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Abstract

The current structural demands include complex designs, efficient utilization of material resources,
and maintenance of existing structures and infrastructure. In all these cases, the connections between
structural components are the main focus of design since they are widely considered the weakest link in
a structural system. The demand for strong and durable connections with cementitious materials is
higher than ever. Creating reliable connections is largely connected to material reuse, waste reduction,
ease of disassembly, and the ability to extend the life cycle of structures. These principles contribute to a
more sustainable approach to construction.

Recent research shows that by implementing intricate interlocking geometries, toughness can be
added to inherently brittle materials like ceramics or polymers. With the concept of "toughness by
segmentation,” new metamaterials emerge with enhanced properties compared to the monolithic
material they are made of. In this study, the focus is on bistable interlock, a new type of connection.
Inspired by nature, the connection is based on double-radii morphologies that geometrically lock into
two equilibrium positions under tensile load, exhibiting two distinctive peaks in their force-displacement
diagram. When the bistable interlock mechanism was applied to Acrylonitrile Butadiene Styrene (ABS),
a relatively brittle yet strong polymer, the sutured material was up to 10 times tougher than monolithic
ABS. The focus of this research is to manufacture the bistable interlock mechanism with cement-based
materials and specifically, Strain Hardening Cementitious Composite (SHCC). SHCC belongs to the
category of fiber-reinforced concrete and is distinguished by its tensile hardening behavior and pseudo-
ductility stemming from its fiber-bridging property. Combined with the geometrical hardening of
bistable interlock, the ultimate goal is to create resilient connections that balance toughness and strength.

The performed literature study was focused on three areas: the bistable interlock mechanism,
interfacial load transfer mechanisms in concrete-to-concrete interfaces such as friction, chemical bond,
and mechanical interlock, and the material and mechanical properties of Strain-Hardening Cementitious
Composites (SHCC).

Two main areas of interest were the objects of the experimental study. The first was to understand
the tensile behavior of bistable interlocks, and the second was to optimize it by appropriately tailoring
the interface and geometry. The design of the experiments featured three parameters: the key shape
(straight & curved keys), the interface treatment (untreated & lubricated interface between the two
parts), and the geometry (based on width-to-height ratios for straight keys & radii ratios for curved
keys).

From the experimental results, it was found that the shape of the keys changed the tensile response
of the specimens greatly. The influence was different for untreated and lubricated interface specimens.
For the untreated specimens, the complex shape of the bistable interlocked geometry combined with
interface adhesion led to 78% of the untreated specimens rupturing at the interface. Only 44% of
the straight keys showed failure under the same conditions. In this application of bistable interlock,
no benefits of geometrical hardening could be exploited due to the strong adhesive bond causing
premature failure of the keys at the interface. For the lubricated specimens, shifting from straight to
curved geometry brought simultaneous increases in force and energy (i.e. defined as the area under the
force-displacement diagram) for all the specimens, fully exploiting the benefits of the frictional contact
of the bistable interlock mechanism. The increase in force documented ranged from 41-62% and in
energy from 9-96%.

The aforementioned difference in tensile response highlights that the interface treatment is a
governing parameter. Only 56 and 22% of untreated straight and curved specimens fully delaminated
(e.g. instead of breaking) in comparison to 89% of their lubricated equivalents. The rest of the specimens
exhibited (localized) SHCC failure due to the strong interface bond. Untreated specimens showed a
higher resistance force (approximately 20% for straight and 10% for curved keys) but a more brittle
response, resembling a monolithic connection, while lubricated specimens showed less resistance to
tension, resembling a sliding connection. This trend is consistent with broader findings in the literature:
inherently brittle monolithic materials compared to their architectured counterparts exhibit greater
strength but lower toughness. For the straight keys, lubrication made the failure mode more uniform
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but decreased the strength and energy. The strong bond of untreated specimens, accompanied by
a hardening response due to fiber activation against torsion and/or bending, was responsible for
this result. Specimen imperfections caused this state of combined loading. Curved lubricated keys
showed an enhancement in energy absorption (i.e. area under the force-displacement diagram) due
to the exploitation of the bistable interlocks. Special curved keys made of assembled parts were
investigated, simulating a precast-to-precast connection. The assembled keys did not outperform the
lubricated and untreated curved keys in terms of strength and energy absorbed. Their benefits lie in
two areas: they were easier to manufacture, and they attained a larger second peak than the first in the
force-displacement diagram. This characteristic is beneficial for the mechanical stability of the system.

To optimize the response, the specific geometry of the specimens was analyzed (w/h and R1/Ry).
The influence of the geometry on the tensile response was not as prominent as the interface treatment.
However, improvements were noticed when increasing geometry parameters. For untreated and
lubricated straight keys, increasing the length led to a proportional increase in absorbed energy but not
in strength. For the curved untreated specimens, the increase in geometry yielded no major differences
since the interface treatment governed the response. Conversely, for the lubricated specimens, with a
geometry increase, the response was enhanced in both strength and energy and eventually, a design
threshold at Ry /R, = 1.10 was noticed. A clear trend of an increase in the first peak, and a decrease in
the second peak as the geometry increased, existed. Extensive cracking and loss of stiffness after the
second equilibrium position due to the geometrical interference of larger keys were responsible for that.

Overall, the architectured SHCC material, straight or curved, attained 1/3 of the strength of the
monolithic SHCC. This was even lower for lubricated keys. When it came to energy absorption, the
lubricated curved keys with bistable interlocks performed better, reaching up to 75% of the SHCC’s energy.
This is contrary to the literature findings, where bistable interlocked materials made of ABS were tougher
than monolithic ABS. In the case of SHCC, the material properties were different. Due to the extensive
cracking of the key, reduced frictional contact occurred, and reduced energy was absorbed. However,
a beneficial characteristic of the architectured SHCC keys was their sustained resistance to tension
at higher strain levels. That makes them beneficial for many engineering applications where energy
absorption and resistance to impact loads and thermal and/or hygral effects are prioritized. Another
benefit exists in the customization of their tensile response by fine-tuning geometrical parameters. For
a radii ratio of 1.10 in bistable interlocked keys, a satisfactory balance of strength and toughness was
achieved, showing that with appropriate design, the connections have promising results.
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Introduction

1.1. Background & Problem Definition

In light of the ongoing demand for more durable and sustainable concrete structures, special attention
is drawn to the connections between structural members and materials.

Civil engineering projects often involve the construction of various components connected at different
construction stages. Current structural demands and complex designs in infrastructure and the built
environment involve the connection of a variety of different materials. Many countries, such as the
Netherlands, are experiencing a growing demand for preserving existing structures. To shift to a more
sustainable future, the extended service life of engineering projects involving repairs, refurbishments, or
maintenance is desired. All these examples involve different components connecting, thus creating an
interface between them. The existence of interfaces between structural components in civil engineering
is inevitable, and the requirement of those to ensure compatibility and structural integrity is of utmost
importance. The reason that the interface role is crucial is that it is widely considered to be the weakest
link regarding the structural reliability of a composite structure or system.

When it comes to concrete elements (partially or entirely prefabricated), dominant in engineering
practice, the most common types of these connections are precast-to-precast concrete connections and
precast-to-in situ connections.

Interface failures, such as debonding, crack formation, delamination, and fiber pullout when fibers
are involved, can compromise the structure’s load transfer capacity & eventually structural integrity.
When it comes to real-life examples, in bridge engineering, debonding or crack formation at the
concrete-to-concrete interface can lead to a decrease in serviceability standards and even a compromise
in the structure’s overall load-bearing capacity. Similarly, in tunnel lining applications, interface issues
in the connection between segments or layers of the lining can compromise the tunnel’s structural
integrity. Creating strong and durable interfaces can ensure the safe and reliable operation of structures
and infrastructure, but it can also prevent costly repairs or replacements due to premature interface
failures [1]. This aligns with the requirements to create more sustainable concrete structures.

Establishing that the interface should be the focus of the design, the local properties are essential
in achieving a good concrete-to-concrete connection. In principle, a reliable structural interface is
based on the interfacial load transfer mechanisms of friction, adhesive bonding, and mechanical interlock
[2]. Surface roughness can increase friction and enhance the bond between two layers of concrete by
creating interlocking features between them or by increasing the surface area available for bonding.
Factors influencing chemical bonding between concrete layers include moisture exchange, curing and
stress conditions at the interface, compatibility of the materials, the presence of any bonding agents or
adhesives, and more. In the same line of thought, a mechanical interlock between two layers improves
the bond between them. It is a common practice to create grooved or chiseled interfaces to avoid
delamination failure of interfaces [3]. Also, other mechanical interlocking features, like shear keys, can
increase the shear transfer capacity of a connection.

High chemical and mechanical strength and a rough surface are beneficial for a stronger interface.
However, a stronger interface can often result in localized cracks and brittle failure. A smoother interface
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and lower interfacial strength can, in many cases, promote the formation of more cracks and partial
relief of stresses. In such a way, higher energy dissipation and better use of the materials’” ductility
can be achieved [1], [4]. The attainment of both strength and toughness is a vital requirement for
structural materials; however, these properties in practice are mutually exclusive [5]. The goal for
durable connections is to create a balance between strength and toughness and enable the uniform
behavior of a multi-layer system as a monolithic one.

This goal, along with inspiration from nature, has driven material research toward the design and
implementation of engineered materials. Creating hybrid materials that combine the best qualities of
their constituent parts is the key challenge. Materials such as nacre, bone, enamel, and shells are acting
as inspiration to move toward engineered "ultimate" materials. A common characteristic of those is that
they implicate geometrical interlocking in their structure to dissipate energy and generate toughness
[6]. To do that, their structure usually involves hard phases with complex geometries and compliant,
flexible phases linked together.

This research is focused on a special type of engineered material involving sutured jigsaw-like
morphologies (tabs), designed to geometrically lock into two different stable states (Figure 1.1). Due to
this characteristic, this mechanism was named Bistable Interlock by Mirkhalaf et al. [7].

Some of the characteristics of bistable interlocked geometries are that without obvious damage
accumulation, the system is capable of interchanging between two equilibrium positions [7]. With their
special geometry, a type of geometric hardening mechanism takes place, making the material able to
postpone the localization of strains and spread nonlinear deformations. This mechanism can increase
the toughness of brittle materials and also dissipate energy coming from external loads into larger
volumes of material [6]. The geometry of the tabs of this connection can be fine-tuned to change the
mechanical response of these materials through design [7]. This means that toughness can be added
to the system without major losses in strength. This is a favorable characteristic for achieving the
aforementioned balance in strength and toughness of a connection.

The primary focus of this study is to manufacture the bistable interlock mechanism with cement-
based materials. Specifically, Strain Hardening Cementitious Composite (SHCC) was chosen. SHCCs
are materials that belong to the family of fiber-reinforced concrete and are distinguished by their tensile
hardening behavior [8], stemming from their fiber-bridging property. With the use of the strain hardening
property along with the geometric hardening of bistable interlocks, the advantages could be even greater
when it comes to ductile and damage-tolerant connections.

Figure 1.1: A typical geometry designed with bistable interlock [7]

While the bistable interlock mechanism has not yet been put into practice, many research possibilities
have arisen for its employment. With the implementation of multiple layers of bistable interlocked
material (Figure 1.2), the deformations can be spread to large volumes, acting as a damping mechanism
for impact loads. In applications such as protective structures, retaining walls, and earthquake-resistant
structures, this mechanism could be useful.

Since the bistable interlocked materials tested in [7] showed no visible damage accumulation, an
interesting possibility would be the demountability and re-manufacturability of connections using these
types of interlocks to simplify the construction process.

With the ability of bistable interlocks to sustain resistance to tension at larger deformations, possible
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benefits for connections susceptible to imposed deformations are possible. This characteristic would
be valuable in situations where imposed deformations are expected, such as thermal expansion and
contraction or settlements.

Figure 1.2: In-situ images of the formation of a triangular process-zone in the bistable interlocked material, followed by
progressive fracture [7]

1.2. Objective & Research questions

This research aims to investigate the tensile performance of bistable interlocks in sutured geometries
made of Strain-Hardening Cementitious Composites. Additionally, straight keys made of SHCC are
going to be investigated and act as a benchmark. The ultimate goal is to design reliable connections of
cementitious materials with higher damage tolerance by exploiting the shape of bistable interlock and
fine-tuning geometrical properties to get a "desired performance" based on toughness and strength.

The main research questions and sub-questions of this study are:

RQ1: To what extent can the implementation of the bistable interlock mechanism enhance the toughness and
strength of interlocking keys made of SHCC under tensile loading?

* Whatis the tensile response of straight interlocking SHCC keys, in terms of toughness and strength?

* What is the difference in the tensile response of curved interlocking SHCC keys compared to
straight SHCC keys?

RQ2: How can the tensile response of different interlocking SHCC keys be optimized in terms of toughness
and strength?

* What is the influence of an untreated interface & interface lubrication on the tensile response of both
straight and curved keys? What is the influence of an out-of-plane assembled interface on the tensile
response of curved keys?

e How do straight keys with different width-to-height ratios & curved keys with different radii ratios
behave under the aforementioned interface treatments regarding strength and toughness? What
types of failure are observed as the geometry changes?
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1.3. Research Methodology

To realize the goal of the research, a parametric study of various straight and bistable interlock specimens
was designed. The specimens were experimentally tested to explore the effect of geometry and interface
properties on the tensile performance of straight and bistable interlocked keys. Through design exploration
and change of their interface properties, SHCC specimens containing straight and curved geometries
were cast and tested under uniaxial monotonic tension. The results were documented via Digital Image
Correlation (DIC) and Linear Variable Differential Transformers (LVDTs).

The parametric study includes specimens containing interlocking keys of:

¢ Two different shapes,

— straight keys,
- curved keys.

¢ Three different interfacial conditions,

— left as-cast interface,
— lubricated interface,
- "assembled" interface created by the sliding of the two parts in the out-of-plane direction.

® Three geometry variations per shape.

- different width-to-height ratios (w/h) for straight keys,
— different radii ratios (R1/R7) for the curved keys.

The methodology followed in this research is shown below:
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Figure 1.3: Thesis Methodology
Outline of the thesis

The general outline of the report’s structure is presented below.

Chapter 1: An introduction to the project background. The problem definition, the research
objective and research questions, and the methodology and outline of the research were included.
Chapter 2: A literature review was performed focusing on the bistable interlock mechanism, the
interfacial load transfer mechanisms (friction, bond, and mechanical interlock) in concrete-to-
concrete interfaces, and the material and mechanical properties of SHCC.

