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Summary

Various problems faced by conventional construction techniques like those of longer construction time,
being labour intensive and using formwork make the process highly unsustainable and expensive. Due
to its novelty and benefits, 3D concrete printing (3DCP) is looked at as a good substitute to overcome
these problems and hence, is gaining interest in the research field.

One of the major issues within extrusion­based 3D concrete printed structures is that they exhibit a
weak inter­layer bond in their hardened state. Various aspects like that of under­filling, layer time gaps,
surface moisture, extrusion parameters and mix composition affect the inter­layer bond. Previously
researchers have tried to address this problem by techniques which involved placing a cement mortar
layer between the successive extruded layers, using a different set of nozzle and brushes to induce
surface roughness and by placing vertical steel reinforcement between the extruded layers. Options
like surface roughening and the addition of concrete mortar between layers have shown considerable
improvement in inter­layer bond.

The research herein focuses on addressing the problem of the weak inter­layer bond by imple­
menting the phenomenon of ’topological interlocking’. This involves the modification of extruded layer
from a planar to an osteomorphic block­inspired shape. The aim of which is to help increase the me­
chanical interlocking between the layers solely by the topological modifications without the use of any
binders or connectors. Previous research has highlighted the benefits of using this principle like that
of achieving high resistance to crack propagation, large energy absorption capacity and remarkable
tolerance to local failures exhibited by these structures. An extensive literature study was performed
which highlighted various use cases of this principle in terms of glass and concrete blocks for loading
in the out­of­plane direction of the structure. The research herein is the first of its kind and aims to
study the effect of implementing such a non­planar shape in extrusion­based 3D concrete printing on
the inter­layer bond strength with Strain hardening cementitious concrete (SHCC).

Since, at the time of conducting this research, the printing equipment required to produce such
a non­planar shape was nonexistent, so a more reasonable approach was adopted to narrow down
the printing parameters and perform scale model printing in the form of mould­casting and caulk­gun
extrusion to produce specimens. First, the effect of ’topological interlocking was to be analysed in­
dependently and hence, the mould­casting specimens served the purpose of studying the effect of
grooving whereas later the caulk­gun extrusion specimens were produced in order to study the effect
of grooving in terms of extrusion parameters in a combination with different time­gaps.

The specimens were tested for a tensile inter­layer bond test under an Instron test setup. Further­
more, owing to the non­uniform bond observed in the inter­layer of caulk­gun extruded specimens,
image analysis was performed on the fractured inter­layer. The caulk­gun specimens were additionally
subjected to surface moisture content measurements for different adopted time­gaps. The bond test
results along with the image analysis and surface moisture content data were further analysed in detail.

Based on the reliability analysis of tests and their correlation to the image analysis results it could
be concluded that the results for the specimens in terms of the grooving effect were counter­intuitive
to the one observed in previous research. The specimen with shallower grooves tends to perform bet­
ter than the deeper ones. The inverse relationship between surface moisture content and time­gaps
as suggested in previous research could be proven. However, as the effect of specimen dimensions,
notching, asymmetry, under­filling and surface roughness interfered greatly, a similar inverse relation­
ship between the tensile inter­layer bond strength and time­gap could not be confirmed. The research
though inconclusive in proving the initially stated hypothesis manages to successfully provide a detailed
insight into the issues that should be expected in further similar studies and provides recommendations
to avoid them in future research.
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1
Introduction

The concept of 3D concrete printing (3DCP) involves layer­by­layer extrusion of concrete through a
digitally controlled nozzle and works on similar lines as large­scale additive manufacturing. The nozzle
may be mounted either on a gantry or a robotic arm that precisely controls the concrete extrusion
process [1]. The thickness of these layers is generally on the order of a few centimetres. The material
used in this process includes concrete used in conventional construction processes with changes to
its composition specifically with the aim of achieving a high cement content mortar or fibre­reinforced
cement mortar which can be mixed and pumped through a hose and further extruded through a nozzle.
The material in its fresh state must satisfy the minimum requirements of pumpability (which describes
the ease with which the fresh mix is transported from the pump to the extrusion nozzle [1]), extrudability
(the ability to extrude the mix through a nozzle without considerable cross­sectional deformation and
with an acceptable degree of splitting/tearing of filament [1]) and buildability (characteristics to enable it
to lay down correctly, remain in position, be stiff enough to support further layers without collapsing and
yet still be suitable to provide a good bond between layers [2]). Due to differences between 3DCP and
conventional construction process, it is crucial to examine the printed structure in its hardened state for
layer adhesion, bulk density and under­filling (that is existence of voids within components as shown in
Figure 1.1 reducing the effective density and potentially to the detriment of durability), tensile strength
and shrinkage [1].

Figure 1.1: (Right) Good quality sample with an identifiable outline of each filament, interspersed with voids (Left) Poor quality
sample with the indiscernible filaments [1]
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Over the recent past, cementitious composites have been developed that exhibit high tensile strain
capacity [3], [4] which are termed as Engineered Cementitious Composites (ECC) or Strain Hardening
Cementitious Composites (SHCC). In terms of Strain Hardening Cementitious Composites (SHCC),
while strength characteristics in the direction parallel to the print direction are strong (in terms of tensile
ductility) the same does not hold true for the direction perpendicular to the printing direction (vertical
direction). As per ongoing research in the field of 3DCP, this discrepancy in ductility is associated
with inter­layer adhesion between two extruded layers of material which remains to be the weakest
aspect in a printed structure. This has been addressed by researchers in either of the following ways:
by introducing vertical reinforcement in the inter­layer [5], surface roughening [6], [7], using concrete
mortar between layers [8] or by changing nozzles used for extrusion process [5]. While some options
like surface roughening and the addition of concretemortar between layers [9] have shown considerable
improvement in inter­layer bonding, others such as vertical reinforcement and nozzle changes have not
been effective.

1.1. Problem Statement
The thesis’s approach herein intends to address the problem of inter­layer bond by concentrating on
the design principle of ‘topological interlocking’. The mechanisms behind the formation of inter­layer
bond strength between two layers of concrete can be divided into three groups: mechanical interlock­
ing, chemical bonding (involving processes like that of demulsification of bonding agent and cement
hydration [10]) and physical bonding [11]. Inter­layer adhesion models can be introduced as the in­
teraction of the layers on both micro and macro scales. In the micro­scale, chemical forces, and the
macro­scale layer configurations interlocking and surface roughness are responsible for bonding be­
tween layers [12]. Through this thesis, the concept of topological interlocking, which, has its focus
on the macro scale aspects would be realised by introducing an osteomorphic block­inspired shape
of the extruded layer as shown in Figure 1.3. Topological interlocking is a design principle by which
elements (blocks) of special shape are arranged in such a way that the whole structure can be held
together by a global peripheral constraint, while locally the elements are kept in place by kinematic
constraints imposed through the shape and mutual arrangement of the elements [11], [13]. Based on
the presently available literature, this, if successful will give a new perspective in addressing the prob­
lem of weak inter­layer bond between layers of extruded 3D­printed concrete structures. In this type of
arrangement, structural integrity between elements is ensured solely by the topological modifications
without the use of any binders or connectors [11]. The benefits of using this principle are the high
resistance to crack propagation, large energy absorption capacity and remarkable tolerance to local
failures exhibited by these structures [13]. Except for in the research of Estrin et al. et al.[11] this has
been examined in terms of fragmented block elements as shown in Figure 1.3 which offers enhanced
strength and structural stability as the block elements prevent crack propagation due to a discontinu­
ous medium and hence, are subjected to local failures as seen in Figure 2.40. When implementing
the topological interlocking phenomenon in terms of 3DCP these fragmented elements would cease
to exist due to continuous layer extrusion as shown in Figure 1.2. This is further expected to ensure
a continuous medium for crack propagation and facilitate seamless chemical reaction (in relation to
cement hydration and layer inter­mixing) between the layers resulting in a good bond. However, the
most important aspect of interest amidst this thesis approach would be to look at improvements in the
strength and ductility performance of the printed structure, specifically in the direction perpendicular to
the printing direction.

1.2. Research Outline
The research flow process as observed in Figure 1.4 was followed throughout. The focus of this re­
search is to assess the influence of adopting an osteomorphic (literally meaning interlocking by non­
planar surfaces) block­inspired shape on inter­layer bond in extrusion­based 3D concrete printable
structures. Since, at the time of conducting this research, the printing equipment required to produce
such a non­planar shape was non­existent, a more reasonable approach was to narrow down the print­



1.2. Research Outline 3

Figure 1.2: Proposed approach on extruding the layers

Figure 1.3: (Left picture) Osteomorphic blocks and their interlocking within a planar structure. (Right picture) Principle building
block geometries of an osteomorphic block.

ing parameters and to use primary techniques like caulk­gun extrusion and mould­casting to produce
the specimens which could be further tested for inter­layer bond strength.

Firstly, the mould­casting method was used to produce the specimens. This method was adopted
from the perspective of narrowing down and eliminating the printing parameters which helped focus
solely on the problem statement at hand as described in detail in Section 1.1. Simultaneously, a set of
groove sizes is ascertained in order to investigate and identify the most effective dimension of topology
that ensures that topological interlocking can be achieved solely by layer­over­layer extrusion without
the use of additives, glues or mechanical connections. The specimens were sawn, cured and further
tested for the inter­layer bond.

In order to further understand the implications in terms of the extrusion process in the specimens it
was then decided to include printing parameters like extrusion from the nozzle from a constant height
and speed so as to simulate the extrusion process involved in 3D concrete printing. This was achieved
by using a manually operated caulk gun in combination with a setup which ensured that the extrusion
occurs from a constant height and speed. At this stage, for the purpose of groove­size investigation,
different dimensions of the topology were selected and additionally, the layer­on­layer extrusion for
these specimens was carried out with different time­gaps in­order to investigate its effect on inter­layer
bond strength. The specimens were then sawn, cured and inter­layer bond tests were carried out. After
completion of the tensile bond test, the fracture surfaces of these specimens were analysed using an
image analysis tool to assess the effective bond surface.
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1.3. Scope of Research
In order to account for the limitations of time and resources and keep the research topic concise the
following assumptions are considered right from the initial phase of research:

• The research is based on the extrusion­based­3D printable concrete and is limited to SHCC­
based mix.

• The mould­casted samples are cast using the printable SHCC­based mix using a silicon rubber
mould.

• All the mould­casted samples were cast within one day over a time of 2­3 hours in order to keep
minimum deviations in the surrounding conditions.

• The caulk gun­based specimens were prepared over a period of 2­3 days without any gap in­order
to keep minimum deviations in the surrounding conditions.

• The fractured inter­layer images were clicked with the help of a 12.2­megapixel rear camera of
a smartphone immediately after the test termination and demounting of loading plates from the
test setup. Although no intricate studies are performed, this procedure is assumed to produce
images with similar quality and accuracy as that with the help of a flatbed scanner.

• Based on the literature review and the process of digital image processing it is assumed that
the dark and light grey patches observed in the fractured inter­layer of the specimen are said to
represent the corresponding regions of weak and strong bond respectively.

• The open time of the mix i.e. the time between mixing it and pumping or casting was kept as
minimum as possible and was not more than 5 minutes.
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Figure 1.4: Research Flow Chart





2
Literature Review

An extensive literature review was performed prior to confirming the research framework and through­
out the result analysis phase. Figure 2.2 shows a schematic representation of the literature reviewed
in the entire research. The topics herein involve a summary of the research work along with important
conclusions from the literature which are most relevant to the research presented in the thesis.

2.1. Extrusion based 3D concrete printing
Concrete has numerous benefits over other building materials such as the raw materials being cheap
and readily available, good mechanical characteristics like high compressive strength and durability
and abilities to mould and cast it in any shape and form. The term concrete as such is extensive and
the use of additional binders, fibres, additives and admixtures is common to achieve specific proper­
ties for various special intended purposes. However, the current problems faced in the construction
of conventional concrete structures like those of longer construction time, being labour intensive and
the need for form­work make the process highly unsustainable and expensive [14]. Owing to the limi­
tations of the traditional construction processes the concept of additive manufacturing (AM) is gaining
interest in the research field and is looked after as an excellent substitute which would help solve all
the aforementioned problems associated with the current construction processes.

Figure 2.1: Schematic representation of 3DCP process [3]

7
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Typically, AM processes involve the creation of 2D/3D models in computer­aided design (CAD)
software which are converted into a numerical control programming language such as GCODE/Rapid
Code which is further fed to the robot to fabricate 2D/3D design models in a layer­by­layer manner [15].

Figure 2.2: Schematic representation of Literature Review
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In terms of the extrusion­based 3D concrete printing (3DCP) process the fabrication occurs by layer­
by­layer extrusion of concrete through a nozzle (connected to a mixing pump) fixed to the robotic arm.
The nozzle then follows the tool path while extruding the concrete in a layer­by­layer manner to produce
a concrete structure. Figure 2.1 gives a schematic representation of the concrete 3D printing process.
The numbers in Figure 2.1 correspond to various aspects of 3DCP which are as follows:

1. Mixing

2. Pumping

3. Transporting

4. Extruding

5. Building

6. Curing

Although 3D concrete printing helps overcome problems of the traditional construction methods, since,
the technology is in its nascent stage it does come with technical issues, which need to be addressed
before the technology can be completely put to use in the mainstream construction sector. These
problems have been extensively researched and identified by Buswell et al. [1]. The research tries to
classify them as follows:

1. Fresh State Issues

• Pumpability: It describes the ease with which the fresh mix is transported from the pump to
the extrusion nozzle. Problems such as particle segregation due to insufficient mixing prior
to pumping can cause blockages in the hose.

• Extrudability: It is defined as the ability to extrude the mix through a nozzle without con­
siderable cross­sectional deformation and with an acceptable degree of splitting/tearing of
filament [16]. It is governed by the critical yield stress value, beyond which, the filament
displays high levels of defects and discontinuities.

Figure 2.3: Extrusion defects in 3D printed specimen [1]
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• Buildability: It is the ability to 3D print by adding concrete layer by layer continuously to the
required level without significant deformation or collapse of the freshly printed component.
Poor buildability results in the collapse of the print which occurs due to three mechanisms:
plastic collapse, elastic buckling, and a combination of both [17].

• Open Time: The time during which a material may be used in 3DCP, and its influence on
pumping and extrusion. It is associated to the maintenance of the viscosity and yields stress
of the mix which is critical to the process [1].

2. Hardened State Issues

• Layer Adhesion: Creation of cold joints between layers where the time­gap is too great
[18], [19] is responsible for this problem.

• Under­filling: Under­filling can create voids within components reducing the effective den­
sity and potentially to the detriment of durability [1], [19], [20]. The concrete extrusion process
has the potential of creating small voids in the interstices between the filaments as observed
in Figure 2.4. Careful design and control of mix rheology and printing process can avoid
such macro effects [19].

Figure 2.4: (a) Voids formation between 4 filaments (b) Poor printing parameters leading to the formation of voids in the
specimen [19]

A study on the void structure was further carried out in the research of Le et al. between
mould­cast, poorly printed and well­printed specimens and it was concluded that the poorly
printed specimens had more number of voids as compared to mould­casted and well­printed
specimens as observed in the Figure 2.5. This provides an important insight into the nature
of the concrete extrusion process and the influence on the void structure of the resulting
matrix and hence, mechanical performance [19].

Figure 2.5: Voids structure in three specimens [19]

The research of Rahul et al. [21] further explores this in detail in terms of mould­casted
specimens and infers that the formation of voids causes higher porosity and hence, reduc­
tion of the effective density leading to the formation of a weaker interface. On the other hand,
The extrusion process in 3D­printed concrete facilitates specimens to have low porosity and
higher effective density. This might not always be the case as sometimes the printing pro­
cess induces a more porous material which is interdependent on both the material and the
printing equipment. The results from the research of Liu et al. [22] explain this through a
detailed study on pore structures of 3D concrete printed and cast specimens. This research
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concludes that the internal pore structure of 3D printed concrete specimens was different
from that of cast concrete, showing irregular shapes of voids as compared to spherical in
the cast specimens. These pores are prone to stress concentration, resulting in the split
tensile strength of 3D printed specimen being generally higher than that of cast specimens
as observed in Figure 2.6

Figure 2.6: Slice image of different specimens. (a) Cast specimen; (b) Printed specimen within the filaments; (c) Printed
specimen between filaments. [22]

Figure 2.7: Voids structure in poor and good printed specimens [20]

The research of Le et al. [19] was also confirmed by Panda et al. [20] in terms of geopolymer
mix and associated the good printing specimen characteristics to the pressure exerted by the
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pump on the material during extrusion helping avoid under­filling and hence, increase den­
sity of the specimen (refer Figure2.7) [20]. Furthermore, the research identifies the proper
selection of nozzle and high pump pressure to help reduce the voids in the printed specimen.

In an attempt to achieve mechanical inter­locking by increasing the contact surface between
the layers Zareiyan et al. [24] carried out a study on different groove sizes as seen in Figure
2.37 and inferred that deeper grooving can potentially cause problems of under­filling and
lead to voids and non­uniform contact. Furthermore, in regards to this, the research of
Buswell et al. [1] states that for a given material formulation and nozzle geometry the tool
path has an influence over the under­filling implying that the filament is limited to following
the radius of a curve during a direction change. The radii that can be accommodated without
fracturing or creating a defect is a function of the wet properties, the size and geometry of the
nozzle and the speed of deposition and the effects of such direction change can be observed
in Figure 2.8

Figure 2.8: Under­filling due to nozzle direction change [1]

In the research of Bi et al. [25] the authors assess the performance of constructed tool­
path in Large format additive manufacturing (LFAM) based on four aspects: under­filling,
over­filling, number of sharp corners and total path length as illustrated in Figure 2.9. They
identified under­filling areas where the printed material cannot reach resulting in voids and
hence, loss of stiffness. The problem is further dealt with in depth by using the conventional
offset algorithm (a slicing method) commonly used in additive manufacturing and points out
the problems it possesses in terms of under­filling, over­filling and having bottle­neck effect
as seen in Figure 2.10. A double offset algorithm is suggested which helps eliminate issues
of over­filling and sharp corners but under­filling still prevails.

Figure 2.9: Performance of tool­path highlighting Under­filling and over­filling aspects [25]
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Figure 2.10: Comparison of conventional and double offset algorithms used for slicing on a 2­D specimen [25]

• Shrinkage and durability: The combination of a greater exposed surface with low water­
cement ratios in 3D printable concrete increase the likelihood of cracking due to drying
shrinkage [1]. When compared to conventional cast specimens the drying shrinkage for the
3D printable mortar is observed to be decreased (at 28 days). This decrease is associated
with excessive moisture loss at an early age which results from a higher surface exposure
[26]

2.2. Inter­layer bonding in 3D Concrete Printing
The inter­layer bond strength between extruded layers in the 3DCP process is considered the weakest
spot due to the weak bonding. Buswell et al. [1], gives a structured insight into the technical issues
surrounding 3DCP and mentions layer adhesion as one of the hardened state issues. Various aspects
affecting the layer adhesion, for example, the formation of cold joints between layers (Figure 2.13 and
2.14), sand particle size, shrinkage and carbonation are discussed in this review paper.

Figure 2.11: SEM images showing cold­joint formations due
to lack of layer inter­mixing [27]

Figure 2.12: SEM images showing cold­joint formations due
to cavities induced via “air enclosure” [27]

Time­gap (also referred to as cycle time) refers to the time delay between fresh mortar being placed
in the same location on top of the previous extruded layer. If these time­gaps are kept longer, then,
there is a potential for the formation of cold joints between the layers resulting in an adverse effect on
the layer adhesion [28]. This was further confirmed from a microscopic investigation which was carried
in the research of Nerella et al. [27] with 2 mixture compositions, one with fly ash and silica and the other
without. The printed specimens had a layer time­gap of 1­minute, 10­minutes and 1 day. The research
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concluded that the time­gap (TG) between placements of consequent layers considerably influences
the interface bond quality. Especially, specimens produced with 1 day TG showed clear separations
of concrete layers [27]. These cold joints are considered temporary as inter­layer adhesion is said to
increase with the progress of cement hydration [1]

Figure 2.13: SEM image of the specimen with a mix
including fly ash and silica and 1 day TG ­ visible cavities at

interface[27]

Figure 2.14: Specimen under SEM image investigation [27]

Another micro­structure investigation carried out in the research of Putten et al. [6], resulted in higher
inter­layer bond strength at lower speeds and time­gaps as seen in Figure 2.15. Hence, it is essential
to keep layer time­gaps short in order to achieve a higher inter­layer bond strength.

Figure 2.15: Inter­layer Bond Strength for specimens with printed with different time­gaps and printing speeds [6]

The effect of surface roughness on the bonding between old and new cast (conventional) concrete
has been explored in terms of concrete repairs. The bonding, in this case, is concluded to have a more
stable fracture and ductile performance under the uni­axial tension test indicating an increase in the
ductility behaviour of the interface [7]. This research was in terms of bonding in concrete surfaces in
repair systems. Another similar experimental research in terms of 3D concrete printing was performed
by Van Der Putten et al. [29] wherein the surface roughness was measured and the effect of the mod­
ification technique on the inter­layer bond strength was investigated. The research concluded that the
inter­layer bond strength is positively influenced by surface modifications done using a comb which
eventually increases the interlocking effect that is created between the two layers. In the research
of van Overmeir et al.[5], this was further addressed by performing experiments on Strain Hardening
Cementitious Composites (SHCC) based 3D printed specimen in the form of roughening the surface
by brushing and results indicated an increase in the inter­layer bond but at the expense of reduction of
the tensile strain­hardening capacity in the direction parallel to the printing layer.
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In the research of Ye et al. [30], a novel ultra­high ductile concrete (UHDC) for 3D concrete printing
was developed which was further modified by crumb rubber to possess high ductility. The experimental
results of mechanical anisotropy indicated that the inter­layer bond property had a non­negligible influ­
ence on the mechanical property of printed UHDC specimens. As seen in Figure 2.16, a fibre pull­out
was observed on the fracture surface which is different from that observed in the research of Sanjayan
et al. [8] which was a specimen based on normal concrete based­mix.

Figure 2.16: Fracture surface of 3D printer UHDC­based
mix after inter­layer bond test [30]

Figure 2.17: Fracture surface of 3D printer normal
concrete­based mix after inter­layer bond test [8]

2.3. Reliability of results in tensile tests
Fracture is the total or partial separation of an originally intact body or structure by the propagation
of one or more cracks, under loading. Fracture mechanics involves quantitatively assessing crack
characteristics in relation to the material’s inherent resistance to these cracks [31]. There are 3 ways
to apply loading in order to ensure the propagation of a crack in a structural component [31]:

• Mode I: Crack opening mode when the displacement is normal to the crack surface

• Mode II: Crack sliding mode when the displacement is in­plane of the component resulting in an
anti­symmetric separation and with the relative displacement normal to the crack front

• Mode III: Crack sliding mode but with displacement occurring normally to the crack front resulting
in tearing.

Figure 2.18: Modes of Fracture Failure [31]

The assessment of Mode I properties of concrete needs to be done in a reliable and reproducible
test method. The gripping problems (attachment of the specimen to the loading platens) along with
the selection of a proper test control system are the most basic aspect that need addressing in order
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for the test results to be reliable [32]. The focus here is first placed on issues related to testing control
systems that are relevant to the current research program.

