c) 15 mm with a constant aspect ratio of 5 and number of voids in X-direction and Y-
direction is identical and equals to 4

Material properties and boundary conditions

In this study, a linear elastic isotropic material is considered for the mortar with a
Young’s modulus of 25GPa and a Poisson’s ratio of 0.18 [27]. This is necessary as one
of the objectives is to explore the negative Poisson’s ratio by introducing porosities in
the geometry. This Poisson's ratio is not to be confused with the Poisson's ratio of the
auxetic mortars with void content which is to be determined by the simulations. 0.18 is
the Poisson's ratio of the mortar itself, while the Poisson's ratio to be determined repre-
sents the behavior of the auxetic structure of the test object. This Poisson’s ratio is
needed to identify auxetic behavior. Since the objective of this study is to evaluate the
prospects of the negative Poisson’s ratio by judiciously placing the elliptical voids in
the geometry, the post-peak response and the effect of plasticity are not considered
herein. A Dirichlet boundary condition is used, where the bottom edge is fixed, the
loading is applied at the top edge, and the sides edges are unconstrained. Similar bound-
ary condition is also considered in the previous literature [15, 18] to mimic the experi-

mental uniaxial compression loading.
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Effective response prediction

After the generated geometries are successfully meshed and the boundary condi-
tions are applied, the geometries are subjected to uniaxial compression loading at the
top edge with the loading speed lying in the quasi-static range (1e-4/s). At every loading
step, the longitudinal strain (g;) and the transverse strain (1) is computed. From there
the effective Poisson’s ratio (9) is determined, which is expressed as

er
9=-=L
€L

In addition, the expression of the Poisson’s ratio defined in this equation is valid as

long as the transverse strain response is linearly correlated with the longitudinal strain.

Simulation Results and Dataset Generation for Machine Learning

This section shows the stress-strain results of the finite element analysis. From the
illustrations it is possible to deduce whether auxetic behavior has occurred. After that
the influence of the aspect ratio and the void contents are discussed as an interpretation
of the finite element results. In a final step the displacements of the simulated auxetic
structures are obtained and compared to the results of the performed experiments of this
thesis. Finite element analysis is used later to generate a large and consistent dataset for
ML implementation.
Simulated Stress-strain Responses

Figure 34 shows the stress distribution obtained at different strain states with in-
creasing compressive loading. In voids where the main axis is horizontally aligned, ten-
sile stresses are predominantly present, as indicated by the red color, whereas in voids

where the main axis is vertically aligned, stress concentrations are observed along the
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loading direction, as indicated by the blue color. Similar observations can be made for
the strain concentration in Figure 35. For this particular pattern, a high compressive
stress and strain is identified for voids closer to the loading and fixed edges, whereas a
high tensile stress and strain are observed at the center as shown in Figure 34(c) and
Figure 35(c).
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Figure 34: Stress distribution in the unit cell with (a) strain equals to 0.4 milli-
strain, (b) strain equals to 0.7 milli-strain and (c) strain equals to 1 milli-strain
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Figure 35: Strain distribution in the unit cell with (a) strain equals to 0.4 milli-
strain, (b) strain equals to 0.7 milli-strain and (c) strain equals to 1 milli-strain
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Influence of Aspect Ratio

To illustrate the influence of the aspect ratio on the auxetic response, Figure 36
plots the Poisson’s ratio with varying aspect ratio and length of the major axis of the
voids for various combinations of number of voids along X-axis and Y-axis. The num-
ber of voids is increasing from 2 voids in both directions in Figure 36(a) to 4 voids in

both directions in Figure 36(c). It is observed that as the number of voids increases, the
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distribution of the Poisson’s ratio in general increases and especially the negative Pois-
son’s ratio is widely distributed as shown in Figure 36(c). For a small number of voids
(Figure 36(a)), the distribution is sensitive to increasing length of major axis irrespective
of the aspect ratio. It can also be detected that irrespective of the aspect ratio, negative
Poisson’s ratio can be obtained with increasing length of major axis. However, it was
also observed that the influence of the aspect ratio on the Poisson’s ratio increases with
increasing number of voids. Thus, with increasing length of the major axis and increas-
ing void number, the difference of the Poisson’s ratio between low and high aspect ratios

increases significantly.
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Figure 36: Response surface showing the influence of aspect ratio and length of
major axis for (@) N x=2and N y=2,(b) N x=2and N_y =4, (c) N_x =4 and