Chapter 3: The experimental study was presented, focusing on the design of specimens, the
production of the SHCC mix, mould and specimen preparation, and structural testing, along with
the data measurement methods.

Chapter 4: The experimental results of DIC on one specimen from each category will be presented
and analyzed.

Chapter 5: Discussion of the results and comparison of specimens with different shapes, interface
treatment, and geometry.

Chapter 6: Conclusions and recommendations for future research.



Literature Review

The literature review chapter focuses on the development of architectured materials in materials science,
drawing inspiration from nature. The focal point is to produce materials utilizing complex geometries
with interlocking features to improve ductility and energy absorption. The study explores the main
load transfer mechanisms at interfaces, such as friction, chemical adhesion (bond), and mechanical
interlock. Additionally, it discusses Strain-Hardening Cementitious Composites (SHCCs), known for
their pseudo-ductility and post-crack resistance, outlining essential design conditions and material
properties for SHCCs. The strain-hardening property, combined with geometric hardening from bistable
interlocks, offers the potential for materials with enhanced ductility and damage tolerance.

2.1. Bistable interlock

2.11. Inspiration from Natural materials

The constantly increasing requirements for enhanced structural performance of materials drive research
to the investigation and development of stronger, tougher, and lighter materials. Drawing inspiration
from nature, an increasing trend in adopting biomimetic approaches to create innovative materials
with enhanced mechanical properties is observed. These bio-inspired materials and their intricate
architectures often pose manufacturing challenges due to their complex, non-monolithic structures [9].
In recent years the introduction of advanced fabrication methods such as 3D printing has demonstrated
potential in addressing these challenges [10]. The new hybrid materials (e.g. materials containing
interlocks) show promise in combining the best properties of their components.

Natural materials such as nacre, bone, enamel, diatoms, and shells (Figure 2.1) are the inspiration of
many researchers to develop the enhanced engineered materials [7], [11], [12], [10]. A common feature
amongst them is the use of geometric interlocking in their complex micro-structures to dissipate energy
and increase the toughness of otherwise brittle materials. In material science, this principle is referred
to as "Toughness by segmentation". The concept of toughness by segmentation is that through precise
material architectures and complex yet well-defined interfaces, a new architectured material emerges
with enhanced properties compared to the monolithic material [12].



2.1. Bistable interlock 7

10mm 2 mm

Figure 2.1: Different cases of interlocking mechanisms in nature (a) Red-bellied woodpecker beak (b) Linking girdles of diatoms
(c) Marine threespine stickleback (d) Pan troglodytes cranial sutures (e) Ammonite shell (f) Osteoderms of sea turtle shell [6]

Another important concept inspired by nature is the "Brick and Mortar mechanism" (B-and-M). In
biomineralized tissues like nacre, bone, and tooth, the structure of "staggered hard crystals embedded in
a soft matrix" is frequently observed [11]. These materials typically have numerous interfaces at various
length scales between stiff and compliant constituents (Figure 2.2). This is metaphorically referred to as
a "brick and mortar” structure [11], [13]. By implementing the B-and-M mechanism in bio-composite
materials, a balance between strength and toughness can be achieved. For instance, the stiff phases’
geometry and spatial arrangement compensate for the compliant phase’s lack of strength. On the other
hand, toughening processes like plastic yielding of the compliant phase, microcracking, crack bridging,
and pulling-out of the stiff phase from the compliant phase would result in more energy dissipated and
consequently higher toughness of the material [13].

A stiff interface is not always beneficial for the mechanical performance of B-and-M composites.
Interfaces with overly high strength (e.g. perfect bonding) would prohibit the occurrence of these
toughening mechanisms [13]. This stems from the general principle that combining a satisfactory level
of strength and toughness is challenging and to a certain degree mutually exclusive [5].

O @
Q
%

Hard inclusions

(a)

Figure 2.2: Brick-Mortar mechanisms, (a) bottom-up approach, ingredients are assembled into architectures and (b) top-down
approach, material is removed from a hard block to generate architectures [11]
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2.1.2. Interlock Implementation in material engineering
Ceramics are a prime example of a strong but brittle material. In the quest to add ductility and damage
tolerance to a ceramic plate, Mirkhalaf et al. [12], demonstrated that segmenting a monolithic ceramic
plate into interlocking blocks can alter its mechanisms of deformation and fracture resulting in larger
energy absorption, and impact resistance. A summary of the mechanical performance of monolithic
and architectured ceramic plates under a quasi-static push-out loading is displayed in Figure 2.3a.
The architectured panels’ strength ranges from 1/4 to 1/2 than that of the monolithic. This is a
common characteristic of architectured systems, as mentioned before. The frictional interfaces tend to
make systems less rigid and strong but more flexible and damage tolerant [5]. In Figure 2.3, the clear
advantage of those panels is shown. The architectured panel can absorb 5 to 20 times more energy
before fracture than the monolithic ones (Figure 2.3 b) and has a very localized failure mode; the rest
of the panel remains intact. In comparison, the monolithic panel sustained a much larger force (~
200 N) but resulted in brittle failure dominated by flexural cracks (Figure 2.3c). In applications where
kinetic energy from impact loads must be absorbed, this is a remarkable improvement. Additionally,
the fabrication approach is adaptable, & scalable [12].

Stereo

imaging ﬁ 3
(ﬂ) a ? l (b) (c) Monolithic Architectured
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- Panel
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Frame =~

Architectured g
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| Detlection o (mm}

Figure 2.3: (a) Testing of ceramic panels in quasi-static loading (b) Comparison between the force-deflection curves of the
monolithic and the architectured ceramic panels (c) Failure patterns of monolithic and architectured material [12]

Another application of the "Toughness by Segmentation” principle was the research subject of Dyskin
et al. [14]. Topological interlocking based on matching non-planar surfaces of contacting elements was
used to create a special block shape and assemble them in a masonry-like arrangement (Figure 2.4).
Concerning the bone-like shape of these blocks, their assembly is referred to as osteomorphic [14].
Essentially, solely by implementing geometrical (kinetic constraints), the osteomorphic assembly can
localize the failure to specific blocks, not allowing it to spread into the rest of the structure. Topological
interlocking was achieved by appropriately choosing matching curved surfaces of the elements in
contact, specifically, the convex parts of the surface of one block, matched with the concave parts of the
adjacent blocks (see Figure 2.4a). When the blocks are brought in contact, no relative movements in
the xy-plane are possible due to a frame acting as a constraint at the periphery of the assembly in the
z-direction (Figure 2.4b).

~ z1(x.y)

Z2(x.y)

(a) Assembling and layering of osteomorphic blocks (b) Geometry of one block

Figure 2.4: Geometry and assembly of osteomorphic blocks in a plate [14]

The assembly and the reference solid plate were made of polyester casting resin Polylite 61-209
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[14]. They were held in a specially designed frame with a controlled lateral load and tested under
a concentrated load (push-out) and a constant displacement rate (2mm/min). The results indicated
that compared to the reference plate, the osteomorphic assembly has a much lower bending stiffness
(Figure 2.5). The reference plate (monolithic) fails at a higher load indicating that the assembly has a
significantly lower bearing capacity. However, the assembly can withstand sizable deformations that are
comparable to its thickness. Figure 2.6 depicts the drastically different failure patterns in the solid plate
and the assembly. While cracks started in the middle of the plate for the monolithic plate and spread
throughout its entirety, only a small number of elements failed in the second case, with the assembly as
a whole maintaining its structural integrity even with some blocks missing. Figure 2.5 shows that the
response of the structure improves as the lateral constraint (applied as pressure) increases.

p=535kPa

J o mmm T =1
3 Solid plate |
1

.

p=714 kPa
P et

Load (kN)

p=535 kPa

Deflection (mm)

Figure 2.5: Loading vs. deflection curves for the assembly and the solid plate for two values of lateral pressure, p = 535 kPa and p
=714 kPa [14]

(a) Failure pattern for monolithic plate (b) Failure pattern for the assembly of osteomorphic blocks

Figure 2.6: Comparison of failure patterns in a monolithic and block-assembled plate [14]

Taking a step further, Molotnikov et al. [15] demonstrated that the constraining lateral pressure
required to hold the blocks together and provided by an external frame as seen in [14], can be considered
a design parameter. In essence, the maximum load the assembly can sustain and its stiffness increased
linearly with the magnitude of the aforementioned applied lateral load.

The overall behavior of the osteomorphic assembly made of polyurethane in [15] is similar to the test
performed by Dyskin et al. [16]. During the push-out test, the monolithic plate demonstrated a typical
brittle behavior (Figure 2.7b). For the segmented plate, the push-out test created an initial deformation
at low strains in which the assembled structure bent and the central block was pushed halfway. The
test concluded when the central block lost contact with the adjacent blocks and was pushed out by the
indenter (Figure 2.7c). The segmented plate remained intact around the block that was pushed out, and
it even recovered its original stiffness [15].
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Figure 2.7: (a) Load-displacement graph for normal loading of a segmented plate assembled from osteomorphic polyurethane
elements and a monolithic plate, & comparison of (b) a fractured monolithic plate and (c) a segmented plate after maximum
deflection [15]

As mentioned before, with a higher constraint load (measured as torque in the constraining screws
of the frame) the bearing capacity increases. For example, an increase in the constraining torque from 1
to 10 Nm resulted in an increase of the maximum push-out load from 250 N to approximately 500 N
(Figure 2.8). The ability of the assembly to sustain bending deformation during this increase remained
intact [15].
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Figure 2.8: Load-displacement plots for normal loading of polyurethane osteomorphic assemblies as a function of the magnitude
of the lateral constraint (as torque on the constraining screws) [15]

Malik et al. [6], examined the design and optimization of sutured geometries with jigsaw puzzle-like
arrangements (tabs) (Figure 2.9). In this research analytical models were presented that were later
verified with finite element (FE) simulations and mechanical testing of 3D printed Acrylonitrile Butadiene
Styrene (ABS) samples. The focus was on the non-linear traction behavior generated by the frictional
pullout of the tabs without other types of bonding (adhesion). The models showed that the pullout
strength and energy absorption increase with higher interlocking angles (6p) and for higher coefficients
of friction (f), but after a threshold the high stresses in the solid can result in tab fracture. The sutured
interface was deemed remarkable for its toughness; it was measured as 45 times tougher than plain ABS.
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Figure 2.9: A series of sutured geometries and a closer look of the geometrical characteristics of an individual suture [6]

2.1.3. Mechanism of bistable Interlock

Concept

Based on inspiration from natural materials & by applying the principles of toughness by segmentation,
anew type of material was built. The sutured geometry (tab) is similar to the one Malik et al. investigated
[6] (Figure 2.9), but in this case, it is built of geometries containing 2 circular parts (Figure 2.10) instead
of one. The suture’s shape is made of jigsaw-like pieces, created by tangentially blending a sequence of
arcs of circles with radii R1 and R; at positions indicated by angles 67 and 0, as seen in Figure 2.10.

w

Figure 2.10: Overview of the suture’s geometry and tab [7]

Mirkhalaf et al. noticed that the tensile behavior of these tabs under monotonic tension resulted in a
curve with two equilibrium positions (I & II) (Figure 2.11). The name bistable interlock was adopted to
highlight this ability of the tabs. The second equilibrium position (II) results in a second peak in the
force-displacement graph and also at a larger area under the graph. Since the area under the graph
indicates the systems’ energy absorption, the interlocked materials tested were up to 10 times tougher
than the polymer they were made of [7]. In [7] the polymer used was Acrylonitrile Butadiene Styrene
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(ABS). A more detailed description of how the bistable interlock mechanism works will be provided in

subsection 2.2.3.
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Figure 2.11: Bistable interlock response under pull out of the sutured geometries [7]

Design
By changing the geometric parameters (R1, Ry, 01, 82) shown in (Figure 2.10), the system’s mechanical
response can be programmed and tuned. For instance, higher locking angles (61, ;) result in larger
geometric interference and require greater pullout force to separate the tabs. In [7], to investigate this
feature, the radius R1 was made larger than R in order to increase the force needed for a full pullout of
the tab. Since there was no specific length scale associated with the mechanisms (they all rely on friction
and elasticity of the bulk material), the non-dimensional Ry /R, was chosen as a basic design parameter.
Further examination of the geometry reveals that the four main parameters (R1, Rz, 01, 62) are not
independent of one another. Other parameters of interest that depend on them are:

¢ the angle 0;,
e thelengthL,
¢ the width w.

The formulas below show the connection to the main parameters [7]:

0y = cos™1%[1/2%(R1/Ry + 1) = cos(61)] (2.1)
L=2x[Ry*(1+sin(01)+ Ry =(sin(6y) + sin(6;))] (2.2)
w =2%(Ry+ Ry) *cos(67) (2.3)

To design the sutures with a bistable interlocking effect, the parameters chosen must be mechanically
and functionally significant.
Some design limitations are mentioned below:

¢ Only the cases with R;/R; > 1 are acceptable,
¢ Cases where R1/R; < 1 can result in a loose and unstable connection,
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* Cases with very high 01 and/or the ratio R1/R> can result in excessive contact stresses and tab
fracture; an undesirable failure mode for the suture (brittle failure).

After extensive design and experimental research performed by Mirkhalaf et al. in [7], the admissible
domain for the main parameters R;/R> and 671 was defined (Figure 2.12):
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Figure 2.12: Admissible domain of design parameters of the tabs [7]

Figure 2.13 depicts the relationship between the geometry of the tabs and the stresses generated
in them. A higher ratio R1/R; and 6; can result in stronger tabs as the interlocking effect is more
pronounced, but it may cause brittle tab failure.

/ Brittle Tab Failure
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Figure 2.13: Effect of R1/R3 and 01 combination on the maximum pullout traction [7]
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Fabrication with 3D printing
To experimentally investigate the pullout response of the samples with bistable interlocks, Mirkhalaf
et al. [7], 3D printed samples with individual bistable interlocked tabs. Different combinations of
interlocking angles (61 =5 °, 15 °, 25 °, 35 °) and different radii ratio (R;/R2 =1, 1.03, 1.05, 1.06) were
examined [7]. All the samples had an out-of-plane thickness of t = 2 mm and they were comprised of a
single tab.

Some important fabrication aspects of [7] are summarized below:

The material used was Acrylonitrile Butadiene Styrene (ABS). ABS is a relatively stiff and strong
polymer with elastic modulus E = 1.7 + 0.2 GPa, flexural strength = 118 + 12 MPa, (measured
experimentally with flexural tests), and relatively brittle, with a flexural strain at failure of
0.112 +£0.18.