The test control systems can be classified as open­loop control (OLC) and closed­loop control
(CLC). The main difference in these two systems is that of the system output. In OLC the system output
is not used by the controller and the process solely depends on the system inputs whereas in CLC the
output of the controlled variable is directly monitored by the controller. In CLC the output is fed back to
the controller, compared to the reference input signal and the difference between both is then used as
the input variable to manipulate the actuator [33]. The control variable in CLCs can be any quantity that
is accessible to a controller such as a displacement, strain or crack control. Since the range of control
variables in CLC’s is greater it finds a wider application in the test control over OLC’s. However, CLC’s
come with limitations which concern mainly the high initial costs, requirements of precise operator skills
and a lag between actual response and corrective action of the controller, which may cause issues in
performing the test in the form of loss of control, over­correction or under­correction [33]. To avoid
these issues it is suggested to perform a loop shaping with a dummy specimen having characteristics
similar to the test specimen, the procedure for which is recommended by the manufacturer.

Figure 2.19: (a) Open loop control (OLC’s) (b) Closed loop control (CLC’s) [33]

One of the drawbacks of CLC­based tensile testing equipment which is that of a lag between actual
response and corrective action mentioned in the research of Gettu et al. [33] has been addressed
extensively by researchers and is discussed herein. In the research of Hordijk [34], the behaviour of a
concrete bar under a deformation­controlled uni­axial tension test is explained. As seen in Figure 2.20,
at first the deformation of the bar increases homogeneously, later as the peak load is reached strains
start to localise within a narrow zone of micro­cracks (known as process zone which occurs in the
weakest section of the bar) after which a continuous macro­crack will develop. If the process zone falls
within the measuring length whose deformation is used as a control parameter, then a load­deformation
relation as indicated by line I in Figure 2.20 will be obtained [34]. With an increasing deformation of
the process zone the load transfer capacity of the bar decreases which results in the unloading of the
concrete outside this zone and leads to load­deformation relation as indicated by line II. This behaviour
of the load­deformation curve is termed as ’snap­back’ behaviour [32], [34]. This occurs as a result
of the equipment in the experimental setup not being fast enough to overcome a sudden jump in the
deformation (after reaching the peak).

These snap­back behaviours were further confirmed by performing a uni­axial tensile test using
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CLC based experimental setup on a specimen of dimension 250x60x50 mm3 as seen in Figure 2.21
to 2.24. The curve in Figure 2.22 indicates two parts wherein no data points are observed despite
regular intervals for these measurements which confirms the snap­back behaviour. Hordijk [34] also
performed the same tests on different specimen dimensions inferring that the specimen with shorter
dimensions have higher rotational stiffness i.e. the non­uniform crack opening is less pronounced as
observed from Figure 2.21 and 2.24 and hence, is less susceptible to tension­bending failure.

Figure 2.20: Load­deformation relations for concrete bar under uni­axial tensile loading [34]

Figure 2.21: Deformation distribution for Specimen type A
(250x60x50 mm3) [34]

Figure 2.22: Average stress­deformation relationship [34]

Figure 2.23: Stress­deformation relationship for front and
rear sides of the specimen type A [34]

Figure 2.24: Deformation distribution for Specimen type C
(50x60x50 mm3) [34]



18 2. Literature Review

Hordijk [34] also showed the effect of choice of measuring length on snap­back behaviour as ob­
served from Figure 2.25 which suggested that the descending branch becomes steeper with increasing
length. It is also notable to observe that the specimen with the lowest measuring length has a steep
ascending curve suggesting that the deformation capacity of the specimen is less.

Figure 2.25: Stress­deformation relations for different specimen length [34]

As these snap­back behaviours result in an unstable/eccentric increase of deformation within the
damage zone they are said to impair the stability of the experiment [32]. There are several measures
that can be taken to avoid the snap­back and ensure stable controlled tests some of which include:

• The length of the LVDT’s selected for test control should be selected as small as possible. How­
ever, if the specimen is too small then this would be impossible.

• Creating a notch is a workaround for long prismatic specimens wherein the location of the crack
is not known prior.

• As suggested by Li et al. [35] testing of un­notched concrete specimens can also yield stable
controlled tests which can be achieved by placing a number of LVDT’s with small measuring
length over the length of the specimen and selecting the critical deformation of all the LVDT’s and
feeding it back to the controller by manipulating it to stabilise the upcoming input.

The boundary conditions of the specimen under uni­axial tensile loading is significantly said to affect
the shape of the strain­ softening curve and has a similar effect as that of rotation induced due to
unsymmetrical specimen [34]. In uni­axial tensile tests, the crack usually propagates from one side
and eventually as the test progresses the specimen is eccentrically loaded. If the specimen has fixed
boundary conditions a counteracting bending moment will develop to overcome these eccentricities,
however, in the case of free rotating boundary conditions, this bending moment is unable to develop
[32]. This results in the softening part of the stress­deformation curve having bumps in the fixed bound­
ary conditions as compared to no bumps in the rotational boundary conditions which was confirmed in
the research of Zhou [36] as observed in the Figure 2.26.
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Figure 2.26: Uni­axial tensile test of a concrete specimen with different rotational stiffness exhibiting bump effect [36]

Further, the research of Cattaneo et al. [37] concluded that the fixed boundary conditions resulted
in a more stable crack propagation in the critical cross­section as compared to the rotational boundary
conditions of the specimen as observed in the Figure 2.27. The decrease in fracture energy is about
40% in rotational as compared to that of fixed boundary conditions [38].

Figure 2.27: Progressive crack penetration for (a) rotational boundary conditions and (b) fixed boundary conditions [37]

Van Mier et al. [32] state in their research that if fracture properties are dependent on boundary con­
ditions they cannot be regarded as the true property of the material under consideration. Therefore,
in­order to ensure reliable and stable tensile tests on un­notched specimens it is essential to use sev­
eral LVDT’s to measure deformation [35] and a CLC­based testing equipment [33] having a feedback
manipulator [35] which will help eliminate snap­back behaviour. After ensuring stable deformation­
controlled tests it is also important to ensure that the boundary conditions of the specimen are fixed
[37] and the specimen is as symmetrical as far as possible in­order to eliminate problems of unstable
fracture propagation [37] and rotation due to unsymmetrical specimen [34].

2.4. Strain Hardening Cementitious Composite (SHCC)
Strain Hardening Cementitious Composite (SHCC) (also known as Engineered Cementitious Com­
posite (ECC)) mixes are said to exhibit high tensile ductility (several hundred times that of normal
concrete), intrinsically tight crack width (as seen in Figure 2.28), self­reinforcing characteristic and are
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well­equipped to absorb impact energy [3]. A range of studies suggests that SHCC has the potential
to overcome the brittle behaviour of ordinary (non­fibre reinforced concrete). The ductility associated
with the SHCC composites is attributed to the formation of multiple micro­cracks which do not increase
the permeability of the material substantially and may also exhibit some self­healing capabilities [12].
The tight crack width in the SHCC­based composites as spotted in Figure 2.28 can help address the
aspects of maintenance and rehabilitation in the life­cycle of the structure by enhancing their durabil­
ity as moisture, gas and salt ingress in the cement­based materials are major factors responsible for
degradation of the structures [39].

Figure 2.28: Tensile Stress Vs. Strain response of SHCC showing a tight crack width (below 100 μm) [40]

An experimental study based on fundamental rheological properties was carried out by Figueiredo
et al. [4], which presented a methodology to develop mix­designs for printable cementitious compos­
ites. The study focuses on two SHCCmixtures one composed of Portland cement (OPC), blast furnace
slag (BFS) and limestone powder (LP), while the second is composed of OPC, fly ash (FA) and sand.
The research concluded that the mixtures with high fibre content exhibited high mechanical perfor­
mance and superior printing quality and therefore, must be considered for further developments in the
construction printing industry [4].

From the research of Panda et al. [41] it was concluded that the addition of fibres to printable mortar
improves flexural and tensile strength. The research of Nematollahi et al. [42], further investigates
the effect of fibre content through a comparative study between 3D­printed geopolymer without fibres
and the other with fibres and this reported increase in flexural and tensile strength when compared to
reference geopolymer without fibres. These investigations confirm the feasibility of using dispersed
fibre reinforcement as an approach to integrate reinforcement into the 3D­printing processes. Based
on these findings printable SHCC with High­density polyethylene micro­fibres were chosen in the study
of Ogura et al. et al. [43]. The specimens extracted from the SHCC­based printed walls in this research
exhibited pronounced strain­hardening behaviour under uni­axial tensile loading for fibre concentrations
as low as 1%. Also as can be spotted in Figure 2.29, for a fibre content of 1.5%, strain capacity was
considerably higher, and very uniformly distributed fine multiple cracks were observed (Figure 2.30)
eventually contributing to enhanced inter­layer bond strength.
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Figure 2.29: Tensile Stress Vs. Strain response of Printable
SHCC with different fibre content [43]

Figure 2.30: Representative crack patterns of specimen
C­print after failure in uni­axial tension tests [43]

Figure 2.31: Stress Vs. Strain Graph for Bond Strength of
Specimen X (mix composed of Portland cement (OPC),
blast furnace slag (BFS) and limestone powder(LP)) [44]

Figure 2.32: Stress Vs. Strain Graph for Bond Strength of
Specimen Y2T (mix composed of OPC, fly ash (FA) and

sand) [44]

The research of Figueiredo et al. [4] was further extended with the 2 mixtures and after analysing
tensile bond strength of the interface it was inferred that all the specimens showed little ductility and no
strain hardening due to lack of fibre bridging in the fracture surface [44] as can be observed from Figures
2.31 and 2.32. The research also confirms that the printing technique leads to intrinsic anisotropy from
the observation that strain hardening behaviour was achieved in two directions with minor ductility in
the third direction.

In the research of Li et al. [3], an attempt was made to study the interface in a specimen 3D printed
using a PVA fibre­based mix through single notch fracture tests. These specimens show an initial brittle
failure with a residual strength after a sudden drop post­peak stress is reached which is associated with
the fibre penetration in the interface.

The study further investigated the grooving effect in the interlocking through similar tests and the
results conclude that the inter­facial crack bifurcates which results in a subsequent rise in post­peak
loading.
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Figure 2.33: Load­displacement curve for smooth layered
specimen printed with PVA fibre­based mix [3]

Figure 2.34: Fracture behaviour of interface for smooth
layering in specimen printed with PVA fibre­based mix [3]

Figure 2.35: Load­displacement curve for groove layered
specimen printed with PVA fibre­based mix [3]

Figure 2.36: Fracture behaviour of interface for groove
layered specimen printed with PVA fibre­based mix [3]

2.5. Concept of topological interlocking
In the research of Hamilton et al. [45], the potential of mechanically interlocking micro­structured ad­
herents to increase the strength and toughness of single lap joints is investigated. Compared to the
planar roughened joints, results for the micro­structured joints revealed an increase of up to 95.9% for
strength.
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Figure 2.37: Preliminary study on the size of interlocking [24]

Further research in terms of the effects of interlocking attributed the increase in the bond strength to
the increase in the contact surface of layers [24]. The results show that bonding strengths are sensitive
to interlocking and it can be increased by an average of 26% as shown by splitting test results in Figure
2.38 and 2.39. As observed from Figure 2.37 the groove size of more than 3/4”(19 mm.)in the interface
can cause a non­uniform distribution of material into the groove. Hence, this research serves as a good
basis for the choice of groove sizes to be ascertained herein the research to ensure interlocking.

Figure 2.38: Comparison of bond interface for four types of
interlock [24]

Figure 2.39: 28 days’ strength development of four types of
interlock [24]

Taking these aspects into account the design principle of topological interlocking is proposed in this
research wherein the elements are held together purely by geometrical constraints without the use of
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mortar­based binder or connector [11]. Concentrated (out­of­plane) load tests have been carried out
in previous literature on a plate made of osteomorphic block elements and compared to similar tests
on a solid plate which resulted in localised failure of elements in the former as compared to the global
failure of solid plate [13] as shown in Figure 2.40.

The block assembly suggested in these literature studies [11], [13] is said to exhibit a small­scale
crack propagation across the assembly because the elements are not connected which would other­
wise help form a medium for cracks to propagate. Simulations have been performed on these block
assemblies and it is concluded that loss of nearly 25% of the constituent elements would still suffice
to maintain the structural integrity. In the research of Molotnikov et al. [13], the load was applied in a
plane perpendicular to the specimen as shown in Figure 2.40 and results were analysed. This study
further goes to show how promising the concept of mechanical interlocking can be and the benefits it
has to offer. Though this study has been in the direction out­of­plane of the specimen it forms a good
basis for understanding the concept of mechanical interlocking hereon.

Figure 2.40: Fracturing of the assembly of interlocked blocks in concentrated load tests as compared to a solid plate of the
same dimensions made from the same material (polyester casting resin): (a) localised fracture in interlocking assembly and (b)

global fracturing of the solid plate [13].

Furthermore, similar research is carried out in terms of concrete bricks by Javan et al. [46]. In this
research, a comparative study of the mechanical behaviour of a hybrid assembly plate (which is made
of a combination of topologically interlocking concrete bricks and rubber interfaces), an assembly plate
and a monolithic plate are investigated under quasi­static load. Failures occurring in different plates
are shown in Figure 2.41. The results show that the hybrid assembly plate has remarkable flexural
compliance with less damage in the bricks [46].

As can be observed from Figure 2.41, the hybrid plate experiences a push­out of the brick. On the
other hand, the assembly plate experiences cracking of the centre brick. The monolithic plate cracks
entirely and the crack propagates towards the corner of the plate. In both hybrid and assembly plates,
however, the integrity of the structure is maintained with some exceptions of minor cracks propagating
in the surrounding region of the assembly plate.
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Figure 2.41: Failure in (a) Hybrid plate (interfaces between bricks are filled with silicon­based rubber) (b) assembly plate (c)
monolithic plate under quasi­static load [46]

In the research of Yong [47] an experimental study was carried out which involved testing the axial
compression of osteomorphic block assembly manufactured from plain dental gypsum stone, compris­
ing a full block capped with 2 half blocks. A Baldwin universal testing machine was used for the test
and after the failure, a photographic assessment of the crack formation is carried out which can be
seen in Figure 2.42 and 2.43.

The results conclude that interface friction is a stabilising factor, and when the stacked blocks are
axially compressed, interface sliding occurs which further causes outward displacement of the inter­
locking crests thus, inducing tensile stresses within the block which results in premature load­bearing
failure before the full material compressive strength can be mobilised. The shear stress due to in­
duced interface friction can limit this interface sliding, thus reducing the formation of tensile stress and
subsequently increasing the compressive strength [47].
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Figure 2.42: Assembly of Osteomorphic block for axial
compression test [47]

Figure 2.43: Identification of crack formation in the
osteomorphic block after compression test [47]

There has been extensive research in terms of the use and applications of osteomorphic blocks as a
form of mechanical interlocking. Most of the research is focused on other materials, namely glass [11],
brick masonry and conventional concrete (which does not contain fibres) [46]. Also, the experimental
studies conducted involve testing of the specimens by out­of­plane application of loads [11], [46] and
there has been very less focus in terms of testing these specimens for in­plane loading except for a
few axial compression studies [47].

2.6. Surface Moisture Content and Time­Gap
The exposure of extruded layers to the environment results in loss of moisture on the surface of these
layers. The time­gap between the extrusion of one layer on the underlying layer and the surface water
evaporation from the underlying layer together results in inadequate moisture exchange and eventually
can result in a weak inter­layer bond [8]. The surface water evaporation also leads to non­uniform
distribution of contact between the layers and eventually results in the formation of voids between the
printed layers which is a common phenomenon in 3D concrete printing. These voids can negatively
affect the durability of the printed structures [48] resulting in a weak inter­layer bond. In the research of
Van Der Putten et al. [48] the results of mechanical performance were correlated to process parameters
like printing speed and time­gaps. The surface moisture content changes were measured by pressing
the blotting paper strips on the layers at pre­defined time­steps of 0, 10, 30 and 60 minutes after printing
(as shown in Figure 2.44).
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Figure 2.44: Moisture Content of a printed element
measured at different time gaps [48]

Figure 2.45: Relation between Inter­layer bond Strength
and Time­gaps for 3D printed specimens (V represents the

print speeds) [48]

Figure 2.46: Inter­layer strength of the printed concrete [8] Figure 2.47: Bleeding rate from the surface of the printed
concrete [8]

The mass change of the blotting paper was calculated and the mass of absorbed fluid was deter­
mined. The specimens of different time­gap were then tested for inter­layer bond strength (as seen in
Figure 2.45) and a relation between surface moisture content, time­gaps and inter­layer bond strength
was established. As can be inferred from Figure 2.44 & 2.45 the inter­layer bond strength and surface
moisture for specimens with smaller time­gap is higher than that for the specimens with larger time­
gap. In the research of Wang et al. [49] it is observed that the exposure of the concrete surface to the
atmosphere leads to the evaporation of water which is further replaced by the migration of water from
the inside to the top surface generating a gradient of relative humidity over the height of the concrete
layer.

The research of Sanjayan et al. [8] is on similar lines but is performed for extended time­gaps as
compared to smaller time­gaps in the case of the research of Van Der Putten et al. [48]. This exper­
imental study suggests that the inter­layer bond decreases for certain time­gaps and later increases
as shown in Figure 2.46. The reason identified for these discrepancies in the results is that moisture
is brought to the surface by the bleeding of water from the concrete when the delay time is sufficiently
larger as seen in Figure 2.47. One of the main conclusions to draw attention to in this research is
that the major factor affecting the inter­layer strength is the moisture level at the surface between the
layers. If the surface is dry, it does not have the workability (or malleability) for the bond to develop [8].
However, this research also infers that the moisture level between the layers is a function of the printing
process, evaporation rate and bleeding rate of the mixes and moreover, also depends on the level of
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moisture expelled to the surface during the extrusion process which helps in explaining the discrepan­
cies in the findings in the two research studies. However, the relationship between moisture level and
inter­layer strength is universal (implying that dry surface has a decreased capability to develop bond)
[8].

2.7. Image Analysis of Fractured Inter­layer
Image analysis tools have been widely adopted in material research and aid the purpose of visuali­
sation and quantification of results. There are various alternatives that can be implemented in­order
to characterise the quality of bond in the inter­layer, the most common being micro­structural analy­
sis techniques like that of the scanning electron microscope (SEM) and Maximum intensity projection
(MIP) or image analysis techniques like X­Ray or computed tomography scans (CT) [50] [6]. These
techniques have the benefit of providing detailed information on the inter­layer at the cost of being
time­consuming and cost­intensive.

Image analysis is an alternative approach used in concrete research for applications ranging from
damage characterisation [51] to air void determination [19] (as seen in Figure 2.5). Image analysis
involves a crucial step which is that of acquiring a high­resolution image for processing at a later stage.
In the research of Miriello et al. [52], flatbed scanners (which has a flat surface on which the printed
image or document is scanned and stored) were used for image acquisition which was a cheap and
effective alternative to get fast and high­quality images. Furthermore, in the research of Peterson et
al. [53], acquired images from a flatbed scanner to quantify air void characteristics in the hardened
concrete surface. In the research of Marchment et al. [9], image analysis of the fractured inter­layer
of 3D concrete printed sample was carried out using images acquired from flatbed scanners. The top
and bottom images of the inter­layer acquired were first put through the process of ’CIELAB colour
space thresholding’ wherein the coloured flatbed scanner images were converted to black and white
images as seen in Figure 2.48. The number of black pixels in both images was then used to quantify
the effective bond area in percentage as illustrated below:

Effective Bond Area (in %) = 𝑇𝑜𝑡𝑎𝑙 − (𝐵𝑜𝑡𝑡𝑜𝑚 − 𝑇𝑜𝑝)𝑇𝑜𝑡𝑎𝑙 𝑥100%

where, Total ­ Total number of pixels
Bottom ­ Number of black pixels of bottom image

Top ­ Number of black pixels of top image

Figure 2.48: Results of application of colour thresholding. (a) Top Image before thresholding, (b) Top Image after thresholding,
(c) Bottom Image before thresholding, (d) Bottom Image after thresholding. [9]
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Image colour summarizer is an open­source tool based on the concept of ’Digital Image Process­
ing’ wherein the image pixels are analyzed with an algorithm and provides statistics for that image.
The Image colour summarizer tool creates a set of clusters of similar colours from an image which
is representative of the image. The method works well on images with relatively well­defined colour
boundaries. Based on the inputs given by the user, such as output format, statistics, colour clusters,
delimiter and precision control, the summarizer reports the average, median, minimum and maximum
values for each component in different colour models namely, RGB, HSV, Lab and LCH. This tool has
found scientific applications in cancer research and genome analysis which helps understand its credi­
bility and hence has been preferred for the research herein. A similar strategy to quantifying inter­layer
bond as observed in the research of Marchment et al. [9] is attempted in the research herein using the
image summarizer tool.





3
Research Framework

3.1. Research Justification
The literature is extensive in terms of improving the bonding between the layers with the help of ad­
ditives, glue and mechanical additions. At the stage of writing this research, there hasn’t been any
significant study in terms of improving the inter­layer bond, solely, by ensuring topological inter­locking
by changing the shape of the extruded layer. However, there has been considerable research [11], [46]
which focuses on the benefits of topological interlocking for developing and strengthening architecturally
engineered materials and structures for out­of­plane loading directions which has shown promising re­
sults in improving mechanical inter­locking. The benefits of this concept which include high resistance
to crack propagation, large energy absorption capacity and tolerance to local failures have been less
explored in regard to 3D concrete printing structures. This research intends to focus on altering the
shape of extruded layers from planar to those inspired by osteomorphic block elements in­order to
achieve interlocking between consecutive layers without the use of additives, glue and mechanical
modifications. Additionally, combining this concept with fibre based­mix can be insightful as most of
the current literature’s [3], [8], [30] suggest showing fibre bridging in fracture surface of the specimens
tested for inter­layer bonding that are printed using fibre based­mixes. Hence, given the modification
of the extruded layer, the material and the in­plane load application, differences in the results in terms
of the 3D concrete printed specimen could be interesting to analyse.

However, the current advancements in 3D concrete printing technology do not have enough degree
of freedom (DOF) in the extruding arm in­order to modify the planar shape to that proposed herein and
the mixing pump limitations to extrude fibre­based mix without clogging issues further make it impossi­
ble to extrude this proposed osteomorphic block inspired shape. This further makes it complicated to
achieve the osteomorphic block­inspired shaped specimens required for inter­layer bond testing which
forms the main part of the research scope herein. To overcome this hurdle it is proposed to use a
manual caulk­gun extrusion technique in combination with casted osteomorphic blocks inspired by the
shape of concrete base­blocks and mould­casting technique to extrude/cast the specimens. The sam­
ples are then derived from the extruded/casted specimens by sawing which are further cured and tested
in the available test setups (without making excess modifications to the current test setup) that yield
results which can be helpful to analyse the effectiveness of interlocking between successive layers.
Given the outcomes in the literature based on moisture migration and time gap investigations in terms
of 3D printable concrete [8], [48], [49] an intermediate study focusing on correlation of time­gap in terms
of moisture migration in the layer with inter­layer bond test results is also proposed and executed.

31
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3.2. Research Objective
This research aims at addressing the problem of weak inter­layer bonding in printable SHCC­based mix
by incorporating the concept of topological interlocking in the extrudable 3D printable concrete layers.
This is mainly achieved by altering the general planar shape of extruded 3D printable concrete layers
by incorporating an osteomorphic block­inspired shape. Hence, with a combination of the random
orientation of fibres this concept is expected to impart an enhanced mechanical interlocking between
two extruded layers leading to an increase in inter­layer bond within extrudable 3D printable concrete
structures. Hence, the research aims at answering the following main question:

What is the effect in the inter­layer bond when the prevalent planar geometry of SHCC­based
extruded layers is modified to one inspired by osteomorphic blocks in extrusion­based 3D

concrete printing?

In order to achieve the research objective the research tasks are divided into two main parts as
below:

• Analysing the grooving effect: In the first part, the focus is on the preparation of mould­cast
specimens with different groove sizes and testing them for tensile bond strength and analysing
the results to study the effect of grooving.