N _y =4 on Poisson’s ratio

Influence of Void Contents

In this section, the influence of void contents on the Poisson’s ratio in the form of
number of voids along X-axis and Y-axis is demonstrated. Figure 37(a), (b) and (c)
exhibit the 3D plots of Poisson’s ratio distributions with varying number of voids along
X and Y-axis for aspect ratios 3,4 and 5 respectively while keeping the length of the

major axis fixed at 7.5mm. It is observed that the negative Poisson’s ratio is narrowly
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distributed towards higher number of voids (as shown in Figure 37). Hence, a high num-
ber of voids in both directions is required to achieve a negative Poisson’s ratio and aux-
etic behavior, respectively. Although, the Poisson’s ratio seems to be independent of the
aspect ratio for a small number of voids, the Poisson’s ratio for a high number of voids
decreases significantly faster with increasing aspect ratio. For a higher aspect ratio, neg-
ative Poisson’s ratio with the number of voids greater than 4 can be obtained (as shown

in Figure 37(c)).

Poisson's ratio
0000 manannak
ONAORONRO®O

H00000000000
000D LLN
ONAGPONIO®O

bbb 400000000000
o
[X)

oooo
OHEN

B

Figure 37: Response surface showing the influence of number of voids along X-
axis (N_x) and number of voids along Y-axis (N_y) with length of major axis equals to
7.5mm for aspect ratio of (a) 3, (b) 4 and (c) 5 on Poisson’s ratio

Displacement Results

Of all simulated geometries the one with a graticule of 6 times 6 voids, each with
a length of 10.5mm and an aspect ratio of 5 was the most auxetic one. The void content
could be determined to be around 25% and the Poisson’s ratio was computed to -0.33.
The simulated displacement for this geometry is shown in Figure 38. The simulated
experiment was the same experiment as the compression tests that were performed for
this thesis. The result thus shows the displacements that would have been expected in
the compression tests just for another geometry. As to be seen in Figure 38(a) positive

U-displacement can be obtained on the left half of the cube and negative displacement

70



on the right half. As the displacement is defined positive in the right direction, this re-
sults in a contraction of the cube in horizontal direction. Auxetic behavior has been
achieved. Figure 38(b) illustrates the V-displacement. As specified in the boundary con-
ditions, the bottom of the specimen is fixed similar to the experimental uniaxial com-
pression test. Since the upward displacement is defined positive, the test specimen is

being compressed.
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Figure 38: Simulated displacements in (a)X-direction and (b)Y-direction

From these results a few conclusions can be drawn about the performed experi-
ments. First of all, the hypothesis of needing a repeating unit cell to achieve auxetic
behavior seems to have turned out to be correct. Another detected problem regarding
the evaluation of the results was that a lot of the simulated geometries showed a reduced
Poisson’s ratio in comparison to conventional mortar cubes, that was still not negative.
In the experiments it was only searched for a negative Poisson’s ratio as this is much
easier to see even though a reduction of the Poisson’s ratio could have been occurred
for some of the molds. This could have shown at least the tendency of auxetic behavior.

As already explained in the last sections, a high void content and/or aspect ratio is
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needed to obtain a negative Poisson’s ratio. The cubes were probably just too massive
and the gaps between the voids too big to enable the required deformation for auxetic
behavior. Together with the analysis of the influence of the aspect ratio and the void
contents in the previous sections it should now be possible to create a mold for a mortar

sample with the procedure described in this thesis that actually shows auxetic behavior.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

In this thesis a procedure was developed to create mortar samples with different
auxetic structures. At first already existing auxetic structures were adapted to the special
characteristics of mortar. The method of printing the molds was optimized and a suitable
mortar mixture was evolved until the test specimen could be cast and demolded. They
were tested in compression and three-point bending tests and the results were evaluated
regarding the compressive and flexural strength, respectively, and the auxetic behavior
using the DIC method. Differences between the different structures were worked out.
As the experiments only showed vague results, a verification with simulations using
finite element analysis was executed. The simulations were performed on an ellipsoid
structure with varying parameters to find a structure that behaves auxetic and to identify
the requirements for auxetic behavior. The parameters were the aspect ratio, the length
of the major axis and the number of voids along X and Y direction. The influence of
these parameters on the Poisson’s ratio was determined and depicted. Furthermore, the
most auxetic simulated geometry was identified, represented, and compared to the struc-
tures used for the experiments to understand why they remained below expectations.