The 3D printer used was a high-resolution (80 y m) EnvisionTech’s Micro HiRes Machine that
uses Digital Light Processing (DLP) technology. This method allows for the printing of pore-free,
homogeneous, and mechanically isotropic components. The morphological fidelity provides a
consistent friction coefficient and minimization of stress concentrations.

The two solid parts of the tabs were 3D printed separately and were combined in a sliding,
out-of-plane motion. The assembly was performed smoothly and required very little force in the
out-of-plane direction.

The gap at the interface after assembly was roughly 8 u m. This distance was broad enough to
ensure that the tabs were unloaded before testing, and small enough to assume that were initially
in contact.

To minimize in-plane bending and deformation modes not representative of a long suture line,
the total width of the sample was approximately six times the width of the individual tabs.
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2.2. Interfacial Load Transfer Mechanisms

The focus of this research is the bistable interlock mechanism in the SHCC-to-SHCC interface. As
mentioned before, the mechanism is highly reliant on the interface contact mechanisms; hence, analysis
of load transfer mechanisms at the interface is necessary.

When it comes to the SHCC-to-SHCC interface, while scientific findings exist, it is not yet commonly
used in practice. However, the vastly applied concrete-to-concrete interface can offer a good starting point
for understanding the interface mechanisms regarding load transfer between cementitious materials.

According to FIB Model Code [2], forces are carried across concrete-to-concrete interfaces through
three main mechanisms:

e Friction,
¢ Adhesive bonding & mechanical interlocking,
¢ Dowel action of reinforcement/ connectors crossing the interface.

These mechanisms are widely accepted for reinforced concrete structures, but in the case of this
research, only the first two are relevant (friction, adhesive bonding, and mechanical interlocking). The
dowel action of the reinforcement and the aggregate interlock (since only fine particles are included
in the mixes used in this research) are not contributing mechanisms and are not going to be further
discussed.

2.2.1. Friction

Nature and Laws of Friction

The study of friction has long been a subject of interest in engineering. The foundational principles of
friction, commonly found in textbooks, can be traced back to the work of the fifteenth-century scientist
Leonardo da Vinci. Nowadays these principles are frequently associated with the seventeenth and
eighteenth-century researchers Guillaume Amontons and Charles-Augustin de Coulomb due to their
published contributions [17]. In 1950’s David Tabor and Sir David Bowden introduced the idea of
"asperities," leading to the development of the concept of "adhesive" and "abrasive" friction [18].

To explain the phenomenon of friction on the microscale, surface roughness is an important concept
to introduce. All mechanical surfaces are, in reality, rough. Surface roughness is the existence of
tiny ridges, pits, and scratches at the surfaces called asperities (Figure 2.14). These discrete spots are
connected and interlock when two nominally flat surfaces come into contact [19], [20]. The existence
of asperities is the reason that the true area of contact between two surfaces is much smaller than the
apparent area (Figure 2.15) [19].
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Figure 2.14: Surface roughness in microscale and nanoscale [21]

When two solid bodies come in contact and are subjected to forces that tend to produce relative
sliding motion, stresses develop on the interfaces that tend to oppose that motion. This phenomenon is
called friction. Friction is often discussed in terms of the resultant of the stresses, i.e. friction force [17].
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Figure 2.15: Asperities before and during contact of surfaces [20]

Amonton’s first law of friction states that the friction force (F) (at the onset of sliding and during
sliding) is proportional to the normal load (N) [22]:

F=usN (2.4)
Where:

* N, the compressive normal force,
e F the friction force,
* u, the friction coefficient.

The coefficient of proportionality y, is known as the coefficient of friction. Often, two values of u are
quoted: the coefficient of static friction, us, which applies to the onset of sliding, and the coefficient of
kinetic friction, i, which applies during sliding motion. From empirical principles and experimental
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observations, the static coefficient is greater than the kinetic coefficient [19]. This means that once the
sliding stops, the force needed to initiate sliding is greater than the force needed to sustain sliding [22].

Amontons’ second law of friction states that the friction force is independent of the apparent area of
contact. Both laws, apply to non-lubricated contacts between metallic bodies and are generally observed
to hold for gross motions of effectively rigid bodies [17].

Bowden and Tabor’s theory assumes that interfacial friction is mainly happening due to two causes:
the shearing of metallic joints between the surface asperities (adhesion) and the plastic deformation of
the softer surface by harder asperities (abrasion) [19], [17].

Bowden and Tabor also provided a mathematical explanation of Amontons’ laws of friction [19].
They stated that when two clean metal bodies are put in contact, plastic flow at the tips of the asperities,
and local welding between opposing asperities will always occur. This comes from the assumption
that the stresses at the extremely small areas of the asperity tips will always be high enough to create
permanent deformation. The true area of contact is then proportional to the normal load (N) [19]. So, it
holds:

A, =N/H (2.5)

Here A, is the true area of contact, N is the normal load, and H is the hardness of the softer of the
contacting materials.

Neglecting the contribution of plowing, the friction force is then equal to the force F, required to
shear the junctions formed during the plastic deformation of the asperities tips. If 7; is the average shear
strength of the junctions, then it holds:

Fﬂ =A7*Tj=(N/H)*T]' (2.6)
When dividing by the normal force N, the adhesive coefficient of friction can be derived:

o =/H 27)

Due to plastic yielding and work-hardening, the interface between welded asperities is as strong
or probably stronger than the undeformed bulk material. Hence, the average shear strength of the
junctions (7;) can be assumed to be equal to the shear strength of the softer of the contacting materials
(7). Consequently:

o =/H (2.8)

This verifies Amontons’ laws of friction stating that the friction force is proportional to the normal
load and independent of the apparent area of contact.

The coefficient of friction as seen in Equation 2.8, is not dependent on the normal load or sliding
velocity but on the surface properties of the sliding materials and the experimental conditions. With the
exception of hydrodynamic lubrication, the nominal range for the coefficient of friction for sliding is
situated between 0.01 and 2 [22]. For most materials, 7 is of the order of 0.2H, hence y, = 0.2 [19].

According to the FIB Model Code [2] representative mean values for the friction coefficient y for
concrete grades < C50/60 are given below:

Table 2.1: Representative mean values of the friction coefficient u for concrete grades < C50/60 [2]

Category Range of friction coefficient
Smooth interface 0.5-0.7
Rough interface 0.7-1.0
Very rough interface 1.0-14

Lubricated Contact
As it was previously established, friction is always present between contacting surfaces, since no surface
is smooth in reality. Frictional effects (stick-slip behavior, adhesion, plowing, frictional damping) are
frequently ignored if the frictional forces on the contacting boundaries are small enough. Hence in
engineering, there are two types of contact problems: frictional and frictionless, with the latter being
much easier to solve.
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Practically contact with less friction can be achieved through the application of lubricants to decrease
the friction coefficient. Lubrication is an important aspect of tribology. It is vastly used to reduce
friction and wear on mechanical surfaces, acting as a shield. The lubricant film covers and fills the
asperities of the sliding surfaces and forms a boundary between them so that any direct contact between
the surfaces is limited, resulting in limited friction. As a general rule, the lubricant chosen should
have small enough viscosity, (internal molecule friction) to reduce the internal resistance between the
particles of the lubricant and at the same time, it should remain in place to efficiently separate the
surfaces [23]. Apart from the dependence on the lubricant viscocity in lubricated contact, friction is
known to display velocity dependence. It is established that lubrication modes fall into three categories.
These are hydrodynamic lubrication, mixed lubrication and boundary lubrication, as expressed by the Stribeck
curve (Figure 2.16) [24], [17]. The distinction can be made with the calculation of the Hersey number
(see Equation 2.9).

Hersey number = n*v/p (2.9)
Where:

¢ 7 is the viscosity of the lubricant,
* v is the velocity of the surface,
® pis the pressure.

This practically means that a pair of tribo-surfaces is separated by the pressure buildup of a
sufficiently thick liquid film. When the Hersey number is small, the lubrication regime is a boundary
regime. For instance, at low velocities, the hydrodynamic pressure buildup in the contact is negligible
and the contact load is assumed to be transmitted mostly by mechanical contact between the asperities
[17]. As a result, high friction and wear are observed. A mixed lubrication regime is an intermediate
regime between hydrodynamic lubrication and boundary lubrication and the friction then is partly
caused by asperity interactions and due to the shear stresses in the lubricant [24]. In the full-film
regime, the surfaces are completely separated by the pressure buildup in the lubricant and the friction
corresponds to the shear stresses in the lubricant [24].

Boundary lubrication Mixed lubrication Hydrodynamic lubrication
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Figure 2.16: Stribeck curve [24]
Friction & interlock

Friction and mechanical interlock are mechanisms used to create bonds between two mechanical surfaces.
Malik et al. [6] studied the combination of these mechanisms in simple jigsaw structures with radius R
and interlocking angle 6 (Figure 2.17).
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The solid parts of the suture were considered isotropic and linear elastic with no adhesion at the
interface, to solely focus on the frictional contact. Under a pullout force and enforcing the boundary
conditions shown in Figure 2.17, an analytical model was created.
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Figure 2.17: Sutured geometry and enforced boundary conditions [6]

The results of the analytical pull-out model using three different friction coefficients are shown in
(Figure 2.18). The case with no friction (f=0) can generate stiffness through solely geometric interlocking,
but it does not absorb energy. When friction is increased (f>0) the sliding of the tab generates frictional
forces and the shear traction acting on the contact area that increase the energy absorption of the system
(area under the graph) [6]. Consequently, for this case of application and extending to bistable interlock,
frictional stresses are imperative for increasing the system’s ductility.
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Figure 2.18: Traction separation curves obtained from the analytical pullout model (with three different friction coefficients) [6]

However, parametric studies performed by Malik et al. [6] showed a counter-intuitive guideline. A
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higher coefficient of friction can promote strength, stiffness, and energy absorption. However, the high
frictional stresses at the interface also generated large tensile stresses in the contact areas, leading to
tab fracture. In contrast, low friction coefficients minimized the tensile stresses in the contact regions,
allowing the use of higher interlocking angles without fracturing the tabs, which in turn generated
high stiffness and strength. In Figure 2.19 this is highlighted. With reduced friction (lubricated sample
interface), the interlocking angle could be increased to 8y = 35° without breaking the tabs. For the
non-lubricated sample (higher friction coefficient) fracture of the tabs was observed for 6y = 20° [6].

After design optimization regarding the energy absorption performed in [6] it was concluded that
for relatively weak and stiff materials (simulated by os/E = 1/1000) a small friction coefficient of
0.018 provided the optimal results while for strong and compliant materials (os/E = 1/100) a friction
coefficient of 0.08 gave the optimal results.
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Figure 2.19: Non-lubricated and lubricated representative pull-out behavior of single tabs, with different interlocking angles 6
showing two different failure mechanisms: tab pull-out and fracture [6]
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2.2.2. Chemical bond

Bond properties

To achieve a reliable connection between two concrete or SHCC layers cast at different times, a good
bond is a key factor. Bonding mechanisms can be divided basically into mechanical interaction,
thermodynamic mechanisms, and chemical bonding [25]. The term bond between two layers of material
usually refers to the chemical adhesion of the applied product (overlay) to the substrate [1]. Chemical
adhesion occurs when the atoms of two materials form chemical bonds (ionic, covalent, hydrogen)
across the joint surface [20]. Chemical bonds are usually stronger than the inherently weak friction
bonds, which are related to Van der Waals intermolecular forces (stemming from temporary alignments
of electrons in the outermost shell of atoms) [20].

Bonded cement-based material overlays and their substrates constitute a hybrid composite structural
system. On the microscale, chemical reactions take place between the surfaces of the fresh and cured
concrete. Further chemical bonding between the two layers is happening due to the continued hydration
of non-reacted cement particles in the cured layer, resulting in the formation of additional C-S-H gel.
Moisture exchange also happens between the two layers. Water infiltrates the capillary pores in the
cured layer and facilitates further hydration reactions, contributing to the interpenetration of cement
hydration products between the two layers [1], [26].

Bond strength refers to the required force for the complete separation of two adhered parts along the
interface. In this research, the focus is on tensile bond strength, which is usually defined as the tensile
strength perpendicular to the plane of the interface [27]. Bond strength in shear has an inherent role and
intrinsic relationship with tensile behavior [28], but the tensile bond strength is much easier to measure.

In practice, the bond strength is determined by coring and pull-off tests (Figure 2.20) [27]. The
failure stress can be calculated by dividing the maximum force by the area of the cross-section. It is
important to note that the bond strength only equals the failure stress if the failure occurs completely at
the interface (Figure 2.20 case b). When the failure is completely or partly in substrate or overlay (see
Figure 2.20 cases a & c), the failure stress is only a lower bound of the bond strength [27]. The last case
in Figure 2.20 (case d) is invalid and the test needs to be repeated.

(a) (b) (c) (d)
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Figure 2.20: Direct tension (pull-off) test with 4 failure modes (a) Failure in the substrate, (b) bond failure at the interface, (c)
failure in the overlay or repair material & (d) bond failure at the overlay interface (invalid) [29]

The interaction and bond strength of the system are dependent on many parameters [27], [30], [1],
the most important of which are mentioned below:

¢ the moisture exchange between the two layers, & the moisture level of the substrate,
e the surface roughness of the substrate,

e the curing conditions of both concrete layers and possible differential shrinkage,

e the fluidity and workability of the overlay,

¢ the stress state at the interface,

* any presence of cracking at the substrate,
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¢ the compatibility of properties (deformational, physical, chemical, electrochemical) between the
two layers,

¢ the potential application of bonding agents,
¢ the presence of mechanical connectors (e.g. steel reinforcement).

Surface roughness is a critical factor affecting bond strength in repair systems. To achieve the desired
roughness of the concrete substrate, various surface treatments are employed, including hammering,
sandblasting, hydrojetting, scarifying, acid-etching, and shot-blasting (Figure 2.21) [1], [31].
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Figure 2.21: Common concrete surface preparation methods: (a) left as-cast, (b) wire-brushing, (c) sand-blasting, (d) shot-blasting,
& (e) hand-scrubbed. (The pictures are at scale) [31]

Guidelines for the surface roughness and its influence on interface strength between concretes cast
at different ages can be found in the codes for reinforced concrete structures [2], [32]. Depending on
the average roughness (Ra) (referring to the average deviation of the profile from a mean line) and the
applied surface preparation method, the following categories are introduced:

Table 2.2: Classification of surface roughness depending on the average roughness R, as presented in FIB Model Code [2]

Category R [mm]

Very smooth
. not measureable
(e.g. cast against steel formwork)
Smooth
. < 1.5 mm
(e.g. untreated, cast against
Rough
(e.g. sand blasted, high pressure z 1.5 mm
water blasted etc.)
Very rough
(e.g. high pressure water jetting, z3 mm

indented)

Regardless of the importance given to the surface preparation, bond test results [27] showed that the
surface roughness has a rather small influence on the adhesion. The bond strength of rough and smooth
surfaces, prepared with water jetting and sandblasting, was found to be almost equal. However, the
debonding failures were more frequent at the smooth surfaces [1]. Regarding that, it was concluded that
roughness does not always enhance adhesion but reduces the risk of debonding in repaired structures.
On the other hand, higher adhesion is not sufficient without adequate surface roughness to prevent
debonding [1]. In [27] was stated that possibly a threshold value for roughness exists, above which
further improvement does not enhance the adhesion between the two materials [1].