• Analysing grooving effect in combination with time­gap and extrusion parameters: The
second part intends to focus on the preparation of caulk­gun specimens with an intention of in­
clusion of extrusion parameters along with different time­gaps and testing these for tensile bond
strength. Further, image analysis is performed on the fractured inter­layer surface, the results of
which are then correlated with bond test results and surface moisture to draw conclusions.

3.2.1. Preparation of specimens

At this point in time, the 3D concrete printing technology works on the basis of additive manufacturing
which involves extruding planar layers in a layer­over­layer form in order to construct a 3D concrete
element. This method is convenient given the availability of as many as seven/six degrees of freedom
operable in a robotic arm in the present­day robotics infrastructure. The problem which is still not
addressed convincingly in the layer­over­layer extrusion of 3D concrete printing technique is that of
weak inter­layer bond in the printed concrete elements.

In order to address this issue a new shape of the layer is proposed to be extruded which is inspired
by the osteomorphic block shape which is hypothesised to increase the inter­layer bond by providing
topological interlocking between the extruded layers. The problem then lies in devising a technique to
extrude this non­planar shape using the available robotic infrastructure since, doing so would require
not only making changes at the level of providing instructions to the robot but also at the nozzle level
in terms of regulating the flow to extrude the right amount of concrete and providing the nozzle with
additional degrees of freedom which has to be done simultaneously with the robotic arm movement to
achieve the osteomorphic block inspired shape of the layer.

In this research, methods to extrude the proposed non­planar shape of the layer were explored and
attempted (which are further described and explained in detail in Appendix ­ A from the point of view
of extracting a sample from these extruded specimens which can be then further tested in the Instron
test setup for inter­layer bond test available at Delft University of Technology’s MicroLab. However,
since the current technological advancements in 3D concrete printing are not suitable to extrude the
proposed layer and due to the limited availability of time for the research to devise and develop such
equipment, it was decided to adopt the methods of mould­casting and caulk­gun extrusion (which are
explained in brief below) to obtain the specimens required for further investigation.

• Casting the specimens using silicon­rubber moulds: In order to keep the problem simple and
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eliminate the extrusion parameters altogether, it was decided to mould­cast the specimens. This
helped to concentrate solely on investigating the influence of adopting an osteomorphic block­
inspired shape on the inter­layer bond between extruded specimens. Simultaneously multiple
groove sizes were selected to cast these specimens which would help to understand the approx­
imate depth of the groove required in the topology to ensure interlocking between the layers. The
procedure and detailed explanation for the preparation of specimens using this method can be
found in Sub­section 4.2.1.

• Caulk gun extrusion technique: A manually operated caulk gun was used to extrude layers
in­order to simulate process parameters of 3D concrete printing such as nozzle extrusion from
a constant height and speed to obtain specimens which have an osteomorphic block­inspired
shape (as seen in Figure 1.3). Samples were sawn from these specimens which were further
used to test the inter­layer bonding. At the time of preparation of the specimens, the time­gap
between the extruded layers and the surface moisture content parameters was accounted for in
order to study their influence on inter­layer bond strength. The parameter of groove sizes selected
at the time of mould­casting the specimens was also retained at the time of caulk­gun extrusion
of specimens. The detailed procedure followed for the same is covered in Sub­section 4.2.2.

3.2.2. Performing bond strength tests and analysing results

Specimens were produced using caulk­gun and from the mould­casting methods were sawn and then
cured for 28 days. The samples were then tested under the Instron test set­up (as seen in Figure
4.12) for the inter­layer bond test available at the Micro­Lab at Delft University of Technology’s faculty
of Civil Engineering. A detailed description of the test setup is given in Section 4.3.1. Furthermore,
the results were analyzed and a correlation was found between groove size, time gap, and surface
moisture content. Detailed analysis of test results for each specimen is covered in Appendix ­ B for
Mould­casted and Caulk­gun­based specimens.
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Research Setup

The previous chapter gives an overview of the research that has been carried out during the entire
tenure of the thesis. The intention of this chapter is to elaborate on each aspect of the research in detail.
This is done by first discussing comprehensively themethods adopted to cast/print the specimens which
are then followed by a brief description of the test methods adopted. Furthermore, the chapter also
addresses on few other details followed along the research like that of design parameters, mix design
and printing facilities.

4.1. Design Parameters

4.1.1. Mix Design and Mixing Procedure

As the research involves extruding concrete in the form of a newly proposed topology, this requires that
the mix used should have a stiffness of the order such that it can exhibit shape retention capabilities in­
order to facilitate the printing in a non­planar fashion. The research focuses on studying the interlocking
between layers due to the topology which is created as a result of non­planar layer extrusion and as
most of the research [42]–[44] suggest the orientation of fibres used in the mix might help in enhancing
this interlocking effect. This makes it relevant to use a Strain­Hardening Cementitious Mix for this
research. The mix chosen for this research was developed by Anne Linde Van Overmier and covered
extensively in the article titled ’Consistency of Mechanical Properties of 3D Printed Strain Hardening
Cementitious Composites Within One Printing System’ [54]. The mix demonstrated good results during
3D concrete printing sessions at the Eindhoven University of Technology in terms of being adequately
stiff which made it compatible with this research. To understand if the extrusion of this mix was possible
with the printing facilities available at Stevin Lab in the Delft University of Technology a printing session
was carried out in which the results were positive in the sense that it could be extruded well and hence,
it was decided to proceed with this mix for the research.

For the caulk­gun extrusion technique, 3 batches (resulting in a total volume of 10.5 litres) each
weighing 3.5 litres were mixed in a Hobart mixer. For the mould­casting technique through 4 batches
(resulting in a total volume of 14 litres) were used being mixed in groups of 2 batches (one after the
other) at a time. The mixing procedure described below is followed to keep consistency between
different mix batches throughout the extrusion/casting session. The mix proportions are given the
Table 4.1 below.
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Table 4.1: Mix Proportions for 1 Litre of Mix

Mix Constituents Quantity
(grams/litre)

BFS ­ eco2cem 262.34
CEM­1 42.5 469.51
SF 32.87
LS Inducal 105 582.77
Sand 125­250 316.92
Water 366.17
VMA 3.44
Superplasticiser 3.06
PVA 26.00

Dry mix all the materials including fibres, superplasticizer (powder­based) and one­third of the total
volume of viscosity modifier (also powder­based) for 2 minutes at moderate speed. After 2 minutes
of dry mixing, slowly add water to the mix for a duration of 1 minute (while continuing to mix at low
speed). Continue mixing for another 2 minutes until a dough­like mixture is formed. Add the remaining
two­thirds of the viscosity modifier (while continuing to mix at a moderate speed). Continue mixing for
another 4 minutes until the mixture is well mixed and fibres are distributed evenly in the mix.

4.1.2. Groove­Size Investigations

The proposed non­planar osteomorphic block­inspired shape of the extruded layer is said to create a
topology that would facilitate interlocking between 2 successive extruded layers. The groove size is
associated with the size of this topology. So as to ensure that the interlocking effect is adequate, such
that the inter­layer bond between the layers is enhanced, an appropriate size of the topology had to be
identified and adopted as studied in the research of Zareiyan et al. [24]. For this purpose, the groove
size parameter was established. The groove size was calculated to eliminate the problems of under­
filling, air void, cold joints and non­uniform contact between the extruded layers. The groove sizes
selected (as seen in Table 4.2) were such that the minimum and maximum values considered were
based upon the shape retention capabilities of the mix which was judged from prior printing sessions.

Table 4.2: Groove­size adopted for investigation (refer table in accordance to Figure 4.1)

Sr. Nr. Specimen Groove size dimension
(X in mm.)

1 Specimen ’A’ 20
2 Specimen ’B’ 30
3 Specimen ’C’ 40
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Figure 4.1: Dimension of the groove­size for the topology (to be referred in accordance with Table 4.2)

4.1.3. Time Gap Investigations

The time gap investigations were usually done to study the effect of moisture migration on the surface
and its evaporation to the surrounding exposed atmosphere. This is further used as a basis to assess
the changes over a period of time in the strength characteristics mainly inter­layer bond.

Figure 4.2: (Left) Roughneck mortar gun used for scale model 3D concrete printing for extrusion (Right) Brennenstuhl 1298680
Moisture meter MD

At this stage a scale model 3D concrete printing methodology was adopted which used caulk­gun
(as shown in Figure 4.2 below) to extrude the mix on the base blocks which immensely helped eliminate
the human and mechanical dependencies involved in using the gantry based 3D concrete printer. This
scale model printing methodology involved a pump which was used to mix and fill the barrel of the
caulk gun with the concrete mix. To avoid air voids formation in the caulk gun the hose was placed at
the bottom­most point of the barrel by closing the nozzle extrusion end. The concrete mix was then
extruded through the hose and as the mix filled the barrel the hose was pushed up automatically and
eventually the barrel was filled. Later themix in the barrel was tamped and the excessmix at the plunger
end was cleared to fit the plunger in place. The time­gaps adopted to study the strength characteristics
of the specimen were 5­, 10­ and 20­minutes.

In­order to allow for a better comparison of the strength test results it was essential to cast/extrude
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the specimens under similar room conditions. Owing to this, specimens having the same time­gaps
were printed together i.e. for a 5­minute time­gap specimen A, B and C (having different groove­size)
were printed which was then similarly followed by 10­ and 20­minutes specimen.

4.1.4. Surface Moisture Content (SMC) Characterisations

The moisture content measurement is carried out simultaneously with the time­gap investigations on
the surface of the first extruded layer. The main aim of carrying out such investigations is to study the
surface water evaporation to the atmosphere along with moisture migration in the extruded layer due
to the unevenness of the topology. These two parameters are predicted to have a direct impact on
the inter­layer bond strength results as suggested in the research of Van Der Putten et al. [48] wherein
mechanical strength test results were correlated to the process parameters like print speed and time
through moisture content changes on the surface of extruded layers. As shown in Figure 4.3 and on
similar lines as in the research of Wang et al. [49], in the research herein, it is predicted that the moisture
migration may occur towards the grooves due to the slopes present in the topology. This may cause
an increase in the water­cement ratio at these spots leading to weaker inter­layer bonding.

Figure 4.3: Expected moisture migration in the extruded layer (as seen in blue) due to topology

The surface moisture measurement was carried out on similar lines as performed in the research
of Pan et al. [55], the moisture content measuring device used for surface moisture measurement
was ’Brennenstuhl 1298680 Moisture meter MD’ as shown in Figure 4.2 (Right). This device uses
the principle of electrical resistance which implies that the electricity is transmitted between pins using
moisture as a medium of conduction. The moisture content meter shows a reference value of 1.5­33%
for concrete surfaces. The values shown on a reference scale do not represent the moisture content
of the material under test. Instead, these are estimates where high values signify high moisture levels
and low values signify low moisture levels i.e. if the reference scale shows a reading of 33%, it does not
mean that 33% of the dry weight of the tested material is water. Instead, it just means that the moisture
content of the material represents 33% of the reference scale. It is a qualitative value. In order to
quantify these measurements and for the purpose of further analysis the reference values provided
with the moisture measuring device were scaled and adjusted between 0 to 100% as can be observed
in Table 4.3.

Note: The moisture content measurement was only done in the case of caulk­gun extruded spec­
imens and not for the mould­cast specimens as the sole purpose of the latter was to investigate the
effect of the mechanical interlocking with groove size as the only parameter.
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Table 4.3: Reference and Adjusted scaled values of moisture content (as indicated in the manual of Moisture meter)
measurement

Moisture
Content

Reference
Values

(For Concrete Surface)

Adjusted
&

Scaled Values
Low 1.5 ­ 16.9% 0 ­ 48.75%
Medium 17 ­ 19.9% 48.89 ­ 58.10%
High 20 ­ 33% 58.41 ­ 100%

4.1.5. Measurement of surface moisture content

At the initial stage, the moisture content is set to always display a reference moisture content value of
33% which is the maximum that can be displayed by this meter for the construction materials (which
includes concrete surface) (Refer Table D.33).

Figure 4.4: Positions at which the specimens were sawn and extracted for further testing (For the overall height of sawn
specimen (H) refer Figure 4.11 and Table 4.4)

The data points selected for measuring the moisture content on the surface of the extruded layers
can be seen in Figure 4.5. The specimens were sawn at 4 positions (tagged as 1, 2, 3 and 4) such
that 2 of them have identical shapes. Figure 4.4 shows an entire sample extruded and indicates the
position at which these specimens for the inter­layer bond test were extracted. Hence, the moisture
content measurements are done at 3 data points along these blocks (labelled as I, II & III). The reading
is taken by piercing the pins of the moisture meter at a shallow depth (approx. 0.5cm) into the surface
of the extruded layer as shown in Figure 4.9. As the moisture meter reads the moisture content by
passing electricity between 2 pins to have an accurate reading at points where there exists a groove
the readings were taken towards the groove side and at the crest points, these readings were taken
towards the higher side eventually giving a good idea of moisture migration.
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Figure 4.5: Positions at which SMC was measured representative in terms of sawn specimens.
Points I, II and III represent positions of Surface Moisture Content (SMC) measurement at different time­gaps on the first

extruded layer

4.2. Sample Preparation

4.2.1. Casting the specimens

The casting of the specimens was a fairly simple process as it involved firstly, casting silicon­rubber
moulds which had the shape of the sample to be cast later. Secondly, once the moulds were ready
the mix was poured into these moulds to cast the first layer of the samples. The base layer for all
the samples (i.e. Specimens i.e. A, B and C) were cast in one go. After waiting for 3­4 minutes and
examining the casted base layer for hardening the base layer was de­moulded and the empty silicon­
rubber mould was then used to cast the second layer. Once the second layer was done casting it was
then pressed gently by the base layer in­order that the interface attains the topology shape. Figure 4.6
shows the finished casted samples.

Figure 4.6: Casted specimens (cut along the length) (Red encircled regions) show few air voids induced due to the process of
casting which were neglected (Green encircled regions) show black marks on the cut surface which is due to grease from the

diamond cutter and is considered to have no effect on the results
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4.2.2. Caulk­gun extrusion technique

For the caulk­gun extrusion technique, the mix was manually pushed into the pump reservoir in­order
to avoid air entrapment. To minimise the water loss to the surroundings the mix in the pump reservoir
was covered with a plastic sheet. Before the extrusion process, the mix was pumped through the hose
and the mix was allowed to extrude until a smooth flow (devoid of entrapped air) was observed. After
a constant uniform flow of the mix was achieved the caulk­gun barrel was filled by placing the hose at
the bottom­most part of the barrel.

The extrusion of all specimens (i.e. Specimen A, B & C) for a single time­gap was done in one
printing session. This also meant that multiple printing sessions were required to extrude specimens
of all the time­gaps which was therefore done over a period of 3­4 days to ensure that the deviations in
room conditions are minimum and had no effect on the final outcomes. Each specimen extruded had
a length of 650mm and 2 layers with layer width and thickness (applicable to both the first and second
layer) of 35 and 14mm respectively.

Figure 4.7: Setup used for extruding specimens in­order to have the extrusion at constant speed and height (Left: Side view;
Right: Top view)

Figure 4.7 shows the setup used to extrude the layers of the specimen. The caulk gun nozzle
was rested in the gap of this setup during extrusion, this was done in­order to have a constant height
and speed during extruding the mix (which also helps to simulate the 3D concrete printing process
parameters). The distance between the nozzle and base blocks was kept to 20mm and it was ensured
that the nozzle was held at an angle of 45∘to the flat top.

The procedure followed to produce the samples in the caulk­gun extrusion technique was as follows
(explained from the perspective of producing samples for a single time­gap):

• Extruding first layer over the base blocks for all specimens ­ A, B and C



42 4. Research Setup

Figure 4.8: Casting of first layer using caulk­gun on the base blocks (Positions 1, 2, 3 indicate the positions at which samples
were sawn at a later stage for further testing)

• First set of SMCdatameasurement (1­min gap): This involves the time required for preparation
of the moisture content meter and up to the point of taking the first set of readings with the same
on the first extruded layer.

Figure 4.9: Measurement of surface moisture content on the first extruded layer using moisture measuring device

• Second set of SMCdatameasurement (for single time­gap): This corresponds to the time­gap
at which the strength characteristics of the specimens are to be investigated further and hence,
also marks the point of taking the second set of readings.

• Extrusion of second layer (1­min gap): This involves the time required for preparation of the
caulk gun for casting the second layer and up to the point of starting to extrude the second layer.
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4.3. Test Methods
Both the extruded and casted specimens were cured in similar room conditions (as were while cast­
ing/extruding) for a period of 24 hours by covering them with a wet cloth. The specimens were then
shifted to the humidity chamber where they were kept under a constant temperature of 20∘C and rel­
ative humidity of approx. 98%. The specimens were then allowed to cure for 27 days in the humidity
chamber after which they were taken out and dried at room temperature for 1 day prior to the tests.

4.3.1. Inter­layer Bond Test

Detailed Procedure for Test Performance

After a week of curing, the specimens were sawn at the positions as depicted in Figure 4.4. The sawn
specimens were then cleaned and cured for the remaining duration (27 days) in the humidity chamber.
The specimens were taken out of the humidity chamber, dried with a dry cloth and kept to dry overnight
the day before the test was to be performed. For the inter­layer bond test, the specimens were to be
positioned between the flat plates as shown in Figure 4.12. However, the specimens had a curved
surface instead of a flat as can be seen from Figure 4.4 and 4.5 which made it difficult to position them
in the available test setup. This required that the curved surface of the specimen had to be grinded/cut
and then applied with glue such that it achieved a flat surface to make good contact with the steel plates
(as explained in Figure 4.10).

Figure 4.10: Grinding/cutting and glueing of the specimens to achieve flat surface

The overall size of the sawn specimen was 80 (L) x 30 (B) mm. The calculation of the height (H)
of the specimens after grinding/cutting is as depicted in Figure 4.11 and Table 4.4. The thickness of
the glue is not accounted for in calculating the height of the specimen as the glue distribution was not
uniform and with regards to the specimen length, including the glue thickness in the height wouldn’t
affect the aspect ratio as the specimen length is too long. The inter­layer of the specimen had a curved
shape and hence, notching of the specimen was not possible. The specimens were subject to closed­
loop displacement­controlled tests with a displacement rate of 0.1 µm/s which was ascertained by
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performing prior bond tests on dummy planar specimens of similar material and length dimensions.
Linear variable differential transformer (LVDT) sensors were attached to the steel plates at the start
and end of specimen length and were utilized to control the vertical displacement during the tensile
test. The final bond test set­up is as seen in Figure 4.12. The upper loading plate was glued with the
specimen and then screwed tightly to the rod of the Instron testing machine and hence, is assumed to
have fixed boundary conditions. In the case of most of the specimens, the lower loading plate had to
be adjusted and hence, was not completely screwed. This was done in­order to setup the LVDT’s in
their initial position and give a zero reading which meant the lower loading plate had a semi­fixed or
rotating boundary condition.

Table 4.4: Overall height of the specimens to be used for inter­layer bond test

Sr. Nr. Specimen
’type’

Groove size dimension
(y in mm.)

Overall height of specimen
(in mm.)

1 Specimen ’A’ 20 38
2 Specimen ’B’ 30 43
3 Specimen ’C’ 40 48

Figure 4.11: Overall height of the sawn specimens after grinding/cutting the curved surface
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Figure 4.12: Example of Instron inter­layer bond test setup for a specimen

Detailed Analysis of Test results

A similar procedure is applied for analysing the results of both themould­casted and caulk­gun extrusion­
based specimens. The output data received from the Instron machine was further analysed using MS
Excel software to plot relevant graphs and analyse the data in­depth. Herein the analysis is explained
in terms of Specimen TG5­A­2 and where necessary the corresponding specimens are referenced in
order to explain the context.

First and foremost, if required, the bond test results for a specimen were offset so that the curve
could start from the origin. Secondly, a Load Vs. Displacement and Stress Vs. Strain graphs (refer
Figures B.9 and B.10) were plotted for the entire test duration from the perspective of identifying the
’snap­back’ behaviour in the specimen (if any). If the snap­back occurred then this was considered the
point at which the majority of debonding in the specimen has occurred and as stated in the literature
[34], [32] the test is considered to be unstable from this point on­wards and further test data is not
considered for analysis. This was further confirmed by plotting a graph of Time Vs. Displacement
(refer Figure B.11) for entire test duration which was further sampled (refer Figure B.11 and B.12) to
correlate and analyse the point of snap­back in these graphs with the one found in the previous one
which is one and the same. With an increase in time, the displacement increases linearly (refer Figure
B.11) and at the point where a majority of debonding occurs and the peak is achieved, this step­wise
trend in the curve shows an unusual behaviour and from this point onwards any further increase in
displacement causes unstable loading and hence, the test data is not analysed beyond this snap­back
point. From the sampled data of displacement and loads the strain and bond stress were calculated
as follows:

𝜖(1/2) =
𝑍𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑
𝐻𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛

and 𝜎𝑏𝑜𝑛𝑑 =
𝐹𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑
𝐴𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛

where,
𝜖(1/2) ­ Strain (filtered) for LVDT1/LVDT2

𝑍𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑 ­ Displacement (filtered for LVDT1/LVDT2)

𝐻𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 ­ Height of the specimen (Refer Table 4.4)
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𝜎𝑏𝑜𝑛𝑑 ­ Bond Stress (filtered)
𝐹𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑 ­ Load (filtered)

𝐴𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 ­ Area of specimen

Further a final Load Vs. displacement graph (refer Figure B.13) is plotted for confirmation of the
test interval to be analysed and then a Stress Vs. Strain graph (refer Figure B.14) is plotted for the
sampled interval to identify the peak stress and, finally, to understand the problems of bending of the
specimen within the test setup (due to boundary conditions), nozzle extrusion induced roughness in
the inter­layer, glue distribution, mould induced discontinuity and long clustered cavities a plot of Stress
Vs. Strain graph (refer Figure B.15) for the 2 LVDT’s is plotted and the bending (usually in terms of
strains)in the curve are studied by plotting it in a representative test­setup graph. Overall a set of 7­
8 graphs need to be chronologically analysed as mentioned above herein. In some specimens (e.g.
Specimen TG10­B­1) in order to confirm the test run interval the Time Vs. The displacement graph is
required to be plotted multiple times than usual so as to fine­tune the sampling in which case there are
overall 9 graphs that need to be analysed.

From the data analysed, the maximum bond stress and strain were identified for each specimen
and then compared. In order to identify the quality of the bond between the inter­layers the images of
the inter­layer surface of the samples from the caulk­gun extrusion method (after failure in the bond
test) were analysed using a reliable online image analysis and summarizer tool.

4.3.2. Image Analysis of Debonded Inter­layer Surface

The inter­layer surface of the mould­casted specimens showed characteristics of uniform bond in inter­
layer as compared to the caulk­gun extruded specimens with an exception of a few clustered voids.
The inter­layer surface of the debonded caulk­gun­based specimens had defects related to under­filling
like that of non­uniform contact and cold joints which can be confirmed from the fractured inter­layer
surface as seen Appendix­D.