From all this research several deductions can be drawn: First of all, a repeating unit
cell is necessary to achieve auxetic behavior. A thick edge around the voids frustrated
the required deformation and rotation for a negative Poisson’s ratio. The fibers are sup-
posed to ensure a deformation without failing the structure. PLA has proven to be the

most manageable printing material for the molds, as it is easy to print, not too flexible
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but still easy to demold. When printing the molds, attention has to be paid that the plastic
shell does not deform due to cooling problems as this can change the test results. There-
fore, at least two layers should be used for the shell. Especially for the cubes this signif-
icantly complicates the demolding process. Possibly other tools would have to be used
for this. Furthermore, at least 1% of fibers should be added to the mortar mixture to
obtain a crack bridging ability, as the rotation necessitates the structure to carry tensile
as well as compressive loads.

Since the determination of the deformation of the specimen during testing using the
DIC method is key for discovering auxetic behavior, a technique was evolved to paint
the required dots on the samples. While painting the dots with a pen is very time-con-
suming, the novel technique of using a handheld printer for printing the black dots on
the white covered test specimen takes only a few minutes and is still affordable.

Regarding the elaboration of the experiment results and the comparison of the dif-
ferent structures, Mold 1-3Rows (Figure 5) seems to be the strongest one in the com-
pression test as well as in the three-point bending test. The vertical displacement at fail-
ure was around 0.4mm and the flexural strength of 3.9MPa was almost as high as for a
conventional beam without voids, even though this mold has a void content of over 13%.
The compressive strength of almost 20MPa was much smaller than for a cube without
voids but it was still clearly stronger than the other structures. Also, for the auxetic
behavior Mold 1-3Rows was one of the structures with the most tendencies to a negative
Poisson’s ratio even if these results are not completely reliable. In total, especially for
bending components the re-entrant honeycomb structure modified for the particular

properties of mortar seems to be a good alternative to the conventional material. Weight
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and material can be saved, and thus costs can be reduced. Furthermore, the structure
already showed tendencies to a negative Poisson’s ratio so only a few modifications
might be needed to achieve auxetic behavior.

The simulation results show that the Poisson’s ratio is significantly decreasing with
increasing number of voids and the length of the major axis. A high aspect ratio is not
necessary to achieve auxetic behavior but can decrease the Poisson’s ratio even more.
The structure with the lowest Poisson’s ratio of all simulated models was the geometry
with 6 times 6 voids, each with a length of 10.5mm and an aspect ratio of 5. A Poisson’s
ratio of -0.33 was obtained.

This geometry can be used for future work to repeat the procedure that was devel-
oped in this thesis of creating samples and testing them to proof the simulations and
achieve auxetic behavior in an actual experiment. The identified influence of the aspect
ratio and the void content on the Poisson’s ratio can be used as a requirement for auxetic
behavior and applied on different geometries to develop more auxetic structures. As
ACCC is an innovative material that provides completely new opportunities it should
not exclusively remain subject of research but should be made accessible to everyone
and applied in the practice of the building industry. To facilitate this intention and as
already mentioned, the simulations will be used to develop a prediction tool based on
machine learning, that enables everyone to predict the Poisson’s ratio without any
knowledge about finite element analysis or simulations. Furthermore, it would be rea-
sonable to improve the procedure of creating samples with auxetic structures as it is
very time-consuming and challenging especially for components in a big scale. One idea

would be to use a 3D printer that can print the mortar itself so that printing a mold and
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casting and demolding the mortar is not necessary anymore [28]. This would accelerate
and facilitate the process significantly but needs more research in terms of the printer
itself and the admixtures that allow high flowability during printing and a fast hardening
after printing. Furthermore, an opportunity needs to be investigated to carry the tensile
loads in large scale components as the fibers used for the experiments are not applicable
for this anymore. A new approach found by the TU Delft [29] is to use auxetic concrete
for breakwaters to relate the flexibility of the concrete to the movement of the waves for
producing energy. This in particular is innovative, because it can change the opinion of
the public about concrete from pollution due to CO. emissions to an eco-friendly re-
newable energy.

In summary, auxetic cementitious cellular composites are still in their infancy but
already indicate innovative characteristics that can, if further investigated, lead to com-

pletely new areas of application for concrete.
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APPENDIX

RVE Mesh Convergence Study

In order to show that the effective properties obtained using finite element analysis
is converged, a mesh-convergence study for the representative unit cell of mortar meso-
structure is carried out. Figure 39 shows the results of the mesh-convergence study. The
goal is, to find a number of elements that satisfies a sufficient grade of accuracy and
simultaneously optimizes the time feasibility. A mesh beyond 12491 4-node bilinear,
reduced integration elements (CPE4R in ABAQUYS), yields a converged solution. Thus,
a total of 12491 elements are implemented. Thereby, the chosen element number of
elements adequately capturing the effective Poisson’s ratio of the unit cell. The chosen

elements invoke a trade-off between computational expense and prediction efficiency.
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