Moisture exchange is another critical parameter affecting adhesion between concrete substrate and
overlay. This process is driven by the difference in relative humidity (RH) between two layers of concrete
cast at different times (overlay and substrate) and the environment. Water moves from areas with higher
RH to areas with lower RH. If there is no drying of the overlay, moisture exchange will be driven only
by capillary absorption by the concrete substrate and the hydration of the repair material [1].
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The effect of surface moisture on the bond between existing and fresh concrete has been the subject
of extensive research. Dry surfaces have the tendency to absorb water from the newly applied concrete
overlay, potentially resulting in the formation of a non-uniform, porous region in proximity to the
interface (i.e. wall effect) [27], [1]. Conversely, when the surface is excessively wet, a zone characterized
by a high water-cement ratio can develop near the interface, thereby causing a localized reduction in
the strength of the overlay. Moreover, the presence of free water on the surface can lead to a complete
deterioration of the bond. According to Bissonnette et al. [27], the “saturated substrate with dry surface”
was judged as one of the best surface preparation methods.

While numerous factors can influence adhesion, it’s important to note that achieving the highest
bond strength may not always result in the optimal performance of a concrete-to-concrete connection.
High bond strength can lead to increased constraint levels at the interface, increasing the possibility of
cracking. While a paradox, the presence of defects or local debonding can sometimes have a positive
impact by providing a mechanism for stress relief and reducing constraint levels at the interface [33], [1].
Rather than solely pursuing greater adhesion between the repair material and the concrete substrate,
the ultimate objective should be to attain monolithic behavior and a uniform distribution of stresses
between the two layers.

Common types of bonding failures are adhesive/interface failure, cohesive failure, and substrate /ad-
hesive failure [34]. Adhesive failure occurs when there is a clean separation between the interface
of adhesive and adherent. Cohesive failure mode arises when there is breakage along the adhesive
layer. Usually, a layer of adhesive material on both the faces of the adherend is observed (Figure 2.22).
Substrate failure takes place when the mechanical strength of the substrate is lower than the adhesive
bond strength.

a) Adhesive or interface failure

Clean separation between the adhesive and adherend

. S

—

b) Cohesive failure

Separation running within the adhesive

—

¢) Substrate or adherend failure

Damaged adherend remains on the adhesive after separation

e

-

—

Figure 2.22: Different types of bonding failure mechanisms [34]

Bond & Interlock
Chemical bonding can be combined with mechanical interlock to provide even stronger connections
with many applications involving anchoring systems, concrete repairs, and joints.

An example of the combination of mechanical interlock and chemical adhesion was presented in
Hamilton et al. [35]. By using microstructured interlocking features, the goal was to increase the
strength of single-lap joints. Ultimately, the adhesive joints can enhance strength, toughness, and
repeatability. A common practical approach to improving adhesion is to roughen the adherent surfaces
via laser ablation or microstructuring. In [35], the structured joints that presented micro-structured
adherent surfaces via injection moulding (a process of injection of molten material in a mould) were
tested under tension until failure.
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Figure 2.23: Structured interlocking joint [35]

Planar untreated (un-abraded) and roughened (abraded) joints were tested to provide a benchmark.
Their results were compared to the micro-structured adherent joints (Figure 2.23). As expected, all
structured cases resulted in significantly higher mean strength as compared to the planar untreated and
planar roughened interfaces. Compared to the planar roughened joints, results for the micro-structured
joints revealed an increase of up to 95.9% for strength and up to 162% for work to failure. This increase
was attributed to the mechanical interlocking of the interlocking features that were resisting the loading
via progressive bending. When their bending progressed at higher levels until the interlocked surface
could not sustain additional load, cohesive failure took place. In the latter stages of joint deformation
work to failure increased by the tortuous crack path required for cohesive failure in the structured
interfaces. In summary, structured interlocking in single-lap joints applied [35] could partially facilitate
a more even distribution of loading over the joint and showed promise in increasing the overall strength
and toughness [35].

Another case of mechanical interlocking and chemical adhesion for improvement of strength on
larger specimens has been applied by Amiri & Farahani in [36]. Amiri & Farahani focused on increasing
the strength of adhesive single-lap joints in composite panels by embedding a button-shaped geometry
(see Figure 2.24). Geometrical parameters (height and radius of the button) and physical factors (type of
adhesive) influenced the response of the joint [36].

Cross Section Plane
Figure 2.24: Button shape connection implementing geometrical interference and adhesion [36]

As expected, the tensile load-bearing capacity was significantly increased with the embedded button
geometry compared to the single-lap joints due to the mechanical interlocking. By increasing the button
radius, the response was enhanced until it reached the optimal radius value of 6t (where t was the
thickness of the adhesive). For higher radii, the effectiveness of the button-shaped connection decreased.
Radii equal to 4t, 5t, 6t, and 7t increased the bond strength by 258%, 280%, 300%, and 260%, respectively.
When the button height was raised, the load-bearing capacity was increased. The use of r/3, 2r/3, & r
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heights increased the bond strength by 128%, 183% & 275%, respectively. The optimal combination
(height and radius equal to 6t) resulted in a 300% increase in the load-bearing capacity.

When the button height and radius increased, the cohesive failure was dominant, increasing the
joint’s ductility. For the radii higher than 6t, stress concentration was dramatically increased in the
button shape zone and edges of the connection, decreasing the connection strength. With lower radius
and height, the adhesive failure was dominant, and the joint was acting more like a single lap joint and
failing in a more brittle manner (Figure 2.25).

Figure 2.25: Button shape connection with r=5t and r=6t failure modes: Adhesive failure mode (on the left) and thin layer
cohesive failure mode (on the right) [36]

Lin et al. [9] investigated the difference in unbonded and bonded tip regions in sutured interfaces
with different types of interlocks in regard to the shear strength of the interface. The geometries that
were tested, were inspired by nature and had 4 different shapes (anti-trapezoidal, trapezoidal, rectangular,
triangular) as seen in Figure 2.26a. Several important geometric parameters were examined: the
bonded or unbonded tip region, the tip angle, and the geometry (Figure 2.26b); by changing those
the performance could be tuned. Analytical models and experiments on 3D-printed polymer physical
prototypes were performed. The stiff parts (teeth) were made of an acrylic-based polymer and a
rubber-like compliant material was used for the interface layer.
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Figure 2.26: Suture interface types [9]

For the sutured interface with a bonded tip region under tension, two peaks in the stress—strain
curve are expected (Figure 2.27). The first peak is linked to the failure of the bond of the tip interface,
while the second peak corresponds to the failure of the slanted interfacial material and/or possibly the
tooth material. The second peak could be considered the strength of a suture interface without a bonded
tip area under tension [9]. Geometries with a bonded tip region showed a higher initial stiffness due to
the double peak in the stress—strain curve.

The tip angle and geometry (Figure 2.26) govern the stress distributions in the teeth and in the
interfacial layers and determine the failure mechanism of the suture. Rectangular sutured interfaces
simply fail by shearing of the interfaces. Trapezoidal and triangular interfaces fail by a combination
of shear and tensile normal stresses in the interface, leading to plastic deformation, and stretching of
interfacial ligaments. Anti-trapezoidal suture interfaces with small tip angles fail catastrophically due to
tooth failure caused by high-stress concentrations at the teeth, whereas larger tip angles exhibit a more
ductile shear failure of the interfaces. To improve stiffness, a bonded tip and decreased tip angle can
result in additional strain energy and increased load transfer to teeth. To improve strength, a decreased
tip angle can result in simultaneous tooth and interface failure. To improve the toughness, larger tip
angles can result in ductile failure of the interface [9].
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Figure 2.27: Deformation of bonded and unbonded tip sutures of anti-trapezoidal geometry for 4 strain values [9]
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2.2.3. Mechanical Interlock

This type of bond occurs due to mechanical interlocking between two dissimilar phases. Usually in
concrete structures, it is used to describe the bond between steel rebars with the concrete or the aggregate
interlock in the concrete-to-concrete interface. In this research, the effect of reinforcement and aggregate
interlock is not relevant. However, mechanical interlock occurs due to geometrical interference caused
by the curvatures of the sutured geometries at the interface. Due to the two interlocking positions,
this mechanical interlock case is referred to as a bistable interlock. The details on how the specimens
incorporating bistable interlocks were designed are explained in subsection 2.1.3. The focus of this
section is on the way this mechanism works under tensile load to boost the ductility in the tensile
response of the sutured geometries.

Mirkhalaf et al. [7] manufactured sutured geometries from ABS incorporating interlocking parts
shown in Figure 2.28. The bistable interlock mechanism of the tabs in quasi-static tensile loading
(displacement rate = 5 u m/s) worked as follows (Figure 2.28):

* As the initial configuration is at equilibrium, it provides the system with the first stable position
(stage I).

* As the tabs are pulled out of their starting position due to tensile stresses applied across the suture
line (stage I— stage II), the pull-out is resisted by geometric interference, contact stresses, and
friction acting at two pairs of contact points [6].

e With more pull-out stresses applied, the tabs” ends move to the second cavity-like position, locking
the system in the second stable state (stage II).

¢ At this point, if compression is applied to the tabs, the system returns to the first stable position
(stage II— stage I). With the cycling of the system between 2 stable positions, reversible deforma-
tions can be achieved and the system can stay in the elastic regime [7] for many cycles. This case
will not be examined in this research.

¢ Alternatively, if more tension is applied to the tabs (stage II— stage III) it will be pulled out
completely (stage III). This case is relevant to this research.
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Figure 2.28: Equilibrium positions while tensile stresses are applied to the specimen [7]

Different arrangements of the main geometrical parameters applied (interlocking angle 8, and
R;/R;) were tested in [7]. For each arrangement, three samples of each were manufactured and the
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figure 2.29 displays a collection of typical tensile responses. Two basic geometry cases were investigated
as seen in Figure 2.29:

* R1/Rp=1.00
L4 Rl/Rz =1.05

Monotonic pullout

Traction F/wt (N/mm?)

0 0.1 0.2 0.3 0.4 0.5 0.6
Normalized displacement w/L

Figure 2.29: Force-traction relation for two different R1 /R, ratio of samples (F/wt is used for traction and u/L is used for pullout
displacement) [7]

Initially, in the traction-displacement graph (Figure 2.29) the pullout traction grew, with normal and
frictional forces at two pairs of contact points resisting the tab’s removal. Between stage II and stage III,
the traction reached the first maximum. When the tab approached its second equilibrium position, it
dropped to a local minimum, (stage II). When the tab was pulled out even more (between stage II and
stage III) the same contact mechanisms took place but in that stage, there was a single pair of contact
points (Figure 2.28) resisting the pullout. Stage III represents the completion of the pull-out of the top
part.

To investigate further the effect of geometry and curvature a closer look at the difference in the
response of Ri/Ry = 1.00 & R1/R> = 1.05 is needed (Figure 2.29):

¢ In the case of Ry /R2 =1.00 the traction begins to increase until it reaches a local maximum due to
the contact stresses generated from the tensile forces applied to the suture. The traction at the
equilibrium position I was zero because the interlocking parts fitted without any stresses. The
second peak was lower than the first as it can be seen in figure 2.29. Specifically, the second peak
was only half of the traction at the first peak. This makes the system vulnerable to tension once the
second equilibrium position is reached and jeopardizes the general stability.

¢ In the case of R/ R, =1.05 the traction increased until it reached a local maximum due to the
contact stresses generated from the tensile forces applied to the suture (between stage I and stage
II). Then as the equilibrium position II was reached, the traction was higher than in the previous
case (where it was zero) since there were some contact stresses between the tabs as the R should
fit in a smaller cavity. Since the second tab had a larger radius than the first, the second peak was
higher than the first as can be seen in the figure 2.29.
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It is obvious from the figure that a slight change in the geometry of the tabs (from R;/R, = 1.00
to R1/R; = 1.05 ) can increase the first peak and greatly increase the second peak. This means that a
higher force was required to displace the tab from equilibrium position II to complete the pullout. This
property can be particularly important for improving the stability of materials made up of multiple
suture lines.

2.3. Strain Hardening Cementitious Composite (SHCC)

2.3.1. General Properties

Over the past 50 years, there has been a continuous rise in the use of fiber-reinforced concrete (FRC)
as a means of overcoming plain concrete’s brittleness and low tensile strength. To satisfy that need,
Strain-hardening Cementitious Composites (SHCC) were developed. As their name suggests, these
materials have the ability to resist increasing tensile forces even after crack formation, over a large tensile
strain range; up to and beyond 5% (Figure 2.30). The increased resistance is possible due to the effective
crack bridging provided by the fibers SHCC contains [37]. This gives SHCC a pseudo strain-hardening
ability [37], [38]. SHCCs' increased ductility is of primal importance when it comes to serviceability
criteria linked to durability and tight crack widths [39].
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Figure 2.30: Direct tensile response of SHCC with crack widths less than 65um [40]

SHCC is typically made of a binder, fine aggregates, water, and approximately 2% of fiber content
(by volume). To facilitate controlled crack width and enhance ductility, it is desirable to employ a
fine-grained matrix [37]. Predominantly, these composites have moderate tensile strength in the range
of 3 to 8 MPa [37], [41]. While substantial increases in strength are limited, ductility has been greatly
improved with the addition of fibers. By bridging cracks and enhancing the post-cracking ductility, their
primary advantage lies in the ability to control the crack width and elevate the material performance
once the matrix cracks [42].

As seen in Figure 2.30, while in concrete a brittle response is expected, SHCC is different. After
the elastic regime, SHCC showcases a pseudo strain-hardening regime, where the crack-bridging
phenomenon takes place. Post peak, the response declines due to crack localization [42].