The fact that specimens were air dried before the test, facilitates the escape of any excess moisture
to the surrounding. Also, as pointed out in the research of Van Der Putten et al. [48], the speed of
extrusion is inversely related to the surface roughness of the inter­layer which further affects the bond
strength as can be observed in Figure 2.45. In the research herein, even though the height of extrusion
from the nozzle point of view was kept constant with the help of setup, it was variable owing to the other
end i.e. the wavy surface on which the extruded layer rested after extrusion. Also, given that it was
not possible to achieve precise control over the speed of extrusion due to the manual operation of the
caulk gun, the speed was kept as low as possible in­order to counter­balance the effect of variable
height. This resulted in a surface roughness that was variable throughout the specimens which can be
confirmed from the images of the fractured inter­layer surface as observed in Appendix­D. This surface
roughness [48] and the effects of under­filling [24], [20], [27], [19] lead to a non­uniform contact and
cold­joints between the successive layers and owing to this it is assumed that the dark grey patches are
regions of good bonding wherein the moisture gets trapped as opposed to the light grey patches where
the bonding is weak and moisture escapes and hence, it appears relatively drier. This assumption
is based on similar lines which suggest that due to the absence of form­work and exposure of 3D
printed concrete to the atmosphere the sides of the printed layers are insufficiently protected resulting
in evaporation of water from the concrete surfaces [6]. The fractured inter­layer surface exhibiting
regions of wetter and drier patches helps classify the entire inter­layer surface into 2 distinctive colour
clusters. It was hence, convenient to quantify and understand the bond quality between the layers of the
caulk­gun specimens which was done with the help of an online open­source image colour summarizer
tool as was followed in the research of Marchment et al. [9].

After the bond test, images of the failed inter­layer surface (classified as top and bottom de­bonded
part in Appendix ­ C) were photographed with a high­resolution smartphone camera application and
further cropped and adjusted to focus only on the inter­layer surface (eliminating other details such
as test plates and glue lines). This process is similar to the flatbed scanner technique as followed in
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the research of Miriello et al. [52] except that the precision in terms of height from where the images
were clicked could not be maintained repetitively. Further, the image was uploaded to the image colour
summarizer tool and inputs such as output format, statistics, colour clusters, delimiter and precision
controls are specified. The output format selected is as HTML and provides a detailed image analysis
report and can be found in Appendix­D. The statistics are provided as colour clusters which helps us to
mention the number of colour clusters in the next input which is 2 in this case given the fact that the wet
regions have a dark grey colour and the dry regions a light grey. The delimiter input helps to separate
the various colour tags identified by the tool in the image. The precision input controls the extent to
which the image will be resized before sampling. The idea behind it is that a lower precision control
divides the image into a lower amount of pixels which helps process the image faster and reduces the
computation time. Herein, given the extent of the research, a high­precision input is considered.

After processing the image, the tool then generates statistical colour summaries of the image and
reports average RGB and HSV colour components as well as histograms and individual pixel values
for these colour spaces. Basically, it divides the pixels in the uploaded image into a number of specified
colour clusters and provides statistics for further analysis. The data which is of more interest is that
of the one under the ”pixels” column in the table provided in the resulting output. The light coloured
cluster being relatively drier has negligible moisture and hence, is identified as a weak­bonding region
and the dark coloured cluster being relatively wetter has adequate moisture and is associated to have
a good­bonding region as explained above herewith. An average from the top and bottom debonded
inter­layer surface is obtained and the quality of the bond is ascertained. Thus, for each failed specimen
in the inter­layer bond test, we can analyse the inter­layer surface and identify the bond quality. This
can further be correlated to the results from the inter­layer bond test and would help analyse the results
better.





5
Laboratory Results, Analysis and

Discussions

Both themould­casted specimens and the caulk­gun extruded specimens were tested for a tensile inter­
layer bond. The inter­layer bond test results for some of the specimens exhibited the phenomenon of
non­uniform debonding of the inter­layer as identified in the research of Van Mier et al. [32] while some
specimens were devoid of it. This non­uniform debonding results in load eccentricities during test
progress and hence is responsible for impairing the stability of the tests [32]. Therefore, it becomes an
important aspect in the research herein to identify the stability of the tests for every specimen which
further decides the reliability of the results acquired in­order to consider these for further analysis to
make overall conclusions on the research question. The steps followed in processing and analysing
the data is as illustrated in the flow chart in Figure 5.1.

Given the phenomenon of non­uniform debonding as will be explained hereon, all the specimens
are categorised based on two types of failure mechanisms observed in them, namely, pure tension
(near­uniform debonding) and tension­bending failure (non­uniform debonding) as illustrated in the
Table 5.1.

49
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Figure 5.1: Flow chart illustrating steps followed in the data analysis

Table 5.1: Failure mechanism observed in specimens tested for the inter­layer bond test (refer Appendix ­ E)

Specimen Type Failure Mechanism
Preparation method Pure Tension Failure Tension­Bending Failure

Mould­Casting Based A­2 A­1, A­3 and A­4
B­1 and B­4 B­2 and B­3

C­1, C­2, C­3 and C­4
Caulk­gun Based Time­gap

5­mins 5­A­1 and 5­A­2 5­A­3 and 5­A­4
5­B­2 5­B­1, 5­B­3 and 5­B­4
5­C­2 and 5­C­4 5­C­1 and 5­C­3

10­mins 10­A­1, 10­A­2, 10­A­3 and 10­A­4
10­B­1 10­B­2, 10­B­3 and 10­B­4
10­C­2 and 10­C­4 10­C­1 and 10­C­3

20­mins 20­A­4 20­A­1, 20­A­2 and 20­A­3
20­B­2 and 20­B­4 20­B­1 and 20­B­3
20­C­4 20­C­1, 20­C­2 and 20­C­3



5.1. Pure­Tension Failure 51

5.1. Pure­Tension Failure
The pure­tension failure (uniform debonding) observed in the test results of some specimens is il­
lustrated and explained below with an example of mould­casted specimens, the same applies to the
behaviour observed in the caulk­gun­based specimens. The state of deformation of the Specimen A­2
occurring throughout the test progress is shown in Figure 5.2 for the data points of interest marked in
Figure 5.3. As can be observed from these figures the loading is centric throughout the test progress.

A difference is observed in the deformation at the peak (i.e. data point 2) and at the stage where
full unloading has occurred and the test is stopped (i.e. data point 3). This is the part in the post­peak
curve where no measurements are plotted despite the regular increase of deformation. This is similar
behaviour as the one observed in the research of Hordijk [34] seen in Figure 2.22 and is associated to
the snap­back behaviour due to CLC­based deformation­controlled tests and occurs as a result of the
equipment in the test setup not being fast enough to overcome sudden stress drop, which results in
unstable test progress thereon. This phenomenon has been observed in all the specimens tested for
inter­layer bondwithin this research. The occurrence of snap­back behaviour like these does not always
mean that the test results are entirely unreliable, it is an indication that in the analysis of the results the
unstable part of the test needs to be separated from the stable part for accurate assessments.

Figure 5.2: Uniform debonding occurring in Specimen A­2 Figure 5.3: Average (green curve) and LVDT specific (red
and blue curves) Stress­strain curves for Specimen A­2

5.2. Tension­Bending Failure
Figure 5.4 and 5.5 represent the non­uniform debonding and the stress­strain curve for Specimen A­1
respectively. As observed from these Figures the debonding at the side of LVDT2 for the specimen
keeps on increasing until the peak stress is achieved and it decreases thereon reaching a negative
value, whereas, the debonding on the other side i.e. at LVDT1 keeps on increasing uniformly until
the peak stress, and post­peak stress the increase in the strain value is enormous. On comparison of
strain values in terms of gradient (expressed in % in Figure 5.4) on both sides of the specimen it can
be concluded that the specimen is undergoing minor non­uniform debonding right from the start of the
test and post­peak stress this debonding intensifies.
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Figure 5.4: Non­Uniform debonding occurring in Specimen
A­1

Figure 5.5: Average (green curve) and LVDT specific (red
and blue curves) Stress­strain curves for Specimen A­1

5.3. Factors influencing failure mechanism
Non­uniform debonding which results in load eccentricities during the test progress is a possible con­
sequence of several factors such as boundary conditions, specimen dimensions, and asymmetrical
and un­notched specimens. The non­uniform bonding within the specimen, resulting under­filling and
surface roughness in the inter­layer, is an additional factor responsible for these load eccentricities.

5.3.1. Effect of boundary conditions of test specimen

It is important to understand the procedure of mounting the specimen in the test setup to understand
the influence of boundary conditions on loading. The surface of the loading plates was cleaned and
later, the LVDT­sensor placeholders were glued on the sides of the plates. Further, the specimen was
glued to the upper loading plate and after drying for about approx. 5 minutes the plate along with the
glued specimen was screwed into the Instron test setup. Later, the lower plate was screwed in the test
setup and aligned with the upper loading plate in such a manner that the plates and glued specimens
are aligned horizontally parallel to each other. While doing so adjustments were made in terms of
slight loose screwing of the lower loading plate to account for two things: firstly, in order to make up
for the non­uniform glueing of the specimen with the upper plate which resulted in the specimen not
being parallel between the plates. Secondly, to ensure that the LVDT­sensor placeholders of the upper
and lower loading plates are aligned vertically with each other. This setup had a disadvantage since it
affected the boundary condition of the lower loading plate which was now rotational as opposed to being
fixed. During the test progress, the debonding in the majority of the specimens occurred non­uniformly,
identical to one observed in Figure 5.4 which resulted in the specimen being loaded eccentrically as
the test progressed. As suggested in the literature [32], fixed boundary conditions of the specimens
have the ability to develop a counteracting bending moment whereas the same is not possible in the
case of rotational boundary conditions. This results in the softening part of the stress­strain curve
having bumps in the case of the former which is confirmed in the research of [36] as observed in Figure
2.26. Previous researchers concluded that a decrease in the fracture energy is observed in rotational
boundary conditions as compared to that of fixed boundary conditions [37] and hence, it is said that
the results do not exhibit the true property of the material under consideration [32]. These bumps can
be seen in approximately one­third of the tested specimens as observed in Table 5.2 suggesting that
the boundary conditions were fixed­rotational almost always instead of fixed­fixed and the difference
of which can be observed in the Figures 5.6 and 5.7 in the softening part of the curve. Hence, the
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boundary conditions of the specimen play a vital role in deciding the reliability of the results and the
conclusions drawn from it. This should also explain the discrepancies in the softening curves for SHCC­
based specimens observed in the literature (Figure 2.31 and 2.32 [44]) as compared to the ones in this
research.

Figure 5.6: Stress­Strain Curve for Fixed­Rotational
boundary conditions with no bumps

Figure 5.7: Stress­Strain Curve for Fixed­Fixed boundary
conditions showcasing bumps in the softening curve

Table 5.2: Boundary conditions of Specimens during the inter­layer bond test­based on softening curves

Specimen Type Boundary Conditions of the Specimens

Preparation method Fixed­Fixed
(Based on ­ bumps in softening curve)

Fixed­Rotational
(Base on ­ no bumps in softening curve)

Mould­Casting Based A­3 A­1, A­2 and A­4
B­2 and B­3 B­1 and B­4
C­1 C­2, C­3 and C­4

Caulk­gun Based Time­gap
5­mins 5­A­4 5­A­1, 5­A­2 and 5­A­3

5­B­3 5­B­1, 5­B­2 and 5­B­4
5­C­3 5­C­1, 5­C­2 and 5­C­4

10­mins 10­A­1 and 10­A­3 10­A­2 and 10­A­4
10­B­3 and 10­B­4 10­B­1 and 10­B­2
10­C­4 10­C­1, 10­C­2 and 10­C­3

20­mins 20­A­3 20­A­1, 20­A­2 and 20­A­4
20­B­3 and 20­B­4 20­B­1 and 20­B­2
20­C­1 and 20­C­3 20­C­2 and 20­C­4

5.3.2. Effect of specimen dimensions

As observed in the literature of Hordijk [34], the shorter dimensional prismatic specimen exhibits a
higher rotational stiffness as illustrated in Figure 2.21 and 2.24 leading to reduced non­uniform cracking
and making them less susceptible to tension­bending failure. Though the influence of specimens of
different dimensions hasn’t been studied in detail in the research herein, however, given the longer
dimensions of the tested specimens (i.e. 80(L) x 30(W) x 48(H) mm3) it can be confirmed that it is
an important factor influencing the test results. Especially, when the tension­bending failure occurring
in the specimens has been confirmed in Figures 5.4 and 5.5. Since the choice of the length of the
specimen was based on the length over which the groove was spread which was about 80 mm as can
be seen from Figure 4.1, it was inevitable to avoid the use of longer dimensional specimen for testing
and its effects thereof.

Another aspect that is notable in the stress­strain curve for all the specimens is that the deformation
capacity of the specimens is less which can be observed from the steep ascending curve. This is on the
similar lines as identified in the research of Hordijk [34] suggesting that the snap­back behaviour is a
function of the specimen length as seen in Figure 2.25. In the case of the research herein the specimen
length is that of the specimen thickness which is used for strain calculations and is small as compared
to the length dimensions. It is also important to note that owing to the shape of the specimen, the glue is
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non­uniformly spread between the specimen and the plates which makes it harder to estimate the glue
thickness. Also, even if approximations were considered to estimate the glue thickness, including it in
the calculation of the specimen thickness does not alter the aspect ratio (ratio of thickness to length) of
the specimen considerably and therefore, glue thickness is not considered in the specimen thickness
as seen in Figure 4.11.

5.3.3. Effect of notching and symmetry of test specimen

In a uniaxial tensile test, if the samples allow for notching it is preferred that the location of the crack
is predetermined by introducing a notch in the specimen. This helps in opening the crack at the notch
during the test and this opening of the notch can be further used as a feedback signal in a CLC­
based testing regime to ensure uniform crack distribution and hence, facilitate stable tensile tests [56].
Another similar approach that has been known to provide a stable response is that of adopting a dog­
bone­shaped specimen in which the specimen has a smaller cross­section over the centre part. In
case the specimens cannot be notched it is hard to define the location of the crack apriori. Owing to
the complex osteomorphic topology of the inter­layer, it was nearly impossible to create a notch in the
specimen used for testing in the research herein. Even though the specimens were un­notched and
no sophisticated feedback signal alteration for the test was done, the debonding of the inter­layer was
always the failure criteria of the specimens during the test which can be confirmed from the Appendix C.
The research of Zhou [36], confirms that the rotation caused by the asymmetrical shape of a specimen
has a similar effect on the test results as that of the rotation due to load eccentricity [36] [32]. The
asymmetry of the specimens under test setup could be associated with the osteomorphic topology of
the specimen this required grinding and chipping of the extruded layer. This was done to achieve a
flat surface to ensure uniform glueing and increase the contact surface between the specimen and
loading plates. The grinding of specimens influenced the test results in terms of causing non­uniform
debonding as the load transfer from the extruded layer was non­uniform. Furthermore, the cutting and
grinding of the specimens caused excess chipping of one extruded layer as compared to the other
which added to further asymmetries in the specimen. This possibly resulted in uneven load transfer
in the specimen causing non­uniform debonding as well which could be well observed in most of the
caulk­gun based­specimens as uneven nozzle­induced extrusion of layers may have aggravated these
problems, for example, in Specimen TG20­B­3 and TG5­B­3 as seen in Figure 5.8 and 5.9 below.

Figure 5.8: Specimen TG20­B­3 after failure: The thickness
of the upper layer is less as compared to bottom extruded

layer

Figure 5.9: Specimen TG5­B­3 after failure: The thickness
of the bottom layer is less as compared to upper extruded

layer

5.3.4. Effect of under­filling in the inter­layer

Almost all of the specimens exhibited under­filling and the major effects attributed to it, like that of the
formation of air voids which is further said to cause a reduction of effective density and potentially affect
the durability of the printed sample. The mould­casted specimens were prepared by pressing layer­
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over­layer and then compacted overnight by placing a heavy weight on top in order to ensure effective
layer intermixing which aided in achieving a uniform inter­layer bond. In the instance of pressing layers
against each other, there is a possibility of air entrapment between them resulting in the formation of air
voids. The under­filling related air voids formed in the mould­casted specimens in the research herein
are similar to the one observed in the research of Le et al. [19]. Although no intricate studies on the
void structure were performed in the research herein, the marked similarities can be observed from the
images of the debonded inter­layers concluded, as seen in Figures 5.10 and 5.11.

Figure 5.10: Inter­layer surface of Casted Specimen B­2
after failure with clustered voids (depicted by green regions)

and mould­induced discontinuity (depicted by yellow)

Figure 5.11: Inter­layer surface of Casted Specimen C­2
after failure with clustered voids (depicted by green regions)

and mould­induced discontinuity (depicted by yellow)

The debonded inter­layer of caulk­gun­based specimens on undergoing tests also showed effects
of under­filling as seen in mould­casted specimens which were worse than the one’s observed in the
latter. The layers of caulk­gun based­specimens were extruded through a nozzle. The speed and height
of extrusion were attempted to maintain constant as much as possible by using the setup as shown
in Figure 4.7. Therefore, even though the height of extrusion from the nozzle point of view was kept
constant with the help of setup, it was variable owing to the other end i.e. the osteomorphic topology
on which the extruded layer rested after extrusion. This meant that the extrusion height was shallow at
peaks and deeper at grooves and resulting in a variable extrusion height. This along with a combination
of grooving may have possibly resulted in the second extruded layer causing ineffective shape retention
in the deeper grooves which led to the issue of under­filling when extruding over the deeper grooves
of the topology as observed in Figure 5.12. This can be further confirmed through the conclusions
obtained in the research of Buswell et al. [1], which suggested that for a given material formulation and
nozzle geometry the filament is unable to follow the radius of the curve during a change of direction of
the tool­path and causes under­filling as observed in the Figure 5.12. The change of direction could be
correlated to the variable extrusion height in the research herein. The effects of under­filling observed in
the caulk­gun based­specimens become more relevant and clear when referred to Figure 2.9 and 2.10
[25]. This variable extrusion height causes ineffective shape retention in the deeper grooves resulting
in under­filling and is a major cause of cold joints formation due to lack of inter­layer mixing which was
predicted in the research of Nerella et al. [27] which can further be confirmed by comparing the Figure
2.13, 5.12 and 5.13.

Figure 5.12: Extruded second layer on the first layer (Regions highlighted with red show defects in the specimens related to
non­uniform contact between layers and non­uniform layer thickness induced due to the caulk gun extrusion process)
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Figure 5.13: Inter­layer surface after failure for Specimen TG10­A­1 with visible under­filling effects like lack of inter­layer
mixing (regions marked in blue)

5.3.5. Effect of roughness in inter­layer

The mould­casted specimens have a minor discontinuity in the inter­layer as illustrated in Figures 5.10
and 5.14. This is a result of the discontinuity in the mould used to cast these specimens. At first
instance, it might seem like it could act as a weak plane and create a preferential path for debonding
but as observed in Figure 5.10 since they are spread throughout the cross­section of the specimen
and the fact that these specimens were compacted well enough to avoid large defects (like cold joints)
suggests that good contact between successive layers exists within this mould­induced discontinuity.
Hence, their effect on the inter­layer bond test results is considered to be negligible.

Figure 5.14: Mould­induced discontinuity (Specimen A­2) in
the inter­layer (encircled yellow) when specimen is in the

test setup

Figure 5.15: Cold joint formation in the inter­layer of saw­cut
caulk­gun based­specimen

On the other hand, the roughness of the inter­layer in the caulk­gun­based specimens is not alike
and has a considerable influence on the test results. The nozzle extruded layer had an imperfection in
terms of having non­uniform layer thickness which led to an imperfect alignment of successive layers
and hence, non­uniform contact as spotted in Figure 5.12. The speed of the extrusion is a major
factor influencing the roughness in the inter­layer as suggested in the research of Putten et al. [6].
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The research infers that the speed of the extrusion and surface roughness has an inverse relation
and owing to which a lower speed of extrusion results in more roughness in the inter­layer and hence,
reduced bond strength. In the research herein, the speed of the caulk gun was attempted to be kept
constant as much as possible, however, since, it was manually operated the accuracy could not be
maintained throughout. Also, given the variation in height, the speed had to be varied to ensure that
the layer was extruded completely from the point of view of retaining the shape of the curve. Apart from
this, the under­filling induced defects like cold joints resulted in non­uniform contact in the inter­layer
as observed from Figure 5.13 and 5.15. These large defects result in reduced contact surface area
between successive layers and eventually result in weak bonding as observed in Figure 5.15. For this
purpose, the image analysis summarizer tool used herein serves as an effective and convenient bond
quantification tool to analyse the quality of the bond from the fractured inter­layer of the specimen. It is
important to note that the Image summarizer tool is not an essential requirement from the perspective
of analysis but is preferred in­order to get a better insight into the bond test results. The results of
the same are discussed extensively later. Since the specimens are un­notched, the roughness of the
inter­layer is a major deciding factor (besides under­filling) towards the onset of debonding and hence,
contributes majorly to non­uniform debonding during the test progress.

5.3.6. Effect of non­uniform glueing

Given the shape of the specimens as observed from Figure 4.10 it was difficult to ensure uniform glue
distribution between the specimen and the loading plates. Even after the presence of non­uniform glue
distribution between the specimen and loading plate, a glue­line failure was never encountered in any
of the tested specimens as can be observed from Appendix C. Moreover, no failure in terms of crack
initiation in the specimen was observed at the interface of glue and the specimens. This suggests that
the glue was strong enough to transfer the load from the loading plate to the specimen to cause the
failure through debonding of the inter­layer. However, owing to the non­uniform glue thickness there
is a possibility of uneven load transfer from the glue to the specimen and eventually, this could have
aggravated the problem of load eccentricities, but since, the glue was intact in all the tests and the
failure occurred in the inter­layer it was impractical to execute a detailed study to analyse the same.
Therefore, it is assumed that the glue distribution has no effect on the test results.

The under­filling and roughness­related effects encountered in mould­casted and caulk­gun based­
specimens in the form of air voids and cold joints respectively lead to the reduced contact surface
between the layers and hence, are considered to have an impact on the true mechanical properties
of the specimens. In the inter­layer bond tests, these defects may lead to uneven stress distribution
as the test progresses causing load eccentricities in the test and further non­uniform debonding of
the specimens. It is hard to differentiate and identify the effect of under­filling and roughness in the
specimens from their respective stress­strain curves, given that there are other factors like boundary
conditions, notching, dimensions and symmetry of the specimens already influencing these results.
While the research herein is not extensive in those aspects it provides an important insight into the
approach in which specimen preparation and test setup can influence the reliability of test results.

5.4. Characteristics of stress­strain curve

5.4.1. Post­peak unloading­reloading

On examining the overall stress­strain curve for a uni­axial tensile test of a specimen an unloading­
reloading cycle is observed in the post­peak curve as seen in Figure 5.16 which according to Hordijk
[34] is common in uni­axial tensile tests on concrete and is a result of mismatch of closing of crack­
surfaces in unloading stage resulting in propagation of existing micro­cracks in the reloading stage.
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Figure 5.16: Post­peak cyclic tensile behaviour observed in stress­strain curve [34]

In the case of the research herein, similar behaviour was observed in the post­peak curve however,
it’s not as excessive as showcased in the research of Hordijk [34]. This unloading­reloading loop visible
in Figure 5.17 is possibly due to the uneven closing of the de­bonded surfaces and the reloading stage
is a result of debonding of small bonded regions. The part of the post­peak curve in terms of Specimen
A­2 encircled in red in Figure 5.17 is indicative of this phenomenon and is not of interest in the analysis
as all the test data after data point­3 is classified as unstable test part. The dotted red line after data
point 3 indicates the point of the second snap­back occurring in the specimen after which the unloading­
reloading cycle is said to occur in the green curve. Since this cycle occurs in the unstable test parts
and a majority of debonding has already occurred in the specimen, it is not an important aspect but
understanding this phenomenon is nevertheless important for future studies. Similar, behaviour can
also be spotted in Specimen A­1 but is intense and noticeable as compared to the one in Specimen
A­2 in Figure 5.18.