When SHCC is loaded in tension, the matrix starts to crack in the weakest cross-section. The fibers
crossing this crack resist the tensile load. As the fibers slip out of the matrix, the crack progressively
opens. However, due to the slip-hardening behavior of fibers, the fibers resist further slip allowing new
cracks to form at other locations. In this way, SHCC can carry an increasing load [43]. This process is
repeated and SHCC exhibits multiple-cracking behavior (Figure 2.30).

The conditions for a material to exhibit multiple microcracking behavior can be better explained
using fracture mechanics and Griffith’s theory of Fracture. Griffith's theory of Fracture was proposed
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in the 1920s by the British engineer Alan Arnold Griffith [44]. Griffith’s theory suggests that a crack
propagates if the energy released at crack propagation (strain energy- energy stored due to deformation
in the material) is equal to or larger than the energy required to create a new crack surface (surface energy
- energy needed to make new surfaces in the material) [44].

Essentially, Griffith’s theory explains how brittle materials fracture when the energy required to
create new crack surfaces is less than the energy released due to the crack opening. In the case of SHCC,
there is a different scenario. The phenomenon of crack bridging takes place. This is explained by the
steady-state crack propagation [45], [46]. Steady-state crack propagation means that a crack increases
in length while having a constant crack opening 6ss (with the exception of a small region near the crack
tip) at an ambient tensile stress oss. These are known as flat cracks (see Figure 2.31) [47].
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Figure 2.31: (a) Steady-state cracking with a constant crack opening 655 accompanied by a constant ambient load o55; (b) Griffith
cracking with a widening crack opening accompanied by a descending ambient load [48]

According to Li et al. [45], [47] this phenomenon prevails when two criteria are satisfied.

The strength criterion requires the steady-state matrix cracking stress (o) to be smaller than the
fiber bridging capacity [0¢], ensuring that the stress is bridged safely across all the cracked sections of
the matrix [45], [47].

Oss < 00 (2.10)

The energy criterion suggests that the crack driving energy (complementary energy J;) of the
bridging stress-crack opening should be greater than the resistance to crack propagation (fracture
energy) at the tip of the crack [45], [47].

The crack tip energy approaches the matrix toughness in small fiber content; a realistic assumption
for SHCC that contains fiber content usually below 3%. So it holds:

Jtip ~ K3, /En (2.11)
* K, is the matrix fracture toughness,
* E,, is the matrix Young’s Modulus.
6o
Jip < KafEn < 0000 [ ao)do=J; 12)
0

0p is the peak crack opening,

09 is the fiber bridging capacity (peak stress),

/0555 0(0) d6 expresses the energy dissipated by inelastic spring deformations for a crack opens
from 0 to dp.
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Figure 2.32: Stress-displacement curve with the stored crack tip and complementary energy [45]

The fiber and interface properties control the shape of the (¢ — ) curve and are therefore the
dominant factors governing Jj.

2.3.2. Matrix

SHCC matrix incorporates cement as its binder. However, in pursuit of sustainable and cost-effective
alternatives for matrix production, various options have been explored. Among these, are materials
such as Blast Furnace Slag (BFS), Fly Ash (FA), and Limestone Powder [43].

These materials exhibit several advantages, including lower energy requirements and reduced
carbon dioxide (CO;) emissions during their production processes. Notably, BFS & FA, are byproducts
of industrial processes, ensuring their widespread availability and cost-effectiveness compared to
cement. According to Zhou et al. [43], the incorporation of these materials in the SHCC binder presents
additional benefits. These include enhanced workability, reduced permeability, and consequently,
improved the durability of SHCC [37], [49].

The most commonly used SHCC matrix compositions consist of cement, fly ash, and fine silica sand.
Fly ash is a "conventional" pozzolanic material, used to improve the matrix rheological properties, lower
matrix fracture toughness, and reduce the cement content needed [47]. The overall improvements in
durability with the addition of fly ash were relatively modest. Also, the repeatability of the properties
of different mixtures is deemed difficult due to the variation in fly ash properties [47]. Thus, special
attention has been given recently to the use of more reactive supplementary cementing materials, as
blast furnace slag, silica fume, and metakaolin [42].

This research follows the original mix design by Zhou et al. [43], incorporating BFS and limestone
powder into the SHCC matrix.

BFS is a by-product in the manufacture of pig iron, and it is the main cement replacement material
in the Netherlands. Due to its microstructure consisting of mono-silicates, BFS shows the potential for
pozzolanic reaction. The pozzolanic reaction contributes to the formation of additional cementitious
compounds and can potentially reduce the demand for cement. When mixed with Portland cement,
BEFS accelerates the hydration of Portland cement by reacting with calcium hydroxide (CA(OH),), one
of the hydration products of Portland cement [43].

The experimental study of Zhou et al. [43] showed that even with a cement content as low as 15%,
a strain capacity of 3.3%, a compressive strength of 38 MPa and a tight crack width of 57 um can be
achieved. It was concluded that the mixing procedure can be also simplified by using two materials
(CEMIIIB 42.5N and limestone powder) instead of three (cement, BFS, limestone powder) since the
properties of the mixes were very similar. Although the addition of BFS results in a lower strength at an
early age, the replacement of Portland cement by BFS, up to 70%, does not have any negative effect on
the compressive strength of concrete after 28 days. The addition of BFS can enhance the sulfate attack
resistance and limit chloride ion penetration. Additionally, it can result in a more homogeneous fiber
distribution in the matrix since BFS particles provide a driving force for fiber dispersion [43]. It is worth
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mentioning that with a fine-grained matrix that did not include any large aggregates but only finer
particles and with the addition of BFS the possibility of an increase of autogenous shrinkage can become
higher [1].

Limestone is a naturally occurring rock primarily composed of calcium carbonate (CaCO3) and
other minerals. Since only a small amount of limestone powder reacts with cement clinker or hydration
products, it is usually considered an inert filler material. The incorporation of limestone powder with
Portland cement has advantages on early compressive strength and durability [43]. The physical effects
of limestone powder on the hydration process of a cementitious system include filler effect, nucleation,
and dilution. It can replace other materials used in SHCC (such as silica sand) and lead to higher tensile
strain and flexural deflection due to enhancement of particle packing of the composite [47]. However,
according to Zhou et al. [43] who investigated different contents of limestone powder (ranging from 0.8
to 3 % of weight) there is a threshold to that increase (found to be at 2% of weight); after which the
tensile strain and flexural deflection capacity of the mix decreases.

2.3.3. Fibers

In SHCC, the fiber characteristics (type, volume, shape, orientation) affect the mechanical properties of
the material. In general, there are many types of fibers (synthetic fibers, steel fibers, glass fibers, and
organic fibers) used in SHCC. To increase the strength of the composites, the fibers must have a modulus
of elasticity equal to or greater than that of the matrix [42]. For cementitious materials, the modulus of
elasticity ranges from about 15 to 40 GPa; hence, this condition is difficult to satisfy. Therefore, synthetic
fibers (polyvinyl alcohol (PVA), polypropylene (PP), and polyethylene (PE)) with high modulus were
created [50]. However, theoretical and applied research has shown that even in cases of low-modulus
synthetic fibers, improvements in strain capacity, toughness, and crack control took place [42]. In most
applications, the enhancement of these properties is of much greater significance than a mild increase
in the tensile or flexural strength of the mix.

Figure 2.33: Scanning Electron Microscope (SEM) image of PE fiber /matrix interface [51]

The effectiveness of fibers in regard to enhancing the performance of the brittle matrix is dependent
on the fiber-matrix stress transfer mechanisms [42]. Understanding those, provides the basis for the
prediction of the stress—strain curve of the composite and its mode of fracture (ductile vs. brittle) [42].
Similarly to rebars and matrix stress transfer mechanisms, three types are particularly important:

e friction,
¢ physical and chemical adhesion,
¢ mechanical anchorage.

The adhesional and frictional bonding mechanisms between a fiber and cementitious matrix are
relatively weak. They however have practical significance in the case of composites with high surface
area fibers. Mechanical anchorage is induced by the deformations on the fiber surface or by the shape
and overall complex geometry (e.g. crimps, hooks, deformed fibers) (see Figure 2.34). Utilizing different
shapes in fibers is a practical solution to compensate for the short anchorage/embedment length and



2.3. Strain Hardening Cementitious Composite (SHCC) 34

low bond strength [52]. An additional element that should be considered is the orientation angle of the
fiber, relative to the load direction [42].
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Figure 2.34: Bonding mechanisms of straight, hooked and corrugated steel fibers [52]

In brittle matrix composites, the stress-transfer effects between fibers and matrix should be considered
for both the pre-cracking stage and the post-cracking stage, since the processes can be quite different.
Before any cracking occurs, elastic stress transfer is the dominant mechanism and the longitudinal
displacements of the fiber and matrix at the interface are geometrically compatible [42]. The stress
developed at the interface is a shear stress which is required to distribute the external load between the
fibers and matrix (since they differ in their elastic moduli) so that the strains of these two components at
the interface remain the same (fibers and matrix act in a monolithic way). This elastic shear transfer
mechanism is the basis for determining the limit of proportionality and the first cracking stress of SHCC
[42].

At more advanced stages of loading, debonding across the interface takes place, and the process
of stress transfer becomes frictional slip. In this case, relative displacements between the fiber and the
matrix occur (fibers and matrix do not act in a monolithic way). The frictional shear stress is of greatest
importance in the post-cracking zone, in which the fibers bridge the cracks. Properties such as the
ultimate strength and strain of the composite are controlled by this mode of stress transfer [42].
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Figure 2.35: Typical pullout load (P) versus displacement (S) relationships in single fiber pullout tests [53]

Using the aforementioned principles to characterize the interface bonding properties of the fiber, the
single-fiber pullout test has been widely used [53]. The stages of this test usually are three (Figure 2.35):
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¢ Stage I: Initially, a stable fiber debonding process occurs along the fiber/matrix interface (elastic
regime). The load increases up to Pa and then the debonded length equals the fiber-embedded
length, Le. The fiber is then debonded over its entire length (Ld=Le), but the fiber tip is not yet
moving. At this point, the displacement only consists of the elastic stretch of the debonded fiber
segment and the free length of the fiber.

¢ Stage II: The load then decreases from Pa to Pb. In essence, this drop indicates the rupture of
the chemical bond between the fiber and matrix. The strength of the chemical bonding can be
estimated by the magnitude of the load drop.

» Stage III: The fiber starts to slide in the slippage phase from and after load Pb. Beyond this point,
the pullout of the fiber is resisted by frictional forces. In some cases, the friction force increases
linearly with increasing pullout distance. This increasing pullout resistance is referred to as the
slip-hardening effect and is characterized by the slip-hardening coefficient g, (8 > 0). Slip-hardening
is a result of increasing fiber surface damage with increasing slippage distance, causing artificial
confinement of the fiber matrix by the damaged fibrils or peeled-off fragments. Such a pullout
behavior results in fiber rupture at larger displacements (wider crack openings) [54]. Depending
on the nature of the interaction and the damage developed across the interface during the slip
process, the friction can be assumed to be constant over the entire pull-out range, implying the
ideal interfacial shear stress—displacement curve shown in Figure 2.35 (beta =0) or reduced at
advanced stages of loading (slip softening < 0).

The fiber type and bond that it creates with the matrix are very important for the overall performance.

The most commonly used fibers in a SHCC mix are high-strength Polyvinyl Alcohol (PVA) fibers.
PVA fibers are hydrophilic. This means that due to their strong chemical bond with cement-based
materials and their filament microstructure, they tend to break under tension instead of getting pulled
out of the matrix [40], [55]. When fibers rupture, stress redistribution causes gradual fiber breakage
in a section, which results in the abrupt brittle failure of the section as a whole under tension. As a
result, various common treatments have been applied to lower the strength of the fiber /matrix interface,
including oil coating the fibers and the supplement of an air-entraining agent.

In this study, the focus is on High Modulus Polyethylene (HMPE) synthetic fibers. HMPE fibers’
hydrophobic nature has this type of behavior. They create weaker chemical bonds with the matrix and
have better tensile strength and elastic modulus compared to the PVA fiber. During cracks initiation
and propagation, HMPE fibers tend to be pulled out rather than rupture [56]. This characteristic (along
with a higher modulus and tensile strength) is highly beneficial to flaw-size (crack) tolerance and
complementary energy [y [56].

This characteristic is preferable for the fiber behavior to follow a Coulomb-friction behavior, with
lower adhesion and a weaker chemical bond between the fibers and matrix [55]. When the bond is
broken, not all load-bearing capacity is lost, allowing the fiber to slip out of the matrix while continuing
to transfer stresses to return to a state of equilibrium [55], [42].

In Chen et al. [57], a comparison between polyvinyl alcohol (PVA) fiber, polyethylene (PE) fiber, and
steel fiber (SF), on the compressive strength, flexural strength, bending toughness, and tensile ductility
of lightweight cement-based composites showed that the most significant enhancement in ductility was
achieved by PE fibers with a tensile ductility reaching 2.56%.

Figure 2.36: Morphology of common PVA & PE fibers [57]

According to [56], the mild slip-hardening capacity of PE fiber is one of the key factors that ensures
strain-hardening in tension and is shown in (Figure 2.37).
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Figure 2.37: Single fiber pull out load-displacement curves for HMPE fibers [56]

2.4. Summary

Based on the literature review, a summary of the most important points is given below:

e With inspiration from natural materials, in the field of material engineering, novel hybrid materials
with exceptional properties have emerged from modern fabrication techniques like 3D printing.
These materials are made of intricate structural designs and interlocking characteristics, which
enable them to effectively withstand impact forces and enhance energy absorption before failure.
The incorporation of these interlocking elements has demonstrated an improvement in the material
properties of the architectured materials when compared to the intrinsic characteristics of the
constituent.

* An architectured material involving sutured curved geometries was tested by Mirkhalaf et al.
[7] and due to its ability to lock in two stable positions before failure, it was called a Bistable
Interlocked material. Sutures with bistable interlocks showed promising damage tolerance in
cyclic and tensile loading.

¢ Bistable interlocked materials” geometrical properties can be tuned via design exploration (change
of their main geometrical parameters) to further enhance their ductility and energy absorption.

¢ To explore the mechanisms responsible for the transfer of interface loads between two layers of
SHCC featuring bistable interlocks, an examination of the fundamental load transfer mechanisms
is imperative. These mechanisms encompass friction, bond (involving chemical adhesion), and
mechanical interlock.

— Friction is a complex phenomenon and under conditions of sufficient surface roughness,
can be considered as a mechanism to increase the shear capacity on the interface. An
increase in the frictional forces can enhance the shear capacity but also can cause large stress
concentrations at the interface. Lubrication can mitigate that. Malik et al. [6] concluded that
in specimens involving interlocking features under pull-out load, a smaller friction coefficient
is more beneficial to create damage-tolerant connections.

— Chemical bond, is usually connected to chemical adhesion at the interface. The formation
and strength of chemical bonds between dissimilar phases are influenced by numerous
parameters. In cementitious materials like concrete and SHCC, some of them are the moisture
exchange between the layers, substrate moisture content, substrate surface roughness, curing
conditions, interface stress conditions, compatibility of the connected phases, and more.
Chemical adhesion is frequently complemented with interlocking features to achieve robust
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connections. Numerous instances demonstrate the advantages of combining these bonding
approaches, ranging from smaller-scale connections (by utilizing methods like laser ablation or
injection molding [35]) to larger-scale applications (involving embedded button shear keys in
single lap joints [36]). Structured interfaces incorporating bonded features exhibit promising
characteristics, including enhanced energy absorption before failure, often characterized by a
double-curve stress-strain relationship [9].

— Mechanical interlock in terms of shear transfer usually refers to the mechanical connectors
(rebars) embedded in the concrete matrix or aggregate interlock. In this research due to the
special curved geometries at the interface, it refers to the bistable interlock mechanism. Bistable
interlocked geometries showcase a double-curved force-displacement graph enabling the
structure to absorb more energy before failure by delaying the fracture localization and
enhancing the systems’” stability due to two equilibrium positions.

¢ Strain-hardening cementitious composites or SHCCs are cementitious materials that have the
ability to resist increasing tensile forces even after crack formation, over a large tensile strain range.
The high levels of strain are possible due to the crack-bridging property of the fibers the SHCCS
contain.

® The main material design conditions for SHCC can be summarized as follows:

— The crack bridging capacity of fibers (stress transfer across a crack) must be higher than the
matrix cracking strength (stress level at initial cracking). This criterion can be ensured by
sufficient fiber content, high fiber tensile strength, and adequate fiber-matrix bond strength.

— The fiber-matrix bond strength should be limited to an extent that allows a progressive
interfacial debonding of fibers bridging a crack, thus, ensuring sufficient free length for fiber
deformation with crack opening and preventing premature fiber failure.

— The fracture toughness of the matrix should be sufficiently low, and the matrix should contain
numerous, well-distributed crack initiators (flaws) to promote the formation of multiple
steady-state cracks.

¢ The matrix of cementitious composites can contain alternative materials such as fly ash, blast
furnace slag, and filler materials such as limestone, to reduce the cement usage and ensure a
"greener”" SHCC mix.

® The bonding mechanisms of the fibers are similar to the concrete reinforcement bond (physical
and chemical adhesion, friction, mechanical anchorage).



Experimental study

In this chapter, a detailed analysis of the experimental study is presented. A step-by-step procedure is
presented, starting from the conceptual design of the specimens and the shape, interface, geometry
variations, to the design and fabrication of molds, to casting and testing of specimens. The data
measuring methods (DIC, LVDT) are analyzed.

3.1. Specimen Design

3.11. Bistable (curved) key specimens
Since the focus of this thesis is the bistable interlock mechanism, the design of the specimens was
performed with this mechanism as a starting point.

According to the design of Mirkhalaf et al. [7], the radii ratio of the tab is the governing parameter
of the design. Wang et al. [58] performed a parametric study quantifying the sensitivity of several
parameters on bistable interlocks (R1/R», friction coefficient, 01, material coefficient), and Ry was judged
to be the most sensitive parameter. Therefore, R1/R; was the guiding parameter for the design of
specimens.

In their research, Mirkhalaf et al. [7] explored different radii ratios, concluding that R1/R, > 1
creates an interlocking phenomenon acting similar to strain hardening. In the force-displacement
diagram, the second peak greatly increases with a larger R;, adding mechanical stability to the system.
When the R;/R; ratio increased above a certain limit, it resulted in tab fracture [7]. Geometry with
R1/R; = 1.05 was judged to have a satisfactory combination of strength and ductility.

The initial geometry of R1/R; = 1.05 (geometry 1) will be increased to 1.10 (geometry 2) and 1.20
(geometry 3) in an attempt to further improve the result of the geometrical interlock.

To define the magnitude of the radii and, by extension, the specimen size, two design boundaries
needed to be taken into account. The first was the "neck" of the tab/key (Figure 3.1). The neck needed to
be large enough to accommodate the dispersion of the fibers in the key as evenly as possible. The second
one was the dimensions of the test setup used for monotonic tensile testing. To satisfy the first design
boundary, a neck of ~ 10mm was estimated to be sufficient for the dispersion of fibers of 6mm length.
For the second design boundary, a specimen width of 43 mm was chosen. This width ensured that there
would be enough bulk material enclosing the key to minimize in-plane bending. Some general design
boundaries taken into account were the width of the specimen and the slope of the dogbone, to create a
desirable gauge length without stress concentrations caused by the edges of the clamps while testing.

38
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Figure 3.1: Guiding design parameters of bistable interlocked (curved) keys in accordance to [7]

Another important parameter chosen was the interlocking angle 01 (Figure 3.1). Along with the
radii ratio, they define the geometrically admissible range of bistable interlocked keys (see Figure 2.12). By
defining the main parameters 61 and R1/R», the rest of the design parameters (0,, key length L, key
width w) were calculated based on Equation 2.1, Equation 2.2, Equation 2.3 provided in [7].

After all those considerations, an overview of the chosen parameters for the 3 variations of bistable
interlocked keys is shown in table 3.1.

Table 3.1: Design parameters of bistable interlocked (curved) keys

R1/R2=1.05 R1/R2=1.10 R1/R2=1.20

Parameters (61) (62) (G3)
Radius R; {(mm) 5.40 6.21 7.35
Radius R, (mm) 5.14 5.65 6.12
Interlocking angle 64 (°) 15.00 18.00 26.00
Interlocking angle 6, (%) 7.96 3.45 8.46
Key length L (mm) 17.75 20.84 28.34
Key width w {mm) 20.36 22.56 24.21
R/R,=1.05 RyR;=1.10 R/R,=1.20
42,96 mm 42,96 mm 42,96 mm
16,08 10,80, 16,08 .~ 1527 1242 1527 o 14,13 | 14,70 _, 14,13 o
| 5 = E
R=sg0| 4o ; e e
R=s.14| | E o E 3 E
952| Y &+ ~
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2 o 5
G1 G2 G3
(a) Geometry 1 (b) Geometry 2 (c) Geometry 3

Figure 3.2: Designs of bistable interlocked keys - Geometries 1, 2, 3

A special interface case of curved keys was designed. It involved the separate fabrication of the
top and bottom parts and the assembly of those in the out-of-plane direction. This key will also be
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referred to as a "prefabricated" key from now on (Figure 3.3a). For this special key, the top part had to be
designed with a tolerance to fit without any stresses when assembled (Figure 3.3b). On the other hand,
the gap between the top and bottom needed to be small enough to ensure contact. The tolerance chosen
in that case was 0.5mm (Figure 3.3a) to make sure that the assembly process would go smoothly. This
practically meant that the top part was offset from the interface by 0.5mm resulting in a small R1/R>
decrease (1.18 from 1.20). Due to this decrease, it was judged necessary to choose geometry 3 with the
largest radii ratio for this type of specimen.

45,50 mm

offset of 0.5mm
T

(@) (b)

Figure 3.3: Prefabricated keys (a) design parameters & (b) assembly process

3.1.2. Straight key specimens

The design rules for the straight keys were simpler. The keys were designed in similarity to the bistable
interlocked keys to provide a more controlled pull-out and to compare the pull-out mechanisms in
terms of strength and ductility.

The governing design parameter for the straight key was the width /height ratio. The width was
kept the same for all specimens at 10.80 mm. This value was chosen to accommodate the dispersion
of fibers (= 10mm was judged satisfactory) and to align with the widths of the bistable interlocked
specimens. The values were kept as similar as possible to accommodate a reliable comparison between
straight and curved keys (Figure 3.4). The width-to-height ratios chosen were 1.50, 1.00 and 0.50. The
parameters for each geometry are presented in Table 3.2.

w/h=0.5

w/h=1.0
w/h=1.5

R,/R,=1.05

Figure 3.4: Different lengths of straight keys in comparison to bistable geometry
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Table 3.2: Design parameters of straight keys

. w/h=1.50 w/h=1.00 w/h=0.50
Design Parameters

(61) (G2) (63)
key width w (mm) 10.80 10.80 10.80
key height h (mm) 7.21 10.80 21.62
wh=15 w/h=1.0 w/h= 0.5
42,96 mm 42,96 mm 42,96 mm
16,08 | 108 | 16,08 16,08 | 108 | 16,08 16,08 \ 10,8 l_16,08 ©
- = & —
& & 8 €
E 2 o, ¥ =
8 . 8
° ° °
G1 G2 G3
(a) Geometry 1 (b) Geometry 2 (c) Geometry 3

Figure 3.5: Designs of straight keys - Geometries 1, 2, 3

3.1.3. Total number of specimens

The total number of SHCC specimens produced was 39 (Figure 3.6). The three geometries of straight
keys and curved keys were investigated in specimens with the two parts cast on top of each other
with an untreated interface and an interface treated with lubricant. Three specimens of each geometry
(for repeatability and quality control) were cast; this totals 18 straight keys and 21 total curved keys
(including the special case of the "prefabricated" key).
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Figure 3.6: SHCC specimen overview

Mortar specimens with the same geometry as some SHCC specimens were tested to provide a
reference between the two materials. The number of mortar specimens was 9 (Figure 3.7). Three straight
key specimens (geometry 2 - w/h=1.00), three curved specimens (geometry 2 - R;/R=1.10), and three
prefabricated keys (geometry 3 - R1/R>=1.20).
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Figure 3.7: Mortar specimen overview

3.2. Materials

3.2.1. Strain Hardening Cementitious Composite (SHCC) mixture

The composition of the SHCC mixture used for casting consisted of cement, limestone powder, HMPE
fibers, water, and superplasticizer. Further details of the mix composition of SHCC can be found in
Table 3.3. This SHCC mix is an alteration of the originally designed mix in [43], [59].

The binder, CEM III/B 42.5 N, is delivered from ENCI (the Netherlands), and it consists of 66—-80%
blast furnace slag (BFS) and 20-34% clinker, according to [60], [52], [61]. The filler is finely ground
limestone powder. The particle size distribution is similar to that of cement to further reduce matrix
fracture toughness and accommodate uniform fiber dispersion. It is produced by Calcitec® from
Carmeuse (Belgium). A polycarboxylate-based superplasticizer (MasterGlenium 51 with 35.0% solid
content by mass) produced in BASF (Germany) was used to acquire the desired mixture workability.
The properties of HMPE fibers can be found in Table 3.3. Since no documentation of bistable interlocks
made of SHCC was available in the literature, a relatively high fiber volume was chosen for the initial
mix to ensure sufficient ductility of the connection. The fiber volume was 2.6%. A high fiber volume
was chosen to ensure sufficient ductility of the material for this connection. The water-to-binder ratio
used was 0.40, the water-to-powder ratio was 0.20, and the filler-to-binder ratio was 1.00.
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Table 3.3: (a) SHCC mix design and (b) properties of PE fibers used

Component Dry weight (kg/m3)
CEM 11IB 42.5N 873
Limestone Powder 873
Water 349
Superplasticizer 7
PE fibers 26

(a)

Ultra-high molecular weight

Property polyethylene fibers
(UHMWPE)
Tensile strenght (GPa) 3.0
Young's Modulus (GPa) 110
Density ( g/cm’) 0.97-0.98
Diameter (um) 19-43
Length (mm) 6.0
Elongation (%) 2-3%

(b)

3.2.2. Mortar mixture

The mortar mix designed here aimed to produce reference specimens identical to the SHCC ones.
Tested in the same conditions, these specimens would provide a benchmark for the material behavior.
Therefore, the mix design was kept identical to the SHCC without the fibers and without the addition
of any extra amount of superplasticizer in the mix (since there was no rheological loss caused by fibers).
The mix design is shown in Table 3.4.

Table 3.4: Mortar mix design

Component Dry weight (kg/m3)
CEM I1IB 42.5N 899
Limestone Powder 899
Water 360
Superplasticizer 4

3.3. Specimen preparation

3.3.1. Mould design & fabrication
3D printing
The SHCC specimens were required to fit in the test set-up of a servo-hydraulic testing machine (Instron®
8872) in which the tests would be performed. Additionally, they ought to have the necessary width
and height to accommodate the bistable interlock mechanism (see Figure 3.2 & Figure 3.5). These
requirements (mentioned in section 3.1) acted as guidelines for the fabrication of the moulds.

The first step was the design of the moulds in AutoCAD. 3D printing was chosen to create initial
"trial" moulds (Figure 3.8a). The 3D printer used was a commercial Ultimaker 2 (Figure 3.8b); a
filament-based 3D printer working with spools of thermoplastic filaments, in this case, ABS [62], [63].
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(€)] (b)

Figure 3.8: Moulds: (a) design in Autocad & (b) 3D printing in Ultimaker

Due to the limited size of the printing plate, the moulds were 3D printed in four parts, as shown in
Figure 3.9a. The four parts (designed to interlock) were glued together, and the first SHCC specimens
were cast in them (Figure 3.9b). These specimens were not used for testing but rather to ensure that the
specimen geometry fitted properly the Instron setup (Figure 3.9¢c).

(a) (b) (]

Figure 3.9: Fabrication of initial dogbones: (a) 3D printed mould (b) demoulding & (c) fitting in Instron setup

To create the geometrically sensitive interface of bistable interlocks and the straight key interface,
auxiliary interface parts were 3D printed (Figure 3.10a). In Figure 3.10b, the top part depicted was
printed with the aforementioned offset of 0.5mm, to create the designated moulds for the "prefabricated"
keys. With the help of these parts, silicon rubber prototypes were created at a later stage for each
interface variation.
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(b)

Figure 3.10: 3D printing of (a) interface elements & (b) top parts used for "prefabricated" keys

Silicon rubber casting

To create the 48 dogbone specimens (Figure 3.6, Figure 3.7), additional moulds were necessary to speed
up the casting process and use fewer batches of SHCC. Therefore, silicone rubber moulds were made
with the use of the previous SHCC dogbones (Figure 3.11). As a first step, 3 silicon rubber moulds
identical to Figure 3.11b were created, and together with the three 3D printed moulds, 9 specimens
were cast per batch.