Figure 5.17: Post­peak cyclic tensile behaviour observed in
the stress­strain curve of Specimen A­2

Figure 5.18: Post­peak cyclic tensile behaviour observed in
the stress­strain curve of Specimen A­1

5.4.2. Influence of displacement­rate

For most of the specimens in this research, a sharp peak is encountered in the stress­strain curve
which is counter­intuitive to the one observed in the literature which showcases a smooth peak for
similar SHCC­based specimens as observed in Figure 2.31 [44]. This can be attributed to the choice of
a faster displacement rate (0.1 µm/s) at which the deformation­controlled tests were performed. This
can also be confirmed from the conclusions in the research of Cadoni et al. [57] wherein direct tensile
tests were performed on concrete specimens with different strain rates. The results exhibited strain rate
sensitivity consisting of a non­linear increase of the mechanical properties of concrete with an increase
in strain rate as seen in Figure 5.19. The displacement rate for the test in the research herein was
decided on the basis of tensile inter­layer bond tests performed on dummy planar specimens of 80 mm
length, the purpose of which was to identify the maximum load required for such lengthy specimens to
de­bond and estimate the time required to perform the test on each specimen. Based on the results of
these tests and from the perspective of cutting down the time to perform tests on each specimen, it was
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decided to adopt a faster displacement rate of 0.1 µm/s. There is a possibility of increased strength
characteristics achieved in the obtained results due to this phenomenon, which, hasn’t been verified in
the research herein and may require attention while interpreting the results.

Figure 5.19: Strain rate sensitivity observed in stress­strain curves for different strain rates [57]

Owing to a lack of modification to the bonding tests apart from the issues pertaining to the bound­
ary conditions, notching, symmetry and under­filling observed in the test specimens the non­uniform
debonding led to load eccentricities which continued to persist and impaired the stability of the tests.
These have been identified herewith and serve the purpose of explaining the reliability of the obtained
test results and their assessment hereon in this research.
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5.5. Overview on Bond Tests for Mould Casting based­specimens
Within all the mould­casted specimens, Specimen A­2 has the highest bond strength. At first instance,
on the basis of the discussions in section 5.1 it seems like the Specimen A­2 is undergoing uniform
debonding of the inter­layer. Given that the contact between the successive layers is uniform with an
exception of a few air voids, the uniform debonding is justified. However, on keen observation of the
softening part of the stress­strain curve for the specimen it can be confirmed that there is no counter­
acting moment being generated and its effects like that of bumps are non­existent, as explained in the
section 5.1, it is, therefore, evident that boundary conditions of the test specimen were fixed­rotating.
This is an exceptional case which illustrates that pure tension failure does not always mean that the
results are not influenced by the boundary conditions and given previous research [57] [32] it can
be said that the high bond strength exhibited by this specimen is not a true property of the material
under consideration which can further be confirmed by comparison of softening curve for SHCC­based
specimens from the research of Chaves Figueiredo et al. [44] as seen in Figure 2.29.

Figure 5.20: Tensile inter­layer bond strength results for Mould­Casted Specimens (refer Appendix E)

Therefore, it can be inferred that there is a possibility that some level of non­uniform debonding
in the specimen existed during the test which was hidden due to the rotational boundary conditions
balancing them out and eventually leading to erroneous results showcasing centric load application.
Specimen A­4, B­1, B­4, C­3 and C­4 exhibit similar behaviour with an exception of slight non­uniform
debonding as it approaches the peak and thereafter. The snap­back behaviour could be a possible
reason for the load eccentricities post­peak. Since there is no data point recorded between the peak
and the end of the unloading region suggesting that the test setup was not fast enough to overcome
the sudden stress drop. All these specimens form a ’high strength unreliable’ group and are expected
to have erroneous test results which make them unreliable to consider for drawing further conclusions.

Contrary to the behaviour observed in the group of ’high strength unreliable’ group of specimens, the
rotational boundary conditions seem to have failed to balance out the non­uniform debonding occurring
in Specimen A­1 and C­2 (as confirmed from Figure 5.4) and hence, the load eccentricities continue
to persist which might have led to a less error­prone data as seen in Figure 5.5 but the reliability of
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these results is still questionable. These specimens are thus, grouped as ’medium strength reliable’
specimens.

Specimen A­3 has a softening curve with bumps which is suggestive of the test specimen having
fixed­fixed boundaries. The softening curve further confirms this as it resembles the one obtained in
previous research Chaves Figueiredo et al. [44] which should suggest that the test results are reliable.
It does, however, exhibit tension­bending failure throughout the test duration which can be confirmed
from Figure E.77 and E.78. The clustered voids as observed in Figure D.69 could have resulted in the
non­uniform contact surface between successive layers and serves as a good explanation for the non­
uniform debonding, apart from the other influencing factors such as the effect of notching and specimen
dimension.

The softening curve of Specimen B­3 and B­2 follow similar trends as exhibited by Specimen A­
3. In terms of Specimen B­3, though the specimen has fixed­fixed boundary conditions it undergoes
uniform debonding until the peak, post which the debonded regions start closing in an uneven manner
and further pull­out results in non­uniform debonding of the smaller bonded regions. This is a similar
phenomenon as explained in the research of Hordijk [34], who states that such behaviour is common in
direct tensile tests and leads to an unloading­reloading cycle in softening curve as illustrated in Figure
5.16. This unloading­reloading cycle can be spotted at data point­3 and on examination of strain at
this point shows the initiation of non­uniform debonding as can be confirmed from Figure B.334. The
test part after data point­3 is usually considered unstable as discussed in subsection 5.4.1 but since
debonding can be seen taking place in major proportion in this region it has been accounted for in the
analysis. Specimen C­1 also exhibits similar behaviour.

In the hindsight from the analysis of the inter­layer bond test results for Specimens A­3, B­2, B­3 and
C­1 it can be inferred that they represent a ’low strength reliable’ group. It is important to understand
that these specimens had fixed­fixed boundary conditions and their softening curves show a strong
resemblance to the one obtained by the previous researchers for SHCC­based specimens. Hence,
the possibility of the results being error­prone is less and they can be said to exhibit the true material
property. Clustered voids attributed to the under­filling related phenomenon in the inter­layer may
have been the major cause of the lack of contact between the successive layers resulting in a weaker
bonded region and hence, facilitating uneven pull­out of the inter­layer. The test results of this group
of specimens can therefore be considered to be reliable.
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5.6. Overview on Bond Tests for Caulk­Gun based­specimens
Apart from retrieving the groove size parameter as adopted in mould­casted specimens, additionally, a
study of surface moisture characterisation over time­gaps of 5­, 10­ and 20­minutes was also performed
on the caulk­gun­based specimens. The results of the same are provided in Figure 5.21 alongside the
bond test results.

Figure 5.21: Plot of SMC Measurements against Bond Strength of different Time­gaps (TG’s) based ­Caulk­gun specimens

As observed in the research of Wang et al. [49] over a period of time the moisture evaporates from
the surface of the layer which is then replaced by the moisture migrating from inside of the layer to the
surface. This creates a moisture gradient over the height of the layer. On similar lines, it was hypoth­
esised at the start of this research that the moisture would migrate from the crests to the grooves over
time owing to the topology of the layer. As observed in Figure 5.21, since, there are fewer deviations
in the Surface Moisture Content (SMC) values with respect to the time­gaps adopted, it poses difficulty
in predicting the aforementioned hypothesis. Furthermore, the method and equipment used herewith
to measure the SMC is not accurate and hence, pose numerous practical difficulties. One of the major
issues in recording SMC data is that the equipment pins need to be pierced into the sample up to a
certain depth in its fresh state which is a tedious task. Secondly, given the number of data points, it is
hard to achieve the same accuracy in repetitions. It is important to note here that though the equipment
comes pre­calibrated from the manufacturer the verification of the same hasn’t been performed and it
has solely been chosen for measurement based upon its industry applications and similar equipment
chosen in previous research [55]. This might need attention in upcoming research.

Though the deviation in the data is less, from Figure 5.21, it can be confirmed that for a given
specimen type the SMC values tend to decrease as time­gaps increase, which is as predicted by Van
Der Putten et al. [48]. However, close observation of the results confirms that this trend in decrease
is more or less similar over all three specimens. The decrease in SMC values for Specimen A and
B is from 100% (at 0­minutes) to approx. 63% (refer Appendix F) and in the case of Specimen C,
this decrease is slightly less and is limited to approx. 66% (refer Table 5.3). The room conditions
were constant throughout. Also, the extrusion parameter like that height and speed were attempted
to be kept constant throughout the process but some deviations could be expected as the height was
non­constant owing to the osteomorphic topology and manual operation of the caulk­gun speed was
variable. Since these deviations were not on a major scale and in­order to simplify the result analysis,
the extrusion parameters are considered to have a negligible effect on the surface moisture content.
Therefore, the slight less decrease in moisture for specimen type C could be attributed to its deeper
groove size which might have led to more moisture retention in the layer.
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As per the research of Sanjayan et al. [8] the trend in the surface moisture content over the time­
gaps influences the adhesion between the layers. Accordingly, for longer time­gaps owing to the loss of
moisture from the surface the adhesion between the layer is reduced. A similar trend, though not clearly
distinguishable is encountered in the caulk­gun based specimens as can be observed from Figure 5.21.
As can be confirmed from the Figure 5.21 specimens the time­gap of 5­minutes tend to have the highest
average bond strength of approximately 0.48MPa followed by specimens of 10­minutes and 20­minute
time­gap with an average bond strength of 0.36 and 0.32MPa respectively.

Given the previous research and the bond test results, at first instant, this trend seems logical.
However, similar to the discussions in the mould­casted specimens, the detailed analysis of the bond
test results (refer Appendix ­ B), reveals a major issue identified which is that of the reliability of the
bond test results which interferes with the aforementioned logic. The caulk­gun specimens are not
only influenced by the adopted time­gaps but also by the groove­sizing. The trend usually shows that
Specimen A is the highest contributor to the average bond strength with Specimen C being the lowest
which is also the case in mould­casted specimens. The trend seems a bit off in terms of specimens
with time­gap of 10­minutes wherein Specimen B is the lowest contributor to the average. Since the
specimens were extruded using a caulk­gun nozzle, the issues of under­filling and/or roughness due to
variable height, speed and grooving are more predominant in these. The roughness of the inter­layer
due to the formation of cold joints and due to poor quality of nozzle extrusion are major contributors to
errors during the test. Therefore, in­order to understand how the specimens perform against each other
in terms of strength, owing to the groove sizes and time­gaps, it is important to identify the reliability of
the test results first based on the discussions provided in section 5.3.

Firstly, the specimens are identified for non­uniform and uniform debonding, the results of which can
be correlated to the surface moisture content measurements and image analysis data thereafter. Sec­
ondly, based on the behaviour of the softening curve for each tested specimen the specimen boundary
conditions are identified. The specimen with softening curves showing no bumps are considered to
have fixed­rotational boundary conditions and the ones with bumps are considered to have fixed­fixed
(as per the discussion provided in sub­section 5.3.1). The specimen with fixed­fixed boundary condi­
tions are said to exhibit the true nature of material property [32] [36] and hence, are considered reliable.
Owing to the above considerations and as can be confirmed from Table 5.2, only approximately 36% of
the total tested specimens are reliable. The discussions on the reliability of the specimens is similar to
the one provided in section 5.5 for the mould­casted specimens. Therefore, only the reliable specimens
i.e. specimens with fixed­fixed boundary conditions and having a softening curve characteristically sim­
ilar to the one obtained for SHCC­based specimens in the literature as highlighted in Table 5.2 and 5.3
and Figure 5.22 are only discussed in detail herewith in terms of surface moisture content and image
analysis.

Table 5.3: Specimens with reliable test results

Specimen Strong Bonding
[in %]

Bond Strength
[MPa]

SMC
[in %]

Time­gap Type Position
5­minutes A 4 48.53% 0.333 78.52%

B 3 47.40% 0.038 81.48%
C 3 54.85% 0.211 77.14%

10­minutes A 1 47.45% 0.273 67.20%
3 50.88% 0.360 62.96%

B 4 58.73% 0.321 71.11%
3 50.27% 0.399 72.06%

C 4 45.93% 0.249 59.79%
20­minutes A 3 47.51% 0.319 62.22%

B 3 45.42% 0.055 65.29%
4 45.54% 0.005 69.84%

C 1 42.92% 0.181 61.38%
3 48.93% 0.182 68.57%
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Figure 5.22: Plot of SMC Measurements against Bond Strength of different Time­gaps (TG’s) based ­ Caulk­gun specimens
(Reliable)

Figure 5.23: Plot of Bonding acquired from Image analysis Vs. Average Bond Strength for (reliable) caulk­gun specimens

One of the major observations from the test results is that the specimens of a time­gap of 20­
minutes and 5­minutes seem to have similar behaviour. Though the SMC measurements for these
groups differ and are on the similar lines as that suggested in previous research [49] [6] [8] the same
cannot be said about inter­layer bond strength. The inter­layer bond strength for the specimens of these
groups are in the similar range and they seem to perform poorly as compared to specimens with a time­
gap of 10­minutes which is counter­intuitive to the conclusions observed in previous research wherein
it suggests that longer time­gaps specimen should exhibit lower strength and vice versa. Since the
aspect of boundary conditions is not interfering with the test results as explained before it can easily be
ruled out. Therefore, the only factors responsible for this trend could be the issues of asymmetry of the
specimens, under­filling and surface roughness which result in non­uniform bonding in the inter­layer
and are further analysed in­depth hereon.

From Figure 5.22 it can be confirmed that the specimen type­B performs poorly in bond tests for time
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gaps of 5­ and 20­minutes. Specimens of group TG20­B have an average bond strength of 0.030MPa
which when correlated to the image analysis results as observed in Figure 5.24 and 5.23 confirms that
the bonding observed in these specimens is one of the lowest which is approx. 45%. Apart from non­
uniform bonding, Specimen TG20­B­3 also has issues with regards to asymmetry induced due to cutting
and grinding as explained in subsection 5.3.3 which might have influenced the non­uniform debond­
ing during test progress, as seen in Figure E.45. Specimen TG20­B­4 undergoes uniform debonding
throughout the test progress as observed in Figure E.47, however, given the image analysis result it
can be confirmed that the bonding in the successive layers is low which might have led to an instanta­
neous debonding and hence, non­uniform debonding is non­existential in the test progress even though
the fractured inter­layer surface suggests that non­uniform bond prevailed in the specimen. Specimen
TG5­B­3 shows a similar trend as that observed in Specimen TG20­B­3 and also seems to have issues
of asymmetry as seen in Figure 5.24a apart from the lack of strong bonding in the inter­layer. Specimen
TG10­B­3 and TG10­B­4 have a strong bonding of about approx. 55% which is more than observed
in any other caulk­gun­based specimen and hence, serves as a better explanation of the good bond
strength exhibited by these specimens.

(a) Image analysis result for (Left) Specimen 20­B­3 (Right) Specimen 20­B­4

Figure 5.24: Image analysis results performed on fractured inter­layer surface: (Top) Original Image (Middle) Threshold image
representing weak bond (Bottom) Threshold image representing good bond

Specimen type­C and A show good consistency in terms of the inter­layer bond strength results.
Specimens TG5­C­3, TG20­C­1 and TG20­C­3 form the next lowest bond strength group. All the spec­
imens seem to show similar behaviour on examining the test progress data, with slight non­uniform
debonding initiated from the start of the test (as seen in Figure E.53, E.65 and E.69). The major fac­
tor influencing the results of Specimen TG20­C­1 and TG20­C­3 is that of non­uniform bonding which
can be confirmed from the image analysis results. Though the bonding in the Specimen TG5­C­3 was
strong approx. 54%, it clearly had the issue of asymmetry due to the thickness of the bottom layer be­
ing less, which possibly influenced the bond test results to large extent, which can be confirmed from
Figure 5.25
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Figure 5.25: Failure of Specimen TG5­C­3 influenced by asymmetry (bottom layer)

The specimen type­A shows consistent and better bond strengths in all the time­gaps as observed
from Figure 5.22 and from its scatter in Figure 5.23. Though the specimens exhibit good and consistent
bond strength the non­uniform debonding does exist mildly from the start of the test and intensifies post­
peak, as can be confirmed from test progress data in Appendix­E. This is suggestive of the existence
of under­filling and roughness­induced non­uniform bonding between successive layers which can be
further confirmed by the image analysis results. Although the effects of under­filling and roughness
persist, the asymmetry­related effects in the test setup are limited, except for in the case of TG5­A­4
which are considerable. The effect of specimen dimensions as discussed in subsection 5.3.2 could
have been another factor responsible for the non­uniform debonding. Thus, it can be confirmed that
specimen type­A is a good representation of the strength characteristics of these caulk­gun­based
curved specimens.
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5.7. Overview on Bond Tests for Reliable Specimens
In terms of caulk­gun­based specimens, there is no direct relationship that can be observed between
bond strength and surface moisture content as obtained in the previous research [6], [48]. This might
possibly be due to the fact that an additional groove sizing parameter interferes the results. From the
Figures, 5.21 and 5.22, the groove sizing and surface moisture content relationship is inconclusive
as well. Given that surface moisture content, data shows no appropriate trend in terms of groove
sizing and bond strength parameters it is termed inconclusive and hence, for this purpose for further
comparative analysis between caulk­gun and mould­casted based­specimens this parameter is not
taken into consideration anymore. Owing to this, the results of the tests that have been considered
reliable as per the discussions in previous sections are provided in Figure 5.26.

Figure 5.26: Overall comparison of bond strength results for samples with reliable test results

As observed from Figure 5.26, the mould­casted specimens perform poorly in bond strength tests as
compared to the caulk­gun specimens. Since specimens of type­A and C perform consistently overall,
the comparison of these between caulk­gun and mould­casted specimens suggests that the former
exhibits 44 to 54% more tensile bond strength as compared to the latter. Although no studies in terms
of the void structure have been performed herewith, the visual examination of the inter­layer suggests
that the under­filling attributed effects like clustered voids in the interface of mould­casted specimens
(as observed in the Figure 5.27) have an adverse effect on bond strength which is on the similar lines as
that observed in various previous research literature’s [19] [21] [22]. The phenomenon of the formation
of voids in these specimens is explained in subsection 5.3.4, these clustered voids possibly caused
reduced effective contact area and may have led to the formation of weaker joint planes within the
interface [21] [19]. Based on this phenomenon and observing Figure 5.27 helps to confirm that the
number of voids on the inter­layer surface of Specimen B is higher, which is suggestive of the weaker
bond strengths exhibited by these specimens. From the image analysis result, it can be confirmed
that bonding was also a major issue with caulk­gun based­specimen of type­B (as observed in Figure
5.24). Hence, the results for both specimens i.e. caulk­gun and mould­casted are in agreement over
the order in which strength characteristics differ in terms of specimen types i.e. specimen type A and
C perform consistently better than B (in that order ­ except for time­gap of 10­minutes).
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(a) Fractured inter­layer surface for (Left) Specimen A­3 (Right) Specimen B­2

(b) Fractured inter­layer surface for (Left) Specimen B­3 (Right) Specimen C­1

Figure 5.27: Fractured (bottom) inter­layer surface of mould casted specimen: exhibiting (green regions) clustered voids in the
interface (yellow regions) mould induced­discontinuity (red regions) showing fibre dispersion in the layer

The variation in the speed of extrusion could be a good explanation for the trend observed in bond
strengths of caulk­gun specimens as suggested in the previous research [6]. Owing to the shallower
groove dimensions in Specimen type­A the variation in extrusion height was less which led to faster
extrusion speed because the extruded layer from the nozzle could rest and retain the shape of curved
topology underneath conveniently. The same wasn’t the case in terms of Specimen type­B and C. Pre­
vious literature studies identified an inverse relationship between the speed of extrusion and the surface
roughness which meant that the extruded layer in Specimen type­A was comparatively smoother than
Specimen type­B and C and hence, was able to avoid defects and establish good contact between
successive layers which can be confirmed from the image analysis results displayed in Figure 5.23.
Specimen type­B of 5­ and 20­minutes had issues with the asymmetry of the specimen in the test setup
hence, it’s hard to confirm this ’surface roughness’­related phenomenon there. However, if Specimen
type­B of 10­minutes is to be analysed, it’s suggestive of a good combination achieved between extru­
sion parameters and grooving leading to better contact in the inter­layer and therefore, enhanced bond
strength. Specimen type­C exhibits the same phenomenon and is more reliable since, as compared
to type­B the problems of asymmetry were not as major in these. Though it is hard to quantify and
perform a comparative analysis of the specimen results based on this phenomenon, it provides a good
perspective and insight for future research.



6
Conclusion and Recommendations

The research conducted as a part of this thesis aimed to resolve the issue of weak inter­layer bonding
between layers of extrusion­based 3D printable concrete structures. The research question identified
for the same is given below:

What is the effect on the inter­layer bond when the prevalent planar geometry of SHCC­based
extruded layers is modified to one inspired by osteomorphic blocks in extrusion­based 3D

concrete printing?

Two methods were used for sample preparation namely mould casting and caulk­gun extrusion and
the samples derived from these methods were further tested for inter­layer bond strength. The speci­
mens acquired from the aforementioned methods had various issues apart from the several drawbacks
of the test setup, which led to the data achieved by performing inter­layer bond tests on the specimens
being error­prone. This made the process of analysing the effect of implementing such a shape in the
inter­layer complicated.

The intent of this chapter is to provide a detailed conclusion for each method and then provide
a generalised conclusion. Furthermore the focus of the chapter shifts towards providing appropriate
recommendations for future research on the topic.

6.1. Detailed Conclusions

6.1.1. Mould­casting method

The mould­casting­based specimens were produced with an intention of solely focusing on the aspect
of grooving and with the exclusion of printing parameters. These specimens had issues of under­filling
attributed to clustered voids which were caused due to the air entrapment during the casting process.
Most of the mould­casted specimens endured non­uniform debonding for this reason under the test
progress. The shape of the softening curve was a major deciding factor in establishing the boundary
conditions of the specimen under the test setup. The fixed­rotational boundaries of the specimen led
to load eccentricities during test progress which intensified the problems of non­uniform debonding in
these specimens. Hence, it was imperative to first identify the reliability of the test results for each
specimen. In doing so it was found that only one­third of the total tested specimens had fixed­fixed
boundaries and their results could be deemed reliable. On those lines, Specimen type­A exhibited the
highest bond strength followed by Specimen type­C and B (in that order). In terms of tensile inter­layer
bond strength, Specimen type­Awith a bond strength of 0.147MPa performed approximately 19%better
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than that of type­C and about 60% better than that of type­B which exhibits an average bond strength
of 0.118MPa and 0.060MPa respectively. The reduced adhesion due to voids present in the inter­layer
is the main reason for the huge difference in the bond strength values. It can thus be concluded that
a deeper grooving in the topology does not always lead to mechanical interlocking owing to the under­
filling attributed voids in the inter­layer, specimen and hence, improvement of the inter­layer bond in
extrusion­based 3D printed concrete. Owing to the specimen defects and test setup, the sample size
used to arrive at this conclusion is not big enough. However, a comparison of the results obtained
in terms of mould­casting specimens, with the literature shows good agreement with similar studies
performed in the past and hence, results gain some level of credibility.

6.1.2. Caulk­gun extrusion method

The caulk­gun based­specimens retained groove sizing parameters from the mould­casting method
besides the inclusion of other parameters like surface moisture migration and time­gaps. These speci­
mens exhibited issues of non­uniform debonding during test progress as encountered in mould­casted
specimens. Asymmetry of the specimen and non­uniform contact in the inter­layer due to under­filling
attributed cold joints resulting from grooving and surface roughness of the extruded layer caused by
variable extrusion parameters affected the adhesion of the inter­layer and hence, are said to have ma­
jorly influenced the debonding behaviour during test progress. Apart from these issues, the primary
issue of boundary conditions of the specimen under test setup was also eminent in caulk­gun based­
specimens. Therefore, in order to get rid of erroneous test data the softening curve was analysed first
and specimens with fixed­fixed boundary conditions were identified which were then used for further
detailed analysis.