@) (b)

Figure 3.11: Silicon moulds for dogbone specimens: (a) preparation & (b) hardened silicon mould

The second step was to create the interfacial mould so the first part of the sutured specimen could be
cast, and then the next part, on top of that. In Figure 3.12a, the 3D printed auxiliary parts mentioned
before were used to create a "boundary" in which silicon rubber was cast. In this way, the top part of
the silicon rubber and the desired interfaces (for straight and bistable interlocked keys) were created
(Figure 3.12b). These were placed inside the silicon moulds (Figure 3.12c).
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(b)
Figure 3.12: Silicon parts for interface elements: (a) silicon rubber casting (b) hardened silicon interface top parts & (c) mould

preparation for SHCC casting

For the "prefabricated" keys, the top and bottom parts needed to be cast separately. A different
silicone mould was created for the enlarged top parts (Figure 3.13a). The bottom parts were the same as
the rest of the specimens, so there was no need for a different mould (Figure 3.13b).

(@ (b)

Figure 3.13: Silicon moulds for prefabricated keys: (a) top parts & (b) bottom parts

3.3.2. Casting & Curing

To prepare the SHCC specimens, BFS cement (CEM IIIB) and limestone powder were measured in a
1:1 binder-to-filler ratio. Then, they were dry mixed in a Hobart® mixer at a low speed for 5 minutes
(Figure 3.14). Superplasticizer was diluted in water (only 62.5% of the total amount of superplasticizer
was used at this stage), and then the liquid parts were slowly added to the mixture and mixed until the
fresh paste was homogeneous. The addition of fibers to the mix followed within 5 minutes. At that time,
the remaining 37.5% of superplasticizer was added to the mixture to improve the mixture’s workability
by compensating for the rheological loss stemming from the addition of fibers (Figure 3.15) [59].
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(@) (b)

Figure 3.15: SHCC mixing: (a) dry ingredients & (b) fresh SHCC paste

The casting was performed in two stages. At first, the moulds were prepared with the designated
interface elements (Figure 3.16a) to cast the bottom part. In some cases, tape was used to limit the
warping of the top silicon parts inside the moulds.

After the casting, mild vibration of the specimens followed to remove entrapped air, and then they
were wrapped with plastic film. The bottom part was left to harden at room temperature for one day
(Figure 3.16b). After that, the silicon interface element was removed, and dirt and excessive material
that overflowed sideways were removed from the interface. (Figure 3.16c). This was the case for the
specimens with untreated interfaces. Then a second stage took place, which involved the casting of the
top part. The mixing procedure and proportions used were identical to the previous step. After the
casting, the specimens were vibrated, wrapped in plastic film, and left at room temperature to harden
for one day. The next day, the specimens were demolded and left in a curing chamber (20 ° C and > 98%
RH) for at least 27 more days.
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(b)

(d)

Figure 3.16: SHCC casting: (a) mould preparation, (b) casting of bottom parts, (c) mould preparation—removal of excessive
material & (d) casting of the top part

In cases where the interface was treated with lubricant, after the hardening of the bottom part
and the removal of the silicon top part, an additional step took place. Lubricant (liquid vaseline) was
brushed at the interface (Figure 3.17) before the casting of the top part. After that, the excessive lubricant
was wiped out.

@) (b)

Figure 3.17: Interface treatment: (a) lubricant & (b) application at the interface

A look at the final demolded specimens is presented in Figure 3.18, before the grinding of their
surfaces.
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(@) (b)

Figure 3.18: Specimen overview: (a) a set of SHCC specimens & (b) set of prefabricated key specimens

To test the mechanical properties of interest, such as compressive & tensile strength and tensile strain
capacity of the material, separate specimens had to be cast.

During the manufacturing process of the main specimens, six batches of SHCC and one batch of
mortar were cast. The casting of all the specimens in one large batch was not feasible due to the limited
number of moulds. To ensure that the properties of the SHCC specimens were in a desirable range, two
quality control specimens (prisms) were cast and tested from each batch. For the compressive strength,
the fresh SHCC mix was cast in polystyrene prism moulds (40 x 40 x 160 mm?). Then the prisms were
cut into cubes of (40 x 40 x 40 mm?) to perform the test (Figure 3.19a).

For the tensile properties, SHCC was cast in dogbone moulds (Figure 3.19b). These dogbone-shaped
specimens were recommended by the Japan Society of Civil Engineers (JSCE) [59], and had a cross-section
of 13 x 30 mm at the test zone (80 x 30 x 13 mm? in gauge length volume).

(@) (b)

Figure 3.19: Specimens for material properties tests: (a) cubes & (b) dogbones

3.3.3. Digital Image Correlation (DIC) preparation

To perform DIC, the specimens needed to have enough optical contrast. Since the surface of the
specimens did not have the required contrast, it had to be artificially created. Consequently, the
specimen surfaces were ground and smoothed out. Afterward, the specimens were painted with
white paint, and after the paint was completely dry, they were sprayed with black spray to create a
speckle pattern for the DIC analysis. More information on the DIC measuring method is provided in
subsection 3.4.3.
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(@) (b)

Figure 3.20: Specimen preparation for DIC: (a) ground surfaces & (b) sprayed specimens

3.4. Testing & data measuring

3.4.1. Material properties tests

To investigate the material properties of the specimens, material tests on SHCC and mortar were
performed (Figure 3.21). The compressive strength of both mortar and SHCC was determined with
uniaxial compression tests on small cubes following NEN-EN 196-1 [64] shown in Figure 3.19a. As
mentioned before, for every batch of SHCC & mortar, two SHCC prisms were prepared, cured, cut into
cubes, and tested. The loading rate was 0.2 kN/s.

The strain-hardening behavior is an important characteristic of SHCC; thus, it is necessary to confirm
that the material used for the specimens can be classified as SHCC. The aforementioned dogbone
specimens with a cross-section of (13 x 30) mm were tested under uniaxial tension tests. The testing
apparatus was a servo-hydraulic testing machine (Instron®) under displacement control at a rate of
0.005 mm/s (Figure 3.21).

(@) (b) (0

Figure 3.21: (a) Compressive strength test setup (b) cracked specimens & (c) dogbone specimens tensile tests



3.4. Testing & data measuring 52

3.4.2. Tensile testing of main specimens
Uniaxial tension tests were performed by using a servo-hydraulic testing machine (Instron®) (Figure 3.22)
under displacement control at a rate of 0.005 mm/s. When it comes to the Instron set up the top
clamp was able to rotate while the bottom one was bolted to the testing machine. This helped with the
alignment and uniform loading of the specimen, and the elimination of possible bending stresses.

Initially, a pretension of 0.05 kN was applied to the dogbone specimen through the clamps of the
setup. During the tests, the deformations were measured with a gauge length of 80 mm and one Linear
Variable Differential Transformers (LVDTs) fixed on the back side of the specimens. On the front side, a
camera was set to take pictures with a timer set at 10 seconds to perform 2D DIC. This was an effective
way to obtain reliable displacement data simultaneously from both methods.

Tests were stopped by releasing the applied tensile load after the tensile load dropped to an
approximate value of 0.05kN. The specimens were loaded until failure or full translation of their keys,
and were not able to sustain any more load.

SN e . ] ,

Figure 3.22: Instron setup for tensile testing

3.4.3. Measuring techniques

DIC

Digital image correlation (DIC) is an optical non-contact technique used to measure the displacement of
an object or surface as it undergoes progressive strain. The method involves the consecutive capture of
images of the object or the surface before and after the application of loading. Then, with the help of
specialized software, analysis of the reference images and deformed images can determine the amount
and direction of the deformation or displacement [65], [66]. In simple terms, DIC can be compared to
having thousands of mini-extensometers on the sample [67].
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Figure 3.23: Tensile properties: Dogbone specimen testing

To perform DIC, some simple preparations are needed. At first, a speckle pattern on the surface of
the test sample is required, as is a stable light source and image acquisition hardware (camera). The
speckle pattern on the surface is the source of deformation information. More specifically, the speckle
pattern could be described as a random intensity allocation of a finite number of pixels, which are
usually artificially prepared on the surface of the test sample [66]. Airbrushing white and black paint on
the surface is the most common method to create an effective speckle pattern. A good speckle pattern
on the sample surface should be highly contrasted, stochastic, and isotropic [66]. The accuracy of the
data is dependent on the light conditions in the room, on the speckle pattern but also on the stability of
the camera setup.

Image is divided The correlation Full field strains can

into image subsets algorithm follows A displacement be calculated from

the movement of vector is obtained the displacement
each subset in for each subset vectors

consequtive images

Figure 3.24: Schematic illustration of the 2D DIC method [67]

LVDT

It is common practice to validate the DIC data with strain gauges since DIC is sensitive to setup and
pattern quality. Linear Variable Differential Transformers (LVDTs) are electromechanical sensors used to
transform mechanical motion into a variable electrical signal (current or voltage) [68]. They are usually
employed for the measurement of displacements. The aforementioned mechanical motion involves the
compression or relaxation of a spring to evaluate the displacement difference between two specified
places (Figure 3.25).

This causes an alteration in the electric circuit’s resistance; this change is detected and translated
into displacement. The LVDTs are calibrated to determine the conversion factor, which is required to
convert the recorded voltage to a displacement [68]. The calibration is performed with the help of a
calibration load cell by applying a known displacement and measuring the documented voltage.
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Figure 3.25: LVDT placed on the back side of the specimen

3.5. Summary

In this chapter, the fabrication, testing details, and data acquisition regarding the main specimen tensile
tests were presented.

¢ The design of the specimens is centered around the bistable interlock mechanism. The radii

ratio R1/Ry, is identified as a critical parameter, guided by previous research. Three different
geometries (R1/Ry = 1.05,1.10, 1.20) are considered for curved keys. A special case involves the
fabrication of separate top and bottom parts for assembly in the out-of-plane direction, to create
"prefabricated" keys. The straight key specimens were designed to provide a controlled pull-out
mechanism to accommodate comparison with the curved keys. Width/height ratio (w/h) is
the governing parameter, with three ratios considered: 1.50, 1.00, and 0.50. This results in three
geometric variations of curved and straight keys. With the application of two interface treatments
(untreated and lubricated) and three specimens of each case for repeatability,39 SHCC specimens
were fabricated. Nine mortar specimens with identical features to the SHCC ones were cast to act
as a reference.

When it comes to the SHCC mix design, the main components were cement CEM III/B 42.5 N,
limestone powder, High Modulus Polyethylene (HMPE) fibers, water, and a polycarboxylate-based
superplasticizer. The SHCC mix is an adaptation of the original "green" mix design from previous
research that took place at TU Delft. The mortar mixture followed the same mix design but
excluded fibers.

When it comes to specimen preparation, many steps were involved. The first one was the 3D
printing of initial moulds designed in AutoCAD in parts that interlocked. The first dogbone
specimens were cast in those and were used to create more moulds made of silicon rubber.
Afterward, the main SHCC specimens were cast in them in two stages to create the two parts of the
suture. For the prefabricated keys, the top and bottom parts were cast separately. For specimens
with lubricated interfaces, liquid Vaseline was applied at the interface before casting the top
part, and for the rest, the interface remained untreated. The specimens were vibrated, wrapped
in plastic film, and left to cure for a designated period of at least 28 days. Afterward, surfaces
were ground, smoothed, and prepared with a speckle pattern for DIC analysis. Simultaneously,
additional specimens to test the material properties (such as compressive and tensile strength)
were prepared.

Compressive strength tests and tensile testing were performed to define the material properties.
Uniaxial tension tests with displacement control and a displacement rate of 0.005mm/s were
carried out using a servo-hydraulic Instron testing machine. To measure the deformations,
Linear Variable Differential Transformers (LVDTs) were employed on one side, and Digital Image
Correlation (DIC) was employed on the other side of the specimen.



Results

In this chapter, a detailed analysis of the specimens’ tensile response using digital image correlation is
performed. Force-displacement graphs are plotted for one "representative” specimen in each category
of the SHCC specimens. Different data sources (data from DIC and LVDT) are used to provide a reliable
representation of the obtained values. A closer look at the crack formation and patterns is presented.
The results of the material tests, presenting the used SHCC mixture properties, are also included.

4.1. Material test results
4.1.1. Compressive Strength

The compressive strength of both concrete and SHCC was determined with uniaxial compression tests.
The details about the specimens and testing procedure are mentioned in Chapter 3. The results are
presented in Tables 4.1 & 4.2.

The compressive strength for the 6 batches/sets ranged from 72.44 to 92.30 MPa (Table 4.1). The
variation was in an acceptable range (below 10%) for all the sets except for set 5 (11.21%).

Control specimens were cast for the mortar set as well. These specimens were tested in the same
conditions mentioned above (for the SHCC specimens). Here the coefficient of variation was 12.18%
(larger than 10%).

Table 4.1: Results of compression test on SHCC specimens at an age of 90 days

SHCC specimens Compressive Average (MPa) Standard deviation cov (%)
strength (MPa) (MPa)

Set1-specimen a 86.89

Setl-specimen b 93.44 87.08 6.27 7.20
Set 1-specimen ¢ 80.90

Set 2-specimen a 88.62

Set 2 -specimen b 96.66 92.30 4.07 4.41
Set 2 -specimen ¢ 91.61

Set 3 -specimen a 84.79

Set 3 -specimen b 91.52 80,58 4.18 4.66
Set 3 -specimen ¢ 92.43

Set4-specimen a 86.02

Setd-specimen b 90.76 87.85 2,55 2,90
Set4-specimen c 86.77

Set5-specimen a 79.27

Set5-specimen b 63.46 72,44 g.12 11.21
Set 5-specimen c 74.59

Set 7-specimen a 85.97

Set 7-specimen b 86.98 80,99 6.11 6.79
Set 7-specimen ¢ 97.02

55
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Table 4.2: Results of compression test on mortar specimens at an age of 90 days

Mortar specimens Compressive Average (MPa) Standard deviation COoV (%)
strength (MPa) {MPa)

Set 6-specimena 64.85

Set 6-specimen b 71.37 64.02 7.80 12.18

Set 6 -specimenc 55.84

4.1.2. Tensile Properties

Dogbone specimens were tested at an approximate age of 90 days. The ultimate tensile strength was
found to be 5.25 MPa with a coefficient of variation of 2.20% (Figure 4.3). The low variation showed
extremely stable tensile behavior in the specimens. The strain capacity was calculated as 3.08% (strain at
peak load) with a coefficient of variation of 10.14% (Table 4.3).

Stress (MPa)

Specimen D1
1 —— Specimen D2
—— Specimen D3
—— Specimen D4

0 T T T T T T
0 1 2 3 4 5 6

Strain (%)

(a)

Figure 4.1: (a) Results of tensile tests of SHCC dogbones at an age of 90 days & (b) SHCC dogbone specimens after the tensile tests
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Table 4.3: (a) Tensile strength and (b) strain capacity of SHCC specimens

Tensile Standard
SHCC specimens strength  Average (MPa) deviation cov (%)
(MPa) (MPa)
Dogbone 1 5.16
Doghone 2 5.26 5.25 0.12 .20
Dogbone 3 5.18
Dogbone 4 5.41
(@)
Strain Standard
SHCC specimens . Average (%) o COoV (%)
capacity (%) deviation (%)
Doghone 1 3.51
Dogbone 2 3.07 3.08 0.31 1014
Dogbone 3 2.93
Dogbone 4 2.79

(b)

4.2. Single specimen results

In this section, single-specimen results will be presented. The specimens chosen are 13 in total, each
one representing one of the categories shown in Figure 4.2. Results obtained from DIC and LVDT data
are plotted on the same graph to compare the displacement in the force-displacement diagram. The
strain contours at eight critical points along the force-displacement curve are going to be presented, to
document the progressive opening, shape, and location of the cracks.

SHCC specimens

| l \

\ ] \
‘» ‘{ Straight keys Bistable Interlocked keys L Q[
/ \ /
/ \ /
[ |

l | l } }

Interface Lubricated Interface Lubricated Sliding parts in
Left as Cast Interface Left as Cast Interface out-of-plane
(Lo (il (LC) (w) direction
Geometry 1 Geometry 1 Geometry 1 Geometry Geometry
SCG1 SLG1 CCG1 CLG1 CPG3
Geometry 2 Geometry 2 Geometry 2 Geometry 13 specimen
SCG2 5LG2 cCG2 CLG2 categories
Geometry 3 Geometry 3 Geometry 3 Geometry
SCG3 SLG3 [elelex] CLG3

Figure 4.2: Categorization of SHCC specimens
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Figure 4.3: (a) Points chosen for DIC analysis in straight keys, (b) in curved keys, & (C) schematic representation of the LVDT
position at the back of the specimen
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4.2.1. Straight key specimens
Specimen SCGI11- Untreated Interface, geometry 1 (w/h=1.5)
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Figure 4.4: Force - displacement diagram illustrating the tensile response of the specimen SCG11
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In Figure 4.4 the tensile response of a straight specimen with an untreated interface and geometry 1
(w/h = 1.5) is examined. This geometry has the smallest length among the straight key specimens.
Looking at the Figure 4.4, four force-displacement curves are plotted with different colors. As the legend
suggests, these refer to displacements measured from the LVDT (yellow line) and from the DIC, at three
different sets of points (see Figure 4.3). It should be noted that points 3—4 of the DIC data (Figure 4.3 b,
c) were chosen to coincide with the LVDT location (Figure 4.3a) for a more reliable comparison. The
force values (y-axis) are always measured from the Instron output. The sudden drops in force in the
LVDT curve can be attributed to the formation of cracks. The force-displacement graphs are plotted in
the same way for the rest of the specimens.

Comparing the various displacement values (Figure 4.4), discrepancies occur for SCG11. The
differences in values in DIC and LVDT data could be attributed to numerous reasons:

® The LVDT is placed on the back side of the specimen, while the DIC data is taken from the
front side. During the pullout, the specimens often experienced out-of-plane bending to smaller
or larger degrees. This can result in uneven displacements on the front and back sides of the
specimen.

¢ Another limitation is the specimen imperfections caused by the flexible molds used during the
casting process and from the grinding of their surfaces, which can result in slant slopes.

* DIC requires a homogeneous, stochastic speckle pattern on the surface for tracking displacements.
The accuracy is affected by the paint application on the specimen, the source of light, and more.
LVDT measurements are not affected by surface patterns.

¢ The set of points 3-4 are located in the same position where the LVDT is placed (Figure 4.3). The
other sets of points are located left and right, and the opening is not fully symmetrical on these
sides. Displacements can differ from the middle, where the key is located.

As the tensile force increases, three distinct stages are noted in the force-displacement curve
(Figure 4.4).

¢ Stage 1: Initially, there is a steep elastic regime until point 4, where the proportionality limit is
located since there is a small deviation from linearity at that stage. All the deformations happening
in the elastic stage are reversible, and there is no visible damage to the specimen.

¢ Stage 2: The strains are still small up until point 5 (first cracking strength), where crack initiation is
documented (Figure 4.5). There, the notched interface of the specimen opens with the propagation
of a crack at the "neck” of the key. At the same time, there is partial debonding on the right side
of the key. After this point, a small strain-hardening regime (points 5-6) takes place. The strain
hardening regime (points 5-6) involves further cracking at the corners of the key & debonding.

* Stage 3: Finally, post-peak strain-softening follows (points 6-8) until the full pull-out (point
8), where the force is reduced to almost zero. The key is now open, and after this point, crack
propagation and further opening (points 7, 8) occur. Regardless of the cracks and loss of stiffness,
the key opened further without rupturing. The cracking was concentrated at the corners of the
top part and along the key length at the bottom part.

Since the specimens in this category (straight keys, untreated surface, geometry 1), showed differences
in their failure modes, all the specimens of the same group (SCG11, SCG12, and SCG13) are presented
in Figure 4.6 at the end of the analysis. The key in SCG11 was fully translated; the key failed at the
interface in SCG12, and failure occurred at the edge of the key in SCG13.

Figure 4.6: Failure modes of (a) SCG11 (analysed above), (b) SCG12, & (c) SCG13
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Specimen SCG22- Untreated Interface, geometry 2 (w/h=1.0)
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Figure 4.7: Force - displacement diagram illustrating the tensile response of the specimen SCG22
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Figure 4.8: Strain contours (ey) of points 1-8
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In Figure 4.7, the tensile response of a straight specimen with geometry 2 (w/h = 1.0) and an untreated
interface can be examined. This is the medium-length straight key among the three geometries.
The force-displacement graph can be divided into three stages, similar to before.

¢ Stage 1: As the tensile force increases, initially there is a steep elastic regime up until point 4.

* Stage 2: Afterward, from points 4 to 6, a strain-hardening regime occurs, with peak force at point
6 (1.09 kN). Crack initiation is documented in point 4, where the interface of the specimen opens
from the right side, suggesting the occurrence of bending (Figure 4.8). The crack pattern became
more tortuous, and up until point 6, the bearing capacity increased due to the key resisting the
opening, with more cracks forming in different locations (crack bridging property of SHCC).

¢ Stage 3: Post-peak, strain-softening occurs (points 6-8) until the full pull-out (point 8), where the
force is reduced to almost zero. At this stage, the cracks open further, resulting in the rupture
of the key at the interface. Twisting of the testing clamps was noted in the DIC pictures, which
confirms that bending occurred.

In comparison to the previous specimen that had a smaller key size, a larger strain hardening regime
occurs with a larger key. The failure mode, which in one case was the opening of the key and in this
case was the shearing of the key, does not explain that. However, in the case of a key of a larger length,
the key formed numerous cracks before rupturing.

Another thing to address is that for this specimen, the DIC results and LVDT results had a larger
discrepancy. As stated before, this is linked to out-of-plane bending. Here, the crack opening from one
side, the rupture of the key, and the rotation of the clamps, all suggest that.

For this specimen category (straight keys, untreated surface geometry 2), the failure modes of the
identical specimens SCG11, SCG12, and SCG13 are presented in Figure 4.9. The failure modes were
similar; key failure occurred at the interface in all three specimens.

Figure 4.9: Failure modes of (a) SCG21, (b) SCG22 (analysed above), & (c) SCG23
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Specimen SCG31- Untreated Interface, geometry 3 (w/h=0.5)
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Figure 4.10: Force - displacement diagram illustrating the tensile response of the specimen SCG31
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In Figure 4.10 the tensile response of a straight specimen with geometry 3 (w/h = 0.5) and an untreated
interface is analyzed. This is the larger straight key in length.
Looking at the force-displacement graph, there are four characteristic stages.

Stage 1: The elastic stage takes place from points 1-2. The deformations at this stage are reversible
if the loading is removed. There are no visible cracks or irreversible damage at the specimen
(Figure 4.11).

Stage 2: After point 2, there is a slight deviation of the linear part of the curve suggesting that
plastic deformations are taking place. There is an increase in force until point 4. In this stage, the
response shows strain-hardening behavior. The specimen was cracking in multiple locations from
points 3 to 4, but there was no upward movement of the key since the interface was "glued" at the
right side, explaining this increasing-capacity stage. Bond and friction resisted the movement.
Stage 3: After point 4 and until point 5, a sudden drop in force takes place, explained by the
opening of the interface and the movement of the key. Now the boundary conditions have changed
to sliding friction. No more cracks are forming at the top part of the key itself, and the resistance
to the tensile forces is governed by frictional contact.

Stage 4: From point 6 onward, the force has stabilized on a plateau while the key is slowly sliding
out of the top part. Friction mechanisms take place; no more major cracks are forming. This
continued until the full pull-out of the key (point 8), where the specimen could not resist any more
tensile force.

It is worth mentioning that here the specimen showed a uniform response in DIC and LVDT data.
Bending was limited in this test, and uniaxial tension was governing.

For this specimen category (straight keys, untreated interface geometry 3), the failure modes of the
identical specimens SCG11, SCG12, and SCG13 are presented in Figure 4.12. The failure modes were
similar, with full translation/opening of the key in SCG31 and SCG32, and key failure approximately in
the middle of the key in SCG33.

Figure 4.12: Failure modes of (a) SCG31 (analysed above), (b) SCG32, & (c) SCG33



4.2. Single specimen results

Specimen SLG12- Lubricated Interface, geometry 1 (w/h=1.5)
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Figure 4.13: Force - displacement diagram illustrating the tensile response of the specimen SLG12
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In Figure 4.13 the tensile response of a straight specimen with a lubricated interface and geometry 1
(w/h=1.5) is presented. This geometry has the smallest length among the straight key specimens.

* Stage 1: From points 1 to the onset of point 2, an elastic regime takes place. The peak force has
already been reached (at 0.23 kN) at point 2. The elastic regime is limited since the specimen
interface opened almost immediately due to the lubrication (Figure 4.14).

* Stage 2: After point 2, sliding friction governs the response. There is still geometrical interference
while the key slides out of the top part from the imperfections and some remaining bonded areas
at the interface that result in a stick-slip-like motion (Figure 4.15). This motion is characterized by
periodic oscillations during frictional contact, caused by sudden brittle fracture of locked regions
on surfaces in contact [22], and it can be the case for lubricated surfaces with a relatively low
coefficient of friction. Diagonal cracks at the high-stress corner areas took place from point 3
onward, combined with the lateral opening of the top part (x-axis).

¢ Stage 3: After point 7, there is minimal contact area to resist the tensile forces, resulting in a major
drop in force. A full pull-out happens at point 8.
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Figure 4.15: Stick slip behavior during the pull-out of SLG12 [22]

For this specimen category (straight keys, lubricated interface geometry 1), the failure modes of the
identical specimens SLG11, SLG12, and SLG13 are presented in Figure 4.16. The failure modes were
almost identical, with full translation/opening of all the keys. In the SLG11 specimen, failure of the
edge of the key occurred.

Figure 4.16: Failure modes of (a) SLG11, (b) SLG12 (analysed above), & (c) SLG13



4.2. Single specimen results

Specimen SLG22- Lubricated Interface, geometry 2 (w/h=1.0)
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Figure 4.17: Force - displacement diagram illustrating the tensile response of the specimen SLG22
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In Figure 4.17 the tensile response of a straight specimen with a lubricated interface and geometry 2
(w/h=1.5) is presented. This is the medium-length straight key. In the force-displacement graph similar
stages as before are noted:

* Stage 1: From stages 1 to 2, the specimen interface opened almost immediately due to the
lubrication, so the elastic regime is again limited.

* Stage 2: From point 2 onward, sliding friction governs the response. Unlike the smaller key, the
maximum force is observed at that stage. During the sliding of the key, a crack forms at the key
itself, close to the top edge (Figure 4.18). This was associated with dynamic friction phenomena
(ploughing, stick-slip) and resulted in a peak force (0.38kN) at point 4. Cracks at the corners form
at point 4 and propagate slowly until the end.

e Stage 3: From point 6 until the end, there is a strain-softening regime. The drop in force was
drastic compared to the previous specimen. This can be explained by the further opening of the
previous crack at the key, which decreased the area resisting the tensile forces. The top part of the
key was separated, and it was not active anymore, leaving only the fibers to resist the pull-out.

For this specimen category (straight keys, lubricated interface geometry 2), the failure modes of the
identical specimens SLG21, SLG22, and SLG23 are presented in Figure 4.19. The failure modes were
rather similar, with full translation/opening of all the keys. For all of the specimens, failure of the edge
of the key occurred.

Figure 4.19: Failure modes of (a) SLG21, (b) SLG22 (analysed above), & (c) SLG23
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Specimen SLG31- Lubricated Interface, geometry 3 (w/h=0.5
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Figure 4.20: Force - displacement diagram illustrating the tensile response of the specimen SLG31
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Figure 4.21: Strain contours (ey) of points 1-8
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In Figure 4.20, the tensile response of a straight specimen with geometry 3 (w/h = 0.5) and a lubricated
interface is analyzed. This is the larger straight key in length. Looking at the force-displacement graph,
there are three characteristic stages.

¢ Stage 1: From points 1 to the onset of point 2, a limited elastic regime takes place. At point 2, the
adhesion fails and the two parts open (Figure 4.21).

* Stage 2: Until point 4, there is an increase in capacity (peak force of 0.44 kN). The key, almost to its
full length, resisted the tensile forces, resulting in a peak at point 4. Sliding friction still governs
the response with stick-slip oscillations.

* Stage 3: From point 4 onward, there is a gradual loss in capacity related to the decreasing interface
resisting the movement and the gradual pull-out. Apart from the characteristic cracks at the
corners, where the stresses are high, additional cracks form at the sides of the top part as a result
of the local stress concentrations and ploughing phenomena.

The overall cracking pattern of the specimen is symmetric, suggesting that the governing mechanism
was uniaxial tension without noticeable bending interfering with the pullout. The deformations achieved
were also high, comparable to the initial length of the key.

For this specimen category (straight keys, lubricated interface geometry 3), the failure modes of the
identical specimens SLG31, SLG32, and SLG33 are presented in Figure 4.22. The failure modes were
rather similar, with full translation/opening of all the keys. For specimens SLG31 and SLG32, failure of
the very edge of the key occurred at the end of the analysis.

Figure 4.22: Failure modes of (a) SLG31 (analysed above) (b) SLG32