Given that the deviations in the measured surface moisture are very minor, it is complicated to
conclude if there is any surface moisture migration occurring within the extruded layers. However,
as can be concluded from the results the surface moisture content on extruded layer decreases with
an increase in time. As per previous research, owing to loss of moisture, a longer time gap should
have resulted in decreased adhesion and hence, reduced bonding. This phenomenon is observed
in caulk­gun­based specimens when the results are considered in entirety. However, the trend fails
to prevail when the results are narrowed down based on their reliability. Accordingly, specimens of
time­gap 5­minutes should have exhibited the highest bond strength followed by those of 10­ and 20­
minutes. However, on narrowing down the results based on their reliability, this trend does not exist
and a random trend can be observed wherein specimens of time­gap 10­minutes with an average bond
strength of 0.310MPa are performing 40% better than those of 5­ and 20­minutes with an average bond
strength of 0.194MPa and 0.180MPa respectively. The main reason identified for the poor performance
of specimens with time­gaps 5­minutes is that they have asymmetry due to excessive grinding and
chipping of one extruded layer more than the other. This might have caused uneven stress transfer
from the loading plates to the inter­layer and this, in combination with non­uniform bonding between
the inter­layer might have led to inaccurate test results.

Furthermore, in terms of the groove sizing parameter, Specimen Type­A and type­C perform con­
sistently over the 3 time­gaps with an average bond strength of 0.320MPa and 0.210MPa respectively.
On the other hand, Specimen type­B shows an unusual trend, performing poorly in time­gaps of 5­
and 20­minutes with bond strength averaging at 0.034MPa which is 90% less than that exhibited by
time­gap of 10­minutes which shows an average bond strength of 0.360MPa. As discussed earlier,
in terms of time­gaps of 5­ and 20­minutes, Specimen type­B had problems of asymmetry and weak
bonding in the inter­layer which suggests some level of inaccuracy in the test data whereas the strong
performance in time­gap of 10­minutes is attributed to the uniform bonding in the inter­layer which
can be confirmed from the image analysis results. However, given the trend observed in the mould­
casting­based specimens which were solely based on groove size parameters, the trend for time­gap
of 10­minutes in caulk­gun­based specimens seems abnormal. One explanation for this could be that
the speed and height of extrusion influence the surface roughness of the extruded layers and since they
were variable during the sample preparation, they may have led to an inconsistent surface roughness
of the specimens which resulted in an unconventional trend in bonding test results.
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6.2. General Conclusions
The research herein, emphasises various important issues faced in terms of sample preparation and
testing of the specimens. The mould­casted and caulk­gun based­specimens had under­filling at­
tributed defects like clustered voids and cold joints respectively. Apart from that, the inclusion of extru­
sion parameters in caulk­gun­based specimens led to surface roughness which added to the issue of
cold joint formation. The testing regime was mainly influenced by boundary conditions in combination
with specimen dimensions and asymmetry (especially in terms of caulk­gun based­specimens). The
displacement rate and absence of notching in the specimen are other factors that could have added to
inaccuracies in the obtained test results.

After acknowledging the inaccuracies in the sample preparation and testing regime one of the im­
portant outcomes to draw from reliable test results is that deeper grooving does not always lead to
enhanced mechanical interlocking in extrusion­based 3D­printed concrete. Factors like under­filling
due to grooving and surface roughness induced by extrusion parameters interfere immensely in prov­
ing the same. The second important outcome to highlight is that the inverse relationship between
time­gap and bond strength observed in various previous research may not hold true when combined
with grooving. The same can be said about the direct relationship between surface moisture content
and bond strength which is hard to predict as the groove sizing parameter and the defects associated
with it interfere with doing so.

Although there is an ample amount of potential in trying to improve the inter­layer bond in extrusion­
based 3D printable concrete by adopting the topological interlocking phenomenon, there is a long way
to go before it can be completely implemented and its potential can be harnessed by the construction
industry. Based on the outcomes, it can be said that it is imperative to devise a rigorous and accurate
regime to prepare and test the specimens before even going on to prove and conclude the hypothesis
stated initially. However, the research herein manages to provide crucial insights to help improve and
build a strong basis for similar future research.

6.3. Recommendations
The research conducted herein is conceptual and is a first step towards implementing this approach
in 3D concrete printing. It focuses extensively on the aspects of finding the appropriate combination
between groove size and time­gap in­order to ensure that the topological interlocking is as effective
as possible. A more comprehensive research can be planned in­order to explore the advantages of
adopting topological interlocking phenomenon in 3D concrete printing, keeping the below pointers in
perspective:

• As the specimen topology has a tendency to affect the results, the reliability of the tests high­
lighted in this research is a major aspect that needs attention in future research as well. Adopting
sophisticated modified CLC­based testing could help avoid reliability issues to a large extent.

• Another aspect could be to adopt a smaller scaled­down version of the topology and saw prismatic
specimens which are said to have higher rotational stiffness and would provide stable debonding
and hence, could impart more accuracy in test results.

• Since notching of the specimens is hard to achieve due to the curved topology it is recommended
to use small LVDT’s or increase the number of LVDT’s and adopt a modified control loop as
suggested in the research of Li, Kulkarni, and Shah [35] which will help minimise the snap­back
behaviour and would further help in reducing the chances of encountering unstable test progress.

• Adopting a slower displacement rate and estimation of the same with the help of dummy speci­
mens prior to the commencement of the testing regime can help reduce the inaccuracy of the test
results.

• The inter­layer bond test setup needs to be modified for the topology­based specimens by replac­
ing flat plates with plates having a curved surface this will not only help in reducing the efforts of
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grinding and cutting the specimens (facilitating uniform glue distribution between the plate and the
specimen) but it will also help prevent non­uniform stress distribution and further help in avoiding
inaccuracies induced in test results due to asymmetry of the specimens.

• The variable extrusion parameters influence the surface roughness and are also related to the
under­filling attributed effects like cold joint formation. It is recommended to keep uniform height
throughout and constant speed which can be achieved by using a scale model robotic arm at­
tached to a nozzle which should provide good printing without the inclusion of cold joints.

• A dynamic nozzle can be devised which can help perfectly extrude the osteomorphic block­
inspired shape as tried in this research initially. This is expected to help reduce problems like
nozzle extrusion­induced roughness in the inter­layer and cold­joint formation.

• The quality of the bond can be characterised using sophisticated micro­structural analysis tech­
niques instead of Image analysis which will prove to be more accurate.

• A study can be carried out on a micro­scale level to explore and confirm the benefits of fibre
bridging in the fracture surface in combination with the topological interlocking phenomenon.

• Sophisticated equipment which provides accurate readings can be used tomeasure surfacemois­
ture migration in further research. Calibration of the device is an essential aspect that should not
be overlooked as well.

• The inter­layer bond strength of the topology­based extruded specimens needs to be compared
to that of planar shape­based extruded layers in­order to understand the effectiveness of using
the topology phenomenon.

• The changes in room conditions can be experimented with and monitored with in­order to study
surface moisture migration in this topology.
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A
Appendix­A

A.1. Designing and Testing a Dynamic Nozzle
This was the first step in exploring the possibilities to extrude a layer which was inspired from the
osteomorphic block shape of consisting of variable thickness in a single layer as seen in Figure A.2. It
was practically impossible to extrude concrete in such layers with the use of conventional (down­flow)
nozzle. Owing to which changes were suggested so as to implement a modified (dynamic) nozzle
setup as seen in Figure A.6. The proposed modifications to the nozzle did produce acceptable results
as seen in Figure A.7 but were not enough to proceed further in the sense that the specimens required
to carry further testing were printable. Hence, looking at the time required for fine tuning the details
with the modified nozzle it was decided to explore other options namely trying with the conventional
nozzle with base blocks set on the print bed for extruding the proposed layer from the perspective of
ease in execution.

Hereon, owing to the dependencies and avoiding laborious 3D printing sessions the research was
simplified by proposing the concrete extrusion to be done with conventional (down­flow) nozzle on the
base layer (as seen in Figure A.1). The shape of the extruded layer was sinusoidal with a constant
thickness. The entire specimen would finally look as the one on right in Figure A.2.

A.1.1. Nozzle Design

At the start of the research, one of the major problem encountered was that of extruding the topology.
It was first decided that the base layer would be printed with the Poly­Lactic Acid (PLA) material based
3D printing. After which the concrete would be extruded over the base layer using the 3D concrete
printing setup as shown in Figure A.1
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Figure A.1: Printing of base layer with PLA based 3D printing

The concrete was expected to take the shape of the base layer underneath. But as shown in
Figure A.2 the layer extrusion as proposed in this research was practically impossible to print with
conventional (down­flow) nozzle. Using a conventional (down­flow) nozzle one would have ended
up with the specimen as shown in the right of Figure A.2 which has a deviation in interlocking at inter­
layers. To avoid this, modifications at the nozzle level were proposed and carried out which would make
possible to extrude the specimen as shown in the left of Figure A.2. A nozzle with moving walls was
devised which would ensure that shape of the extruded layers would be reminiscent of osteomorphic
topology as shown in left of Figure A.2.

Figure A.2: 3D concrete printing renders (as modelled and visualised in RHINO) (left) the expected topology for research (right)
extruded topology with a conventional nozzle nozzle

A.1.2. Conventional Nozzle

The conventional (down­flow) nozzle is as shown in Figure A.3. At present the standard dimensions
(with regards to 3D concrete printer available at TU Delft’s Stevin Lab) of extruded concrete layer by
this nozzle is 40 x 14mm. The geometrical dimensions of the conventional (down­flow) nozzle are as
shown in Figure A.4 which was implemented in the research at a later stage to extrude the specimen
as shown in the right of Figure A.2.
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Figure A.3: Conventional (down­flow) Nozzle used for 3D concrete printing renders (as modelled and visualised in RHINO)
(Left) Perspective View (Right) Sectional View

Figure A.4: Conventional Nozzle dimensions used for 3D concrete printing

A.1.3. Modified Nozzle

Due to the limitations of conventional (down­flow) nozzle of not being able to extrude an osteomorphic
block shaped layer (as seen in left of the Figure A.2) the modified (down­flow) nozzle was designed
which is as shown in the Figure A.5. This nozzle consists of the conventional (down­flow) nozzle (with
slightly bigger opening of 40 x 20mm) mounted over a setup consisting of 2 walls (placed symmetrically
opposite to each other) and slider­crank arrangement powered by NEMA 17 stepper motors which are
controlled by Arduino UNO microchip running on a 12V battery pack.
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Figure A.5: Modified Nozzle Design with flapping walls used for 3D concrete printing (3D model from RHINO)

Figure A.6: Modified Nozzle Setup used for extrusion­based 3D concrete printing



A.1. Designing and Testing a Dynamic Nozzle 81

The entire nozzle setup for the same can be seen in Figure A.6 Themodified (down­flow) nozzle was
dynamic in the sense that the walls (operated with crank and slider arrangement) placed underneath
the conventional (down­flow) nozzle were able to move on a central pivot point and form a position
which could shape the layer being extruded in such a way that resulting extruded layer on the print bed
would be similar to that of an osteomorphic block pattern ( Figure 2.40).

Figure A.7: Modified Nozzle Specimen printed by using extrusion­based 3D concrete printing (Zoomed in: Resulting
osteomorphic block­based shape of extruded layer)

The resulting extruded specimen can be seen in the Figure A.7. The walls were programmed to
move in a ±14.26 ∘ angle about the pivot point with the help of slider­crank arrangement which was
operated by stepper motors. The code to run the stepper motors was written in C++ programming
language which can be found in the Annex A.1.4 herewith. A specific angle was chosen with an aim to
extrude the layer of specific size which was in correlation to the speed of the stepper motor (controlled
by the parameters in the code which was uploaded on Arduino UNO microchip). The dynamic action
of the nozzle was kept in sync with the G­CODE (Annex A.1.5) of the robot.
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A.1.4. Code to be uploaded on Arduino UNO for synchronous run of stepper
motors

/ / Shows how to run three Steppers a t once wi th vary ing speeds

/ / Requires the Ada f ru i t _Mo to rsh ie l d v2 l i b r a r y
/ / h t t ps : / / g i thub . com/ a da f r u i t / Adaf ru i t_Motor_Sh ie ld_V2_L ibrary
/ / And AccelStepper w i th AFMotor suppor t
/ / h t t ps : / / g i thub . com/ a da f r u i t / AccelStepper

/ / This t u t o r i a l i s f o r Ada f r u i t Motorsh ie ld v2 only !
/ / W i l l not work w i th v1 sh ie l ds

# inc lude <Wire . h>
# inc lude <AccelStepper . h>
# inc lude <Adaf ru i t_Moto rSh ie ld . h>

/ / Ada f ru i t_Moto rSh ie ld AFMSbot(0 x61 ) ;
/ / Rightmost jumper closed Ada f ru i t_Moto rSh ie ld AFMStop(0 x60 ) ;
/ / De fau l t address , no jumpers

/ / Connect two steppers w i th 200 steps per r e vo l u t i o n (1 .8 degree )
/ / to the top sh i e l d
Adaf ru i t_StepperMotor *myStepper1 = AFMStop . getStepper (200 , 1 ) ;
Adaf ru i t_StepperMotor *myStepper2 = AFMStop . getStepper (200 , 2 ) ;

/ / Connect one stepper w i th 200 steps per r e vo l u t i o n (1 .8 degree )
/ / to the bottom sh ie l d
/ / Adaf ru i t_StepperMotor *myStepper3 = AFMSbot . getStepper (200 , 2 ) ;

/ / You can change these to DOUBLE or INTERLEAVE or MICROSTEP!
/ / wrappers f o r the f i r s t motor !
vo id forwardstep1 ( ) {
myStepper1−>onestep (FORWARD, DOUBLE) ;

}
vo id backwardstep1 ( ) {
myStepper1−>onestep (BACKWARD, DOUBLE) ;

}

/ / wrappers f o r the second motor !
vo id forwardstep2 ( ) {
myStepper2−>onestep (FORWARD, DOUBLE) ;

}
vo id backwardstep2 ( ) {
myStepper2−>onestep (BACKWARD, DOUBLE) ;

}

/ / wrappers f o r the t h i r d motor !
/ / vo id forwardstep3 ( ) {
/ / myStepper3−>onestep (FORWARD, INTERLEAVE ) ;
/ / }
/ / vo id backwardstep3 ( ) {
/ / myStepper3−>onestep (BACKWARD, INTERLEAVE ) ;
/ / }

/ / Now we ’ l l wrap the 3 steppers i n an AccelStepper ob jec t
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AccelStepper stepper1 ( forwardstep1 , backwardstep1 ) ;
AccelStepper stepper2 ( forwardstep2 , backwardstep2 ) ;
/ / AccelStepper stepper3 ( forwardstep3 , backwardstep3 ) ;

vo id setup ( )
{

/ / AFMSbot . begin ( ) ; / / S t a r t the bottom sh ie l d
AFMStop . begin ( ) ; / / S t a r t the top sh i e l d

stepper1 . setMaxSpeed (200 . 0 ) ;
stepper1 . se tAcce le ra t i on ( 100 . 0 ) ;
stepper1 .moveTo(50000) ;

stepper2 . setMaxSpeed (200 . 0 ) ;
stepper2 . se tAcce le ra t i on ( 100 . 0 ) ;
stepper2 .moveTo(50000) ;

/ / stepper3 . setMaxSpeed ( 300 . 0 ) ;
/ / stepper3 . se tAcce le ra t i on ( 100 . 0 ) ;
/ / stepper3 .moveTo(1000000);

}
vo id loop ( )
{

/ / Change d i r e c t i o n a t the l i m i t s
/ / i f ( stepper1 . distanceToGo ( ) == 0)
/ / stepper1 .moveTo(− stepper1 . cu r r en tPos i t i o n ( ) ) ;

/ / i f ( stepper2 . distanceToGo ( ) == 0)
/ / stepper2 .moveTo(− stepper2 . cu r r en tPos i t i o n ( ) ) ;

/ / i f ( stepper3 . distanceToGo ( ) == 0)
/ / stepper3 .moveTo(− stepper3 . cu r r en tPos i t i o n ( ) ) ;

stepper1 . run ( ) ;
stepper2 . run ( ) ;

/ / s tepper3 . run ( ) ;
}

A.1.5. G­Code for Modified Nozzle based Printing

G−Code f o r Modi f ied Nozzle based P r i n t i n g
/ / Feed Rate
/ / F[#101] = 2400

F[#101] G1 X−20 Y40
F[#101] G1 Z25
F[#101] G1 X−980 Y40
F[#101] G1 X−980 Y140
F[#101] G1 X−20 Y140
G4 P20





B
Appendix­B

B.1. Detailed analysis of Bond test results

B.1.1. Caulk­gun Specimens

Figure B.1: Stress vs. Strain curve for Specimen TG5­A
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Specimen TG5­A­1

Figure B.2: Overall Load Vs. Displacement curve for
Specimen TG5­A­1

Figure B.3: Overall Stress Vs. Strain Graph for Specimen
TG5­A­1

Figure B.4: Overall Time Vs. Displacement graph for
Specimen TG5­A­1

Figure B.5: First sampling Time Vs. Displacement graph for
Specimen TG5­A­1

Figure B.6: Sampling Load Vs. Displacement graph for
Specimen TG5­A­1

Figure B.7: Stress Vs. Strain Graph for the sampled data
for the Specimen TG5­A­1
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Figure B.8: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG5­A­1
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Specimen TG5­A­2

Figure B.9: Overall Load Vs. Displacement curve for
Specimen TG5­A­2

Figure B.10: Overall Stress Vs. Strain Graph for Specimen
TG5­A­2

Figure B.11: Overall Time Vs. Displacement graph for
Specimen TG5­A­2

Figure B.12: First sampling Time Vs. Displacement graph
for Specimen TG5­A­2

Figure B.13: Sampled Load Vs. Displacement graph for
Specimen TG5­A­2

Figure B.14: Stress Vs. Strain Graph for the (third) sampled
data for the Specimen TG5­A­2
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Figure B.15: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG5­A­2
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Specimen TG5­A­3

Figure B.16: Overall Load Vs. Displacement curve for
Specimen TG5­A­3

Figure B.17: Overall Stress Vs. Strain Graph for Specimen
TG5­A­3

Figure B.18: Overall Time Vs. Displacement graph for
Specimen TG5­A­3

Figure B.19: First sampling Time Vs. Displacement graph
for Specimen TG5­A­3

Figure B.20: Sampled Load Vs. Displacement graph for
Specimen TG5­A­3

Figure B.21: Stress Vs. Strain Graph for the (third) sampled
data for the Specimen TG5­A­3
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Figure B.22: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG5­A­3
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Specimen TG5­A­4

Figure B.23: Overall Load Vs. Displacement curve for
Specimen TG5­A­4

Figure B.24: Overall Stress Vs. Strain Graph for Specimen
TG5­A­4

Figure B.25: Overall Time Vs. Displacement graph for
Specimen TG5­A­4

Figure B.26: First sampling Time Vs. Displacement graph
for Specimen TG5­A­4

Figure B.27: Sampled Load Vs. Displacement graph for
Specimen TG5­A­4

Figure B.28: Stress Vs. Strain Graph for the (third) sampled
data for the Specimen TG5­A­4
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Figure B.29: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG5­A­4
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Figure B.30: Stress vs. Strain curve for Specimen TG10­A

Specimen TG10­A­1

Figure B.31: Overall Load Vs. Displacement curve for
Specimen TG10­A­1

Figure B.32: Overall Stress Vs. Strain Graph for Specimen
TG10­A­1
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Figure B.33: Overall Time Vs. Displacement graph for
Specimen TG10­A­1

Figure B.34: First sampling Time Vs. Displacement graph
for Specimen TG10­A­1

Figure B.35: Sampled Load Vs. Displacement graph for
Specimen TG10­A­1

Figure B.36: Stress Vs. Strain Graph for the (third) sampled
data for the Specimen TG10­A­1

Figure B.37: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG10­A­1
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Specimen TG10­A­2

Figure B.38: Overall Load Vs. Displacement curve for
Specimen TG10­A­2

Figure B.39: Overall Stress Vs. Strain Graph for Specimen
TG10­A­2

Figure B.40: Overall Time Vs. Displacement graph for
Specimen TG10­A­2

Figure B.41: First sampling Time Vs. Displacement graph
for Specimen TG10­A­2

Figure B.42: Sampled Load Vs. Displacement graph for
Specimen TG10­A­2

Figure B.43: Stress Vs. Strain Graph for the (third) sampled
data for the Specimen TG10­A­2
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Figure B.44: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG10­A­2
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Specimen TG10­A­3

Figure B.45: Overall Load Vs. Displacement curve for
Specimen TG10­A­3

Figure B.46: Overall Stress Vs. Strain Graph for Specimen
TG10­A­3

Figure B.47: Overall Time Vs. Displacement graph for
Specimen TG10­A­3

Figure B.48: First sampling Time Vs. Displacement graph
for Specimen TG10­A­3

Figure B.49: Sampled Load Vs. Displacement graph for
Specimen TG10­A­3

Figure B.50: Stress Vs. Strain Graph for the (third) sampled
data for the Specimen TG10­A­3
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Figure B.51: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG10­A­3
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Specimen TG10­A­4

Figure B.52: Overall Load Vs. Displacement curve for
Specimen TG10­A­4

Figure B.53: Overall Stress Vs. Strain Graph for Specimen
TG10­A­4

Figure B.54: Overall Time Vs. Displacement graph for
Specimen TG10­A­4

Figure B.55: First sampling Time Vs. Displacement graph
for Specimen TG10­A­4

Figure B.56: Sampled Load Vs. Displacement graph for
Specimen TG10­A­4

Figure B.57: Stress Vs. Strain Graph for the (third) sampled
data for the Specimen TG10­A­4
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Figure B.58: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG10­A­4
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Figure B.59: Stress vs. Strain curve for Specimen TG20­A

Specimen TG20­A­1

Figure B.60: Overall Load Vs. Displacement curve for
Specimen TG20­A­1

Figure B.61: Overall Stress Vs. Strain Graph for Specimen
TG20­A­1
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Figure B.62: Overall Time Vs. Displacement graph for
Specimen TG20­A­1

Figure B.63: First sampling Time Vs. Displacement graph
for Specimen TG20­A­1

Figure B.64: Sampled Load Vs. Displacement graph for
Specimen TG20­A­1

Figure B.65: Stress Vs. Strain Graph for the (third) sampled
data for the Specimen TG20­A­1

Figure B.66: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG20­A­1
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Specimen TG20­A­2

Figure B.67: Overall Load Vs. Displacement curve for
Specimen TG20­A­2

Figure B.68: Overall Stress Vs. Strain Graph for Specimen
TG20­A­2

Figure B.69: Overall Time Vs. Displacement graph for
Specimen TG20­A­2

Figure B.70: First sampling Time Vs. Displacement graph
for Specimen TG20­A­2

Figure B.71: Sampled Load Vs. Displacement graph for
Specimen TG20­A­2

Figure B.72: Stress Vs. Strain Graph for the (third) sampled
data for the Specimen TG20­A­2
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Figure B.73: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG20­A­2
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Specimen TG20­A­3

Figure B.74: Overall Load Vs. Displacement curve for
Specimen TG20­A­3

Figure B.75: Overall Stress Vs. Strain Graph for Specimen
TG20­A­3

Figure B.76: Overall Time Vs. Displacement graph for
Specimen TG20­A­3

Figure B.77: First sampling Time Vs. Displacement graph
for Specimen TG20­A­3

Figure B.78: Sampled Load Vs. Displacement graph for
Specimen TG20­A­3

Figure B.79: Stress Vs. Strain Graph for the (third) sampled
data for the Specimen TG20­A­3
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Figure B.80: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG20­A­3
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Specimen TG20­A­4

Figure B.81: Overall Load Vs. Displacement curve for
Specimen TG20­A­4

Figure B.82: Overall Stress Vs. Strain Graph for Specimen
TG20­A­4

Figure B.83: Overall Time Vs. Displacement graph for
Specimen TG20­A­4

Figure B.84: First sampling Time Vs. Displacement graph
for Specimen TG20­A­4

Figure B.85: Sampled Load Vs. Displacement graph for
Specimen TG20­A­4

Figure B.86: Stress Vs. Strain Graph for the (third) sampled
data for the Specimen TG20­A­4
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Figure B.87: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG20­A­4
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Figure B.88: Stress vs. Strain curve for Specimen TG5­B

Specimen TG5­B­1

Figure B.89: Overall Load Vs. Displacement curve for
Specimen TG5­B­1

Figure B.90: Overall Stress Vs. Strain Graph for Specimen
TG5­B­1
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Figure B.91: Overall Time Vs. Displacement graph for
Specimen TG5­B­1

Figure B.92: First sampling Time Vs. Displacement graph
for Specimen TG5­B­1

Figure B.93: Sampled Load Vs. Displacement graph for
Specimen TG5­B­1

Figure B.94: Stress Vs. Strain Graph for the (third) sampled
data for the Specimen TG5­B­1

Figure B.95: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG5­B­1
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Specimen TG5­B­2

Figure B.96: Overall Load Vs. Displacement curve for
Specimen TG5­B­2

Figure B.97: Overall Stress Vs. Strain Graph for Specimen
TG5­B­2

Figure B.98: Overall Time Vs. Displacement graph for
Specimen TG5­B­2

Figure B.99: First sampling Time Vs. Displacement graph
for Specimen TG5­B­2

Figure B.100: Sampled Load Vs. Displacement graph for
Specimen TG5­B­2

Figure B.101: Stress Vs. Strain Graph for the (third)
sampled data for the Specimen TG5­B­2
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Figure B.102: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG5­B­2
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Specimen TG5­B­3

Figure B.103: Overall Load Vs. Displacement curve for
Specimen TG5­B­3

Figure B.104: Overall Stress Vs. Strain Graph for Specimen
TG5­B­3

Figure B.105: Overall Time Vs. Displacement graph for
Specimen TG5­B­3

Figure B.106: First sampling Time Vs. Displacement graph
for Specimen TG5­B­3

Figure B.107: Sampled Load Vs. Displacement graph for
Specimen TG5­B­3

Figure B.108: Stress Vs. Strain Graph for the (third)
sampled data for the Specimen TG5­B­3
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Figure B.109: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG5­B­3
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Specimen TG5­B­4

Figure B.110: Overall Load Vs. Displacement curve for
Specimen TG5­B­4

Figure B.111: Overall Stress Vs. Strain Graph for Specimen
TG5­B­4

Figure B.112: Overall Time Vs. Displacement graph for
Specimen TG5­B­4

Figure B.113: First sampling Time Vs. Displacement graph
for Specimen TG5­B­4

Figure B.114: Sampled Load Vs. Displacement graph for
Specimen TG5­B­4

Figure B.115: Stress Vs. Strain Graph for the (third)
sampled data for the Specimen TG5­B­4
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Figure B.116: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG5­B­4
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Figure B.117: Stress vs. Strain curve for Specimen TG10­B

Specimen TG10­B­1

Figure B.118: Overall Load Vs. Displacement curve for
Specimen TG10­B­1

Figure B.119: Overall Stress Vs. Strain Graph for Specimen
TG10­B­1
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Figure B.120: Overall Time Vs. Displacement graph for
Specimen TG10­B­1

Figure B.121: First sampling Time Vs. Displacement graph
for Specimen TG10­B­1

Figure B.122: Sampled Load Vs. Displacement graph for
Specimen TG10­B­1

Figure B.123: Stress Vs. Strain Graph for the sampled data
for the Specimen TG10­B­1

Figure B.124: Sampled Load Vs. Displacement graph for
Specimen TG10­B­1

Figure B.125: Stress Vs. Strain Graph for the (second)
sampled data for the Specimen TG10­B­1
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Figure B.126: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG10­B­1
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Specimen TG10­B­2

Figure B.127: Overall Load Vs. Displacement curve for
Specimen TG10­B­2

Figure B.128: Overall Stress Vs. Strain Graph for Specimen
TG10­B­2

Figure B.129: Overall Time Vs. Displacement graph for
Specimen TG10­B­2

Figure B.130: First sampling Time Vs. Displacement graph
for Specimen TG10­B­2

Figure B.131: Sampled Load Vs. Displacement graph for
Specimen TG10­B­2

Figure B.132: Stress Vs. Strain Graph for the sampled data
for Specimen TG10­B­2
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Figure B.133: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG10­B­2
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Specimen TG10­B­3

Figure B.134: Overall Load Vs. Displacement curve for
Specimen TG10­B­3

Figure B.135: Overall Stress Vs. Strain Graph for Specimen
TG10­B­3

Figure B.136: Overall Time Vs. Displacement graph for
Specimen TG10­B­3

Figure B.137: First sampling Time Vs. Displacement graph
for Specimen TG10­B­3

Figure B.138: Sampled Load Vs. Displacement graph for
Specimen TG10­B­3

Figure B.139: Stress Vs. Strain Graph for the sampled data
for the Specimen TG10­B­3
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Figure B.140: Sampled Load Vs. Displacement graph for
Specimen TG10­B­3

Figure B.141: Stress Vs. Strain Graph for the (second)
sampled data for the Specimen TG10­B­3

Figure B.142: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG10­B­3
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Specimen TG10­B­4

Figure B.143: Overall Load Vs. Displacement curve for
Specimen TG10­B­4

Figure B.144: Overall Stress Vs. Strain Graph for Specimen
TG10­B­4

Figure B.145: Overall Time Vs. Displacement graph for
Specimen TG10­B­4

Figure B.146: First sampling Time Vs. Displacement graph
for Specimen TG10­B­4

Figure B.147: Sampled Load Vs. Displacement graph for
Specimen TG10­B­4

Figure B.148: Stress Vs. Strain Graph for the sampled data
for Specimen TG10­B­4
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Figure B.149: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG10­B­4
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Figure B.150: Stress vs. Strain curve for Specimen TG20­B

Specimen TG20­B­1

Figure B.151: Overall Load Vs. Displacement curve for
Specimen TG20­B­1

Figure B.152: Overall Stress Vs. Strain Graph for Specimen
TG20­B­1
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Figure B.153: Overall Time Vs. Displacement graph for
Specimen TG20­B­1

Figure B.154: First sampling Time Vs. Displacement graph
for Specimen TG20­B­1

Figure B.155: Sampled Load Vs. Displacement graph for
Specimen TG20­B­1

Figure B.156: Stress Vs. Strain Graph for the sampled data
for the Specimen TG20­B­1

Figure B.157: Sampled Load Vs. Displacement graph for
Specimen TG20­B­1

Figure B.158: Stress Vs. Strain Graph for the (second)
sampled data for the Specimen TG20­B­1
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Figure B.159: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG20­B­1
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Specimen TG20­B­2

Figure B.160: Overall Load Vs. Displacement curve for
Specimen TG20­B­2

Figure B.161: Overall Stress Vs. Strain Graph for Specimen
TG20­B­2

Figure B.162: Overall Time Vs. Displacement graph for
Specimen TG20­B­2

Figure B.163: First sampling Time Vs. Displacement graph
for Specimen TG20­B­2

Figure B.164: Sampled Load Vs. Displacement graph for
Specimen TG20­B­2

Figure B.165: Stress Vs. Strain Graph for the sampled data
for the Specimen TG20­B­2
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Figure B.166: Sampled Load Vs. Displacement graph for
Specimen TG20­B­2

Figure B.167: Stress Vs. Strain Graph for the (second)
sampled data for the Specimen TG20­B­2

Figure B.168: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG20­B­2
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Specimen TG20­B­3

Figure B.169: Overall Load Vs. Displacement curve for
Specimen TG20­B­3

Figure B.170: Overall Stress Vs. Strain Graph for Specimen
TG20­B­3

Figure B.171: Overall Time Vs. Displacement graph for
Specimen TG20­B­3

Figure B.172: First sampling Time Vs. Displacement graph
for Specimen TG20­B­3

Figure B.173: Sampled Load Vs. Displacement graph for
Specimen TG20­B­3

Figure B.174: Stress Vs. Strain Graph for the sampled data
for Specimen TG20­B­3
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Figure B.175: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG20­B­3
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Specimen TG20­B­4

Figure B.176: Overall Load Vs. Displacement curve for
Specimen TG20­B­4

Figure B.177: Overall Stress Vs. Strain Graph for Specimen
TG20­B­4

Figure B.178: Overall Time Vs. Displacement graph for
Specimen TG20­B­4

Figure B.179: First sampling Time Vs. Displacement graph
for Specimen TG20­B­4

Figure B.180: Sampled Load Vs. Displacement graph for
Specimen TG20­B­4

Figure B.181: Stress Vs. Strain Graph for the sampled data
for the Specimen TG20­B­4
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Figure B.182: Sampled Load Vs. Displacement graph for
Specimen TG20­B­4

Figure B.183: Stress Vs. Strain Graph for the (second)
sampled data for the Specimen TG20­B­4

Figure B.184: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG20­B­4



136 B. Appendix­B

Figure B.185: Stress vs. Strain curve for Specimen TG5­C

Specimen TG5­C­1

Figure B.186: Overall Load Vs. Displacement curve for
Specimen TG5­C­1

Figure B.187: Overall Stress Vs. Strain Graph for Specimen
TG5­C­1
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Figure B.188: Overall Time Vs. Displacement graph for
Specimen TG5­C­1

Figure B.189: First sampling Time Vs. Displacement graph
for Specimen TG5­C­1

Figure B.190: Sampled Load Vs. Displacement graph for
Specimen TG5­C­1

Figure B.191: Stress Vs. Strain Graph for the sampled data
for Specimen TG5­C­1

Figure B.192: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG5­C­1
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Specimen TG5­C­2

Figure B.193: Overall Load Vs. Displacement curve for
Specimen TG5­C­2

Figure B.194: Overall Stress Vs. Strain Graph for Specimen
TG5­C­2

Figure B.195: Overall Time Vs. Displacement graph for
Specimen TG5­C­2

Figure B.196: First sampling Time Vs. Displacement graph
for Specimen TG5­C­2

Figure B.197: Sampled Load Vs. Displacement graph for
Specimen TG5­C­2

Figure B.198: Stress Vs. Strain Graph for the sampled data
for Specimen TG5­C­2
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Figure B.199: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG5­C­2
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Specimen TG5­C­3

Figure B.200: Overall Load Vs. Displacement curve for
Specimen TG5­C­3

Figure B.201: Overall Stress Vs. Strain Graph for Specimen
TG5­C­3

Figure B.202: Overall Time Vs. Displacement graph for
Specimen TG5­C­3

Figure B.203: First sampling Time Vs. Displacement graph
for Specimen TG5­C­3

Figure B.204: Sampled Load Vs. Displacement graph for
Specimen TG5­C­3

Figure B.205: Stress Vs. Strain Graph for the sampled data
for Specimen TG5­C­3
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Figure B.206: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG5­C­3
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Specimen TG5­C­4

Figure B.207: Overall Load Vs. Displacement curve for
Specimen TG5­C­4

Figure B.208: Overall Stress Vs. Strain Graph for Specimen
TG5­C­4

Figure B.209: Overall Time Vs. Displacement graph for
Specimen TG5­C­4

Figure B.210: First sampling Time Vs. Displacement graph
for Specimen TG5­C­4

Figure B.211: Sampled Load Vs. Displacement graph for
Specimen TG5­C­4

Figure B.212: Stress Vs. Strain Graph for the sampled data
for Specimen TG5­C­4
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Figure B.213: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG5­C­4



144 B. Appendix­B

Figure B.214: Stress vs. Strain curve for Specimen TG10­C

Specimen TG10­C­1

Figure B.215: Overall Load Vs. Displacement curve for
Specimen TG10­C­1

Figure B.216: Overall Stress Vs. Strain Graph for Specimen
TG10­C­1
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Figure B.217: Overall Time Vs. Displacement graph for
Specimen TG10­C­1

Figure B.218: First sampling Time Vs. Displacement graph
for Specimen TG10­C­1

Figure B.219: Sampled Load Vs. Displacement graph for
Specimen TG10­C­1

Figure B.220: Stress Vs. Strain Graph for the sampled data
for Specimen TG10­C­1

Figure B.221: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG10­C­1
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Specimen TG10­C­2

Figure B.222: Overall Load Vs. Displacement curve for
Specimen TG10­C­2

Figure B.223: Overall Stress Vs. Strain Graph for Specimen
TG10­C­2

Figure B.224: Overall Time Vs. Displacement graph for
Specimen TG10­C­2

Figure B.225: First sampling Time Vs. Displacement graph
for Specimen TG10­C­2

Figure B.226: Sampled Load Vs. Displacement graph for
Specimen TG10­C­2

Figure B.227: Stress Vs. Strain Graph for the sampled data
for Specimen TG10­C­2
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Figure B.228: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG10­C­2
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Specimen TG10­C­3

Figure B.229: Overall Load Vs. Displacement curve for
Specimen TG10­C­3

Figure B.230: Overall Stress Vs. Strain Graph for Specimen
TG10­C­3

Figure B.231: Overall Time Vs. Displacement graph for
Specimen TG10­C­3

Figure B.232: First sampling Time Vs. Displacement graph
for Specimen TG10­C­3

Figure B.233: Sampled Load Vs. Displacement graph for
Specimen TG10­C­3

Figure B.234: Stress Vs. Strain Graph for the sampled data
for Specimen TG10­C­3
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Figure B.235: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG10­C­3
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Specimen TG10­C­4

Figure B.236: Overall Load Vs. Displacement curve for
Specimen TG10­C­4

Figure B.237: Overall Stress Vs. Strain Graph for Specimen
TG10­C­4

Figure B.238: Overall Time Vs. Displacement graph for
Specimen TG10­C­4

Figure B.239: First sampling Time Vs. Displacement graph
for Specimen TG10­C­4

Figure B.240: Sampled Load Vs. Displacement graph for
Specimen TG10­C­4

Figure B.241: Stress Vs. Strain Graph for the sampled data
for Specimen TG10­C­4
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Figure B.242: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG10­C­4
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Figure B.243: Stress vs. Strain curve for Specimen TG20­C

Specimen TG20­C­1

Figure B.244: Overall Load Vs. Displacement curve for
Specimen TG20­C­1

Figure B.245: Overall Stress Vs. Strain Graph for Specimen
TG20­C­1
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Figure B.246: Overall Time Vs. Displacement graph for
Specimen TG20­C­1

Figure B.247: First sampling Time Vs. Displacement graph
for Specimen TG20­C­1

Figure B.248: Sampled Load Vs. Displacement graph for
Specimen TG20­C­1

Figure B.249: Stress Vs. Strain Graph for the sampled data
for Specimen TG20­C­1

Figure B.250: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG20­C­1
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Specimen TG20­C­2

Figure B.251: Overall Load Vs. Displacement curve for
Specimen TG20­C­2

Figure B.252: Overall Stress Vs. Strain Graph for Specimen
TG20­C­2

Figure B.253: Overall Time Vs. Displacement graph for
Specimen TG20­C­2

Figure B.254: First sampling Time Vs. Displacement graph
for Specimen TG20­C­2

Figure B.255: Sampled Load Vs. Displacement graph for
Specimen TG20­C­2

Figure B.256: Stress Vs. Strain Graph for the sampled data
for the Specimen TG20­C­2
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Figure B.257: Sampled Load Vs. Displacement graph for
Specimen TG20­C­2

Figure B.258: Stress Vs. Strain Graph for the (second)
sampled data for the Specimen TG20­C­2

Figure B.259: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG20­C­2
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Specimen TG20­C­3

Figure B.260: Overall Load Vs. Displacement curve for
Specimen TG20­C­3

Figure B.261: Overall Stress Vs. Strain Graph for Specimen
TG20­C­3

Figure B.262: Overall Time Vs. Displacement graph for
Specimen TG20­C­3

Figure B.263: First sampling Time Vs. Displacement graph
for Specimen TG20­C­3

Figure B.264: Sampled Load Vs. Displacement graph for
Specimen TG20­C­3

Figure B.265: Stress Vs. Strain Graph for the sampled data
for Specimen TG20­C­3
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Figure B.266: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG20­C­3
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Specimen TG20­C­4

Figure B.267: Overall Load Vs. Displacement curve for
Specimen TG20­C­4

Figure B.268: Overall Stress Vs. Strain Graph for Specimen
TG20­C­4

Figure B.269: Overall Time Vs. Displacement graph for
Specimen TG20­C­4

Figure B.270: First sampling Time Vs. Displacement graph
for Specimen TG20­C­4

Figure B.271: Sampled Load Vs. Displacement graph for
Specimen TG20­C­4

Figure B.272: Stress Vs. Strain Graph for the sampled data
for Specimen TG20­C­4
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Figure B.273: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen TG20­C­4
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B.1.2. Casting based Specimens

Figure B.274: Stress vs. Strain curve for Casted Specimen Type­A

Specimen A­1

Figure B.275: Overall Load Vs. Displacement curve for
Specimen A­1

Figure B.276: Overall Stress Vs. Strain Graph for Specimen
A­1
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Figure B.277: Overall Time Vs. Displacement graph for
Specimen A­1

Figure B.278: First sampling Time Vs. Displacement graph
for Specimen A­1

Figure B.279: First sampling Load Vs. Displacement graph
for Specimen A­1

Figure B.280: Second sampling Time Vs. Displacement
graph for Specimen A­1

Figure B.281: Second sampling Load Vs. Displacement
graph for Specimen A­1

Figure B.282: Stress Vs. Strain Graph for the (second)
sampled data for the Specimen A­1
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Figure B.283: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen A­1
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Specimen A­2

Figure B.284: Overall Load Vs. Displacement curve for
Specimen A­2

Figure B.285: Overall Stress Vs. Strain Graph for Specimen
A­2

Figure B.286: Overall Time Vs. Displacement graph for
Specimen A­2

Figure B.287: First sampling Time Vs. Displacement graph
for Specimen A­2

Figure B.288: Sampled Load Vs. Displacement graph for
Specimen A­2

Figure B.289: Stress Vs. Strain Graph for the sampled data
for Specimen A­2



164 B. Appendix­B

Figure B.290: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen A­2
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Specimen A­3

Figure B.291: Overall Load Vs. Displacement curve for
Specimen A­3

Figure B.292: Overall Stress Vs. Strain Graph for Specimen
A­3

Figure B.293: Overall Time Vs. Displacement graph for
Specimen A­3

Figure B.294: First sampling Time Vs. Displacement graph
for Specimen A­3

Figure B.295: First sampling Load Vs. Displacement graph
for Specimen A­3

Figure B.296: Second sampling Time Vs. Displacement
graph for Specimen A­3
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Figure B.297: Second sampling Load Vs. Displacement
graph for Specimen A­3

Figure B.298: Stress Vs. Strain Graph for the (second)
sampled data for the Specimen A­3

Figure B.299: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen A­3
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Specimen A­4

Figure B.300: Overall Load Vs. Displacement curve for
Specimen A­4

Figure B.301: Overall Stress Vs. Strain Graph for Specimen
A­4

Figure B.302: Overall Time Vs. Displacement graph for
Specimen A­4

Figure B.303: First sampling Time Vs. Displacement graph
for Specimen A­4

Figure B.304: First sampling Load Vs. Displacement graph
for Specimen A­4

Figure B.305: Second sampling Time Vs. Displacement
graph for Specimen A­4
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Figure B.306: Second sampling Load Vs. Displacement
graph for Specimen A­4

Figure B.307: Stress Vs. Strain Graph for the (second)
sampled data for the Specimen A­4

Figure B.308: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen A­4
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Figure B.309: Stress vs. Strain curve for Casted Specimen Type­B

Specimen B­1

Figure B.310: Overall Load Vs. Displacement curve for
Specimen B­1

Figure B.311: Overall Stress Vs. Strain Graph for Specimen
B­1
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Figure B.312: Overall Time Vs. Displacement graph for
Specimen B­1

Figure B.313: First sampling Time Vs. Displacement graph
for Specimen B­1

Figure B.314: First sampling Load Vs. Displacement graph
for Specimen B­1

Figure B.315: Second sampling Time Vs. Displacement
graph for Specimen B­1

Figure B.316: Second sampling Load Vs. Displacement
graph for Specimen B­1

Figure B.317: Stress Vs. Strain Graph for the (second)
sampled data for the Specimen B­1
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Figure B.318: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen B­1
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Specimen B­2

Figure B.319: Overall Load Vs. Displacement curve for
Specimen B­2

Figure B.320: Overall Stress Vs. Strain Graph for Specimen
B­2

Figure B.321: Overall Time Vs. Displacement graph for
Specimen B­2

Figure B.322: First sampling Time Vs. Displacement graph
for Specimen B­2

Figure B.323: Sampled Load Vs. Displacement graph for
Specimen B­2

Figure B.324: Stress Vs. Strain Graph for the sampled data
for Specimen B­2
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Figure B.325: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen B­2
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Specimen B­3

Figure B.326: Overall Load Vs. Displacement curve for
Specimen B­3

Figure B.327: Overall Stress Vs. Strain Graph for Specimen
B­3

Figure B.328: Overall Time Vs. Displacement graph for
Specimen B­3

Figure B.329: First sampling Time Vs. Displacement graph
for Specimen B­3

Figure B.330: First sampling Load Vs. Displacement graph
for Specimen B­3

Figure B.331: Second sampling Time Vs. Displacement
graph for Specimen B­3
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Figure B.332: Second sampling Load Vs. Displacement
graph for Specimen B­3

Figure B.333: Stress Vs. Strain Graph for the (second)
sampled data for the Specimen B­3

Figure B.334: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen B­3
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Specimen B­4

Figure B.335: Overall Load Vs. Displacement curve for
Specimen B­4

Figure B.336: Overall Stress Vs. Strain Graph for Specimen
B­4

Figure B.337: Overall Time Vs. Displacement graph for
Specimen B­4

Figure B.338: First sampling Time Vs. Displacement graph
for Specimen B­4

Figure B.339: First sampling Load Vs. Displacement graph
for Specimen B­4

Figure B.340: Second sampling Time Vs. Displacement
graph for Specimen B­4
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Figure B.341: Second sampling Load Vs. Displacement
graph for Specimen B­4

Figure B.342: Stress Vs. Strain Graph for the (second)
sampled data for the Specimen B­4

Figure B.343: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen B­4



178 B. Appendix­B

Figure B.344: Stress vs. Strain curve for Casted Specimen Type­C

Specimen C­1

Figure B.345: Overall Load Vs. Displacement curve for
Specimen C­1

Figure B.346: Overall Stress Vs. Strain Graph for Specimen
C­1
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Figure B.347: Overall Time Vs. Displacement graph for
Specimen C­1

Figure B.348: First sampling Time Vs. Displacement graph
for Specimen C­1

Figure B.349: First sampling Load Vs. Displacement graph
for Specimen C­1

Figure B.350: Second sampling Time Vs. Displacement
graph for Specimen C­1

Figure B.351: Second sampling Load Vs. Displacement
graph for Specimen C­1

Figure B.352: Stress Vs. Strain Graph for the (second)
sampled data for the Specimen C­1
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Figure B.353: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen C­1
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Specimen C­2

Figure B.354: Overall Load Vs. Displacement curve for
Specimen C­2

Figure B.355: Overall Stress Vs. Strain Graph for Specimen
C­2

Figure B.356: Overall Time Vs. Displacement graph for
Specimen C­2

Figure B.357: First sampling Time Vs. Displacement graph
for Specimen C­2

Figure B.358: First sampling Load Vs. Displacement graph
for Specimen C­2

Figure B.359: Second sampling Time Vs. Displacement
graph for Specimen C­2
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Figure B.360: Second sampling Load Vs. Displacement
graph for Specimen C­2

Figure B.361: Stress Vs. Strain Graph for the (second)
sampled data for the Specimen C­2

Figure B.362: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen C­2
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Specimen C­3

Figure B.363: Overall Load Vs. Displacement curve for
Specimen C­3

Figure B.364: Overall Stress Vs. Strain Graph for Specimen
C­3

Figure B.365: Overall Time Vs. Displacement graph for
Specimen C­3

Figure B.366: First sampling Time Vs. Displacement graph
for Specimen C­3

Figure B.367: First sampling Load Vs. Displacement graph
for Specimen C­3

Figure B.368: Second sampling Time Vs. Displacement
graph for Specimen C­3
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Figure B.369: Second sampling Load Vs. Displacement
graph for Specimen C­3

Figure B.370: Stress Vs. Strain Graph for the (second)
sampled data for the Specimen C­3

Figure B.371: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen C­3
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Specimen C­4

Figure B.372: Overall Load Vs. Displacement curve for
Specimen C­4

Figure B.373: Overall Stress Vs. Strain Graph for Specimen
C­4

Figure B.374: Overall Time Vs. Displacement graph for
Specimen C­4

Figure B.375: First sampling Time Vs. Displacement graph
for Specimen C­4

Figure B.376: First sampling Load Vs. Displacement graph
for Specimen C­4

Figure B.377: Second sampling Time Vs. Displacement
graph for Specimen C­4
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Figure B.378: Second sampling Load Vs. Displacement
graph for Specimen C­4

Figure B.379: Stress Vs. Strain Graph for the (second)
sampled data for the Specimen C­4

Figure B.380: Comparison graph of Stress Vs. Strain for 2
LVDT’s for Specimen C­4
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Appendix­C

C.1. Images of failed specimens post Inter­layer Bond Test

C.1.1. Failed specimens from Caulk­gun extrusion

Specimen Type­A

**Missing Images of Specimen: TG5­A­1

Figure C.1: Specimen TG5­A­2 after failure Figure C.2: Specimen TG5­A­3 after failure

Figure C.3: Specimen TG5­A­4 after failure Figure C.4: Specimen TG10­A­3 after failure
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Figure C.5: Specimen TG10­A­2 after failure Figure C.6: Specimen TG10­A­3 after failure

Figure C.7: Specimen TG10­A­4 after failure Figure C.8: Specimen TG20­A­1 after failure

Figure C.9: Specimen TG20­A­2 after failure Figure C.10: Specimen TG20­A­3 after failure
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Figure C.11: Specimen TG20­A­4 after failure
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Specimen Type­B

Figure C.12: Specimen TG5­B­1 after failure Figure C.13: Specimen TG5­B­2 after failure

Figure C.14: Specimen TG5­B­3 after failure Figure C.15: Specimen TG5­B­4 after failure

Figure C.16: Specimen TG10­B­1 after failure Figure C.17: Specimen TG10­B­2 after failure
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Figure C.18: Specimen TG10­B­3 after failure Figure C.19: Specimen TG10­B­4 after failure

Figure C.20: Specimen TG20­B­1 after failure Figure C.21: Specimen TG20­B­2 after failure

Figure C.22: Specimen TG20­B­3 after failure Figure C.23: Specimen TG20­B­4 after failure
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Specimen Type­C

**Missing Images of Specimen: TG10­C­1, TG10­C­4 and TG20­C­3

Figure C.24: Specimen TG5­C­1 after failure Figure C.25: Specimen TG5­C­2 after failure

Figure C.26: Specimen TG5­C­3 after failure Figure C.27: Specimen TG5­C­4 after failure

Figure C.28: Specimen TG10­C­2 after failure Figure C.29: Specimen TG10­C­3 after failure
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Figure C.30: Specimen TG20­C­1 after failure Figure C.31: Specimen TG20­C­2 after failure

Figure C.32: Specimen TG20­C­4 after failure
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C.1.2. Failed specimens from Casting method

Casted Specimen Type­A

Figure C.33: Casted Specimen A­1 after failure Figure C.34: Casted Specimen A­2 after failure

Figure C.35: Casted Specimen A­3 after failure Figure C.36: Casted Specimen A­4 after failure
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Casted Specimen Type­B

Figure C.37: Casted Specimen B­1 after failure Figure C.38: Casted Specimen B­2 after failure

Figure C.39: Casted Specimen B­3 after failure Figure C.40: Casted Specimen B­4 after failure
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Casted Specimen Type­C

Figure C.41: Casted Specimen C­1 after failure Figure C.42: Casted Specimen C­2 after failure

Figure C.43: Casted Specimen C­3 after failure Figure C.44: Casted Specimen C­4 after failure
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D.1. Images analysis of Inter­layer surface of failed specimens

D.1.1. Specimen Type­A

**Missing Images of Specimen: TG5­A­1

Summary of Image Analysis for Specimen TG5­A­2

Figure D.1: Bottom debonded part of Specimen TG5­A­2 Figure D.2: Top debonded part of Specimen TG5­A­2

Table D.1: Summary of Image analysis result for specimen TG5­A­2
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Detailed report ­ Bottom debonded part of Specimen TG5­A­2
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Detailed report ­ Top debonded part of Specimen TG5­A­2
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Summary of Image Analysis for Specimen TG5­A­3

Figure D.3: Bottom debonded part of Specimen TG5­A­3 Figure D.4: Top debonded part of Specimen TG5­A­3

Table D.2: Summary of Image analysis result for specimen TG5­A­3
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Detailed report ­ Top debonded part of Specimen TG5­A­3
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D.1. Images analysis of Inter­layer surface of failed specimens 207

Summary of Image Analysis for Specimen TG5­A­4

Figure D.5: Bottom debonded part of Specimen TG5­A­4 Figure D.6: Top debonded part of Specimen TG5­A­4

Table D.3: Summary of Image analysis result for specimen TG5­A­4



Detailed report ­ Bottom debonded part of Specimen TG5­A­4
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Detailed report ­ Top debonded part of Specimen TG5­A­4

210



211



212 D. Appendix­D

Summary of Image Analysis for Specimen TG10­A­1

Figure D.7: Bottom debonded part of Specimen TG10­A­1 Figure D.8: Top debonded part of Specimen TG10­A­1

Table D.4: Summary of Image analysis result for specimen TG10­A­1
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Detailed report ­ Top debonded part of Specimen TG10­A­1
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Summary of Image Analysis for Specimen TG10­A­2

Figure D.9: Bottom debonded part of Specimen TG10­A­2 Figure D.10: Top debonded part of Specimen TG10­A­2

Table D.5: Summary of Image analysis result for specimen TG10­A­2
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Detailed report ­ Top debonded part of Specimen TG10­A­2
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Summary of Image Analysis for Specimen TG10­A­3

Figure D.11: Bottom debonded part of Specimen TG10­A­3 Figure D.12: Top debonded part of Specimen TG10­A­3

Table D.6: Summary of Image analysis result for specimen TG10­A­3
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Detailed report ­ Top debonded part of Specimen TG10­A­3
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Summary of Image Analysis for Specimen TG10­A­4

Figure D.13: Bottom debonded part of Specimen TG10­A­4 Figure D.14: Top debonded part of Specimen TG10­A­4

Table D.7: Summary of Image analysis result for specimen TG10­A­4
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Detailed report ­ Top debonded part of Specimen TG10­A­4

230



231



232 D. Appendix­D

Summary of Image Analysis for Specimen TG20­A­1

Figure D.15: Bottom debonded part of Specimen TG20­A­1 Figure D.16: Top debonded part of Specimen TG20­A­1

Table D.8: Summary of Image analysis result for specimen TG20­A­1
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Detailed report ­ Top debonded part of Specimen TG20­A­1
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Summary of Image Analysis for Specimen TG20­A­2

Figure D.17: Bottom debonded part of Specimen TG20­A­2 Figure D.18: Top debonded part of Specimen TG20­A­2

Table D.9: Summary of Image analysis result for specimen TG20­A­2
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Detailed report ­ Top debonded part of Specimen TG20­A­2
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Summary of Image Analysis for Specimen TG20­A­3

Figure D.19: Bottom debonded part of Specimen TG20­A­3 Figure D.20: Top debonded part of Specimen TG20­A­3

Table D.10: Summary of Image analysis result for specimen TG20­A­3



Detailed report ­ Bottom debonded part of Specimen TG20­A­3

243



244



Detailed report ­ Top debonded part of Specimen TG20­A­3
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Summary of Image Analysis for Specimen TG20­A­4

Figure D.21: Bottom debonded part of Specimen TG20­A­4 Figure D.22: Top debonded part of Specimen TG20­A­4

Table D.11: Summary of Image analysis result for specimen TG20­A­4
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Detailed report ­ Top debonded part of Specimen TG20­A­4
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D.1.2. Specimen Type­B

Summary of Image Analysis for Specimen TG5­B­1

Figure D.23: Bottom debonded part of Specimen TG5­B­1 Figure D.24: Top debonded part of Specimen TG5­B­1

Table D.12: Summary of Image analysis result for specimen TG5­B­1
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Detailed report ­ Top debonded part of Specimen TG5­B­1
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Summary of Image Analysis for Specimen TG5­B­2

Figure D.25: Bottom debonded part of Specimen TG5­B­2 Figure D.26: Top debonded part of Specimen TG5­B­2

Table D.13: Summary of Image analysis result for specimen TG5­B­2
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Detailed report ­ Top debonded part of Specimen TG5­B­2
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Summary of Image Analysis for Specimen TG5­B­3

Figure D.27: Bottom debonded part of Specimen TG5­B­3 Figure D.28: Top debonded part of Specimen TG5­B­3

Table D.14: Summary of Image analysis result for specimen TG5­B­3
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Detailed report ­ Top debonded part of Specimen TG5­B­3
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Summary of Image Analysis for Specimen TG5­B­4

Figure D.29: Bottom debonded part of Specimen TG5­B­4 Figure D.30: Top debonded part of Specimen TG5­B­4

Table D.15: Summary of Image analysis result for specimen TG5­B­4
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Detailed report ­ Top debonded part of Specimen TG5­B­4
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Summary of Image Analysis for Specimen TG10­B­1

Figure D.31: Bottom debonded part of Specimen TG10­B­1 Figure D.32: Top debonded part of Specimen TG10­B­1

Table D.16: Summary of Image analysis result for specimen TG10­B­1
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Detailed report ­ Top debonded part of Specimen TG10­B­1
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Summary of Image Analysis for Specimen TG10­B­2

Figure D.33: Bottom debonded part of Specimen TG10­B­2 Figure D.34: Top debonded part of Specimen TG10­B­2

Table D.17: Summary of Image analysis result for specimen TG10­B­2
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Detailed report ­ Top debonded part of Specimen TG10­B­2
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Summary of Image Analysis for Specimen TG10­B­3

Figure D.35: Bottom debonded part of Specimen TG10­B­3 Figure D.36: Top debonded part of Specimen TG10­B­3

Table D.18: Summary of Image analysis result for specimen TG10­B­3



Detailed report ­ Bottom debonded part of Specimen TG10­B­3

283



284



Detailed report ­ Top debonded part of Specimen TG10­B­3
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Summary of Image Analysis for Specimen TG10­B­4

Figure D.37: Bottom debonded part of Specimen TG10­B­4 Figure D.38: Top debonded part of Specimen TG10­B­4

Table D.19: Summary of Image analysis result for specimen TG10­B­4
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Detailed report ­ Top debonded part of Specimen TG10­B­4
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Summary of Image Analysis for Specimen TG20­B­1

Figure D.39: Bottom debonded part of Specimen TG20­B­1 Figure D.40: Top debonded part of Specimen TG20­B­1

Table D.20: Summary of Image analysis result for specimen TG20­B­1
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Detailed report ­ Top debonded part of Specimen TG20­B­1
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Summary of Image Analysis for Specimen TG20­B­2

Figure D.41: Bottom debonded part of Specimen TG20­B­2 Figure D.42: Top debonded part of Specimen TG20­B­2

Table D.21: Summary of Image analysis result for specimen TG20­B­2
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Detailed report ­ Top debonded part of Specimen TG20­B­2
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Summary of Image Analysis for Specimen TG20­B­3

Figure D.43: Bottom debonded part of Specimen TG20­B­3 Figure D.44: Top debonded part of Specimen TG20­B­3

Table D.22: Summary of Image analysis result for specimen TG20­B­3
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Detailed report ­ Top debonded part of Specimen TG20­B­3
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Summary of Image Analysis for Specimen TG20­B­4

Figure D.45: Bottom debonded part of Specimen TG20­B­4 Figure D.46: Top debonded part of Specimen TG20­B­4

Table D.23: Summary of Image analysis result for specimen TG20­B­4
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Detailed report ­ Top debonded part of Specimen TG20­B­4
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D.1.3. Specimen Type­C

**Analysis for Specimen TG5­C­4 and TG10­C­1 missing as the inter­layer surface images after the
test were not captured

Summary of Image Analysis for Specimen TG5­C­1

Figure D.47: Bottom debonded part of Specimen TG5­C­1 Figure D.48: Top debonded part of Specimen TG5­C­1

Table D.24: Summary of Image analysis result for specimen TG5­C­1
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Detailed report ­ Top debonded part of Specimen TG5­C­1
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Summary of Image Analysis for Specimen TG5­C­2

Figure D.49: Bottom debonded part of Specimen TG5­C­2 Figure D.50: Top debonded part of Specimen TG5­C­2

Table D.25: Summary of Image analysis result for specimen TG5­C­2
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Detailed report ­ Top debonded part of Specimen TG5­C­2
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Summary of Image Analysis for Specimen TG5­C­3

Figure D.51: Bottom debonded part of Specimen TG5­C­3 Figure D.52: Top debonded part of Specimen TG5­C­3

Table D.26: Summary of Image analysis result for specimen TG5­C­3
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Detailed report ­ Top debonded part of Specimen TG5­C­3
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Summary of Image Analysis for Specimen TG10­C­2

Figure D.53: Bottom debonded part of Specimen TG10­C­2 Figure D.54: Top debonded part of Specimen TG10­C­2

Table D.27: Summary of Image analysis result for specimen TG10­C­2
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Detailed report ­ Top debonded part of Specimen TG10­C­2
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Summary of Image Analysis for Specimen TG10­C­3

Figure D.55: Bottom debonded part of Specimen TG10­C­3 Figure D.56: Top debonded part of Specimen TG10­C­3

Table D.28: Summary of Image analysis result for specimen TG10­C­3
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Detailed report ­ Top debonded part of Specimen TG10­C­3
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Summary of Image Analysis for Specimen TG10­C­4

Figure D.57: Bottom debonded part of Specimen TG10­C­4 Figure D.58: Top debonded part of Specimen TG10­C­4

Table D.29: Summary of Image analysis result for specimen TG10­C­4
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Detailed report ­ Top debonded part of Specimen TG10­C­4
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Summary of Image Analysis for Specimen TG20­C­1

Figure D.59: Bottom debonded part of Specimen TG20­C­1 Figure D.60: Top debonded part of Specimen TG20­C­1

Table D.30: Summary of Image analysis result for specimen TG20­C­1
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Detailed report ­ Top debonded part of Specimen TG20­C­1
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Summary of Image Analysis for Specimen TG20­C­2

Figure D.61: Bottom debonded part of Specimen TG20­C­2 Figure D.62: Top debonded part of Specimen TG20­C­2

Table D.31: Summary of Image analysis result for specimen TG20­C­2
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Detailed report ­ Top debonded part of Specimen TG20­C­2
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Summary of Image Analysis for Specimen TG20­C­3

Figure D.63: Bottom debonded part of Specimen TG20­C­3 Figure D.64: Top debonded part of Specimen TG20­C­3

Table D.32: Summary of Image analysis result for specimen TG20­C­3
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Detailed report ­ Top debonded part of Specimen TG20­C­3
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Summary of Image Analysis for Specimen TG20­C­4

Figure D.65: Bottom debonded part of Specimen TG20­C­4 Figure D.66: Top debonded part of Specimen TG20­C­4

Table D.33: Summary of Image analysis result for specimen TG20­C­4
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Detailed report ­ Top debonded part of Specimen TG20­C­4
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D.1.4. Inter­layer surface of Casting based ­ Failed Specimens

Figure D.67: Inter­layer surface of Casted Specimen A­1
after failure

Figure D.68: Inter­layer surface of Casted Specimen A­2
after failure

Figure D.69: Inter­layer surface of Casted Specimen A­3
after failure

Figure D.70: Inter­layer surface of Casted Specimen A­4
after failure
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Figure D.71: Inter­layer surface of Casted Specimen B­2
after failure

Figure D.72: Inter­layer surface of Casted Specimen B­3
after failure

Figure D.73: Inter­layer surface of Casted Specimen B­4
after failure

Figure D.74: Inter­layer surface of Casted Specimen C­1
after failure
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Figure D.75: Inter­layer surface of Casted Specimen C­2
after failure

Figure D.76: Inter­layer surface of Casted Specimen C­3
after failure

Figure D.77: Inter­layer surface of Casted Specimen C­4
after failure
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E.1. Failure Mechanism in tested Specimens

E.1.1. Failure Mechanism in Caulk­gun extrusion­based specimens

Specimen Type­A

Figure E.1: Failure mechanism in Specimen TG5­A­1 Figure E.2: Stress­strain curve for Specimen TG5­A­1
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Figure E.3: Failure mechanism in Specimen TG5­A­2 Figure E.4: Stress­strain curve for Specimen TG5­A­2

Figure E.5: Failure mechanism in Specimen TG5­A­3 Figure E.6: Stress­strain curve for Specimen TG5­A­3

Figure E.7: Failure mechanism in Specimen TG5­A­4 Figure E.8: Stress­strain curve for Specimen TG5­A­4
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Figure E.9: Failure mechanism in Specimen TG10­A­1 Figure E.10: Stress­strain curve for Specimen TG10­A­1

Figure E.11: Failure mechanism in Specimen TG10­A­2 Figure E.12: Stress­strain curve for Specimen TG10­A­2

Figure E.13: Failure mechanism in Specimen TG10­A­3 Figure E.14: Stress­strain curve for Specimen TG10­A­3
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Figure E.15: Failure mechanism in Specimen TG10­A­4 Figure E.16: Stress­strain curve for Specimen TG10­A­4

Figure E.17: Failure mechanism in Specimen TG20­A­1 Figure E.18: Stress­strain curve for Specimen TG20­A­1

Figure E.19: Failure mechanism in Specimen TG20­A­2 Figure E.20: Stress­strain curve for Specimen TG20­A­2



E.1. Failure Mechanism in tested Specimens 369

Figure E.21: Failure mechanism in Specimen TG20­A­3 Figure E.22: Stress­strain curve for Specimen TG20­A­3

Figure E.23: Failure mechanism in Specimen TG20­A­4 Figure E.24: Stress­strain curve for Specimen TG20­A­4
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Specimen Type­B

Figure E.25: Failure mechanism in Specimen TG5­B­1 Figure E.26: Stress­strain curve for Specimen TG5­B­1

Figure E.27: Failure mechanism in Specimen TG5­B­2 Figure E.28: Stress­strain curve for Specimen TG5­B­2
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Figure E.29: Failure mechanism in Specimen TG5­B­3 Figure E.30: Stress­strain curve for Specimen TG5­B­3

Figure E.31: Failure mechanism in Specimen TG5­B­4 Figure E.32: Stress­strain curve for Specimen TG5­B­4

Figure E.33: Failure mechanism in Specimen TG10­B­1 Figure E.34: Stress­strain curve for Specimen TG10­B­1
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Figure E.35: Failure mechanism in Specimen TG10­B­2 Figure E.36: Stress­strain curve for Specimen TG10­B­2

Figure E.37: Failure mechanism in Specimen TG10­B­3 Figure E.38: Stress­strain curve for Specimen TG10­B­3

Figure E.39: Failure mechanism in Specimen TG10­B­4 Figure E.40: Stress­strain curve for Specimen TG10­B­4
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Figure E.41: Failure mechanism in Specimen TG20­B­1 Figure E.42: Stress­strain curve for Specimen TG20­B­1

Figure E.43: Failure mechanism in Specimen TG20­B­2 Figure E.44: Stress­strain curve for Specimen TG20­B­2

Figure E.45: Failure mechanism in Specimen TG20­B­3 Figure E.46: Stress­strain curve for Specimen TG20­B­3
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Figure E.47: Failure mechanism in Specimen TG20­B­4 Figure E.48: Stress­strain curve for Specimen TG20­B­4

Specimen Type­C

Figure E.49: Failure mechanism in Specimen TG5­C­1 Figure E.50: Stress­strain curve for Specimen TG5­C­1
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Figure E.51: Failure mechanism in Specimen TG5­C­2 Figure E.52: Stress­strain curve for Specimen TG5­C­2

Figure E.53: Failure mechanism in Specimen TG5­C­3 Figure E.54: Stress­strain curve for Specimen TG5­C­3

Figure E.55: Failure mechanism in Specimen TG5­C­4 Figure E.56: Stress­strain curve for Specimen TG5­C­4
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Figure E.57: Failure mechanism in Specimen TG10­C­1 Figure E.58: Stress­strain curve for Specimen TG10­C­1

Figure E.59: Failure mechanism in Specimen TG10­C­2 Figure E.60: Stress­strain curve for Specimen TG10­C­2

Figure E.61: Failure mechanism in Specimen TG10­C­3 Figure E.62: Stress­strain curve for Specimen TG10­C­3
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Figure E.63: Failure mechanism in Specimen TG10­C­4 Figure E.64: Stress­strain curve for Specimen TG10­C­4

Figure E.65: Failure mechanism in Specimen TG20­C­1 Figure E.66: Stress­strain curve for Specimen TG20­C­1

Figure E.67: Failure mechanism in Specimen TG20­C­2 Figure E.68: Stress­strain curve for Specimen TG20­C­2
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Figure E.69: Failure mechanism in Specimen TG20­C­3 Figure E.70: Stress­strain curve for Specimen TG20­C­3

Figure E.71: Failure mechanism in Specimen TG20­C­4 Figure E.72: Stress­strain curve for Specimen TG20­C­4
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E.1.2. Failure Mechanism in Mould­Casted­based specimens

Specimen Type­A

Figure E.73: Failure mechanism in Specimen A­1 Figure E.74: Stress­strain curve for Specimen A­1

Figure E.75: Failure mechanism in Specimen A­2 Figure E.76: Stress­strain curve for Specimen A­2
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Figure E.77: Failure mechanism in Specimen A­3 Figure E.78: Stress­strain curve for Specimen A­3

Figure E.79: Failure mechanism in Specimen A­4 Figure E.80: Stress­strain curve for Specimen A­4
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Specimen Type­B

Figure E.81: Failure mechanism in Specimen B­1 Figure E.82: Stress­strain curve for Specimen B­1

Figure E.83: Failure mechanism in Specimen B­2 Figure E.84: Stress­strain curve for Specimen B­2
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Figure E.85: Failure mechanism in Specimen B­3 Figure E.86: Stress­strain curve for Specimen B­3

Figure E.87: Failure mechanism in Specimen B­4 Figure E.88: Stress­strain curve for Specimen B­4
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Specimen Type­C

Figure E.89: Failure mechanism in Specimen C­1 Figure E.90: Stress­strain curve for Specimen C­1

Figure E.91: Failure mechanism in Specimen C­2 Figure E.92: Stress­strain curve for Specimen C­2
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Figure E.93: Failure mechanism in Specimen C­3 Figure E.94: Stress­strain curve for Specimen C­3

Figure E.95: Failure mechanism in Specimen C­4 Figure E.96: Stress­strain curve for Specimen C­4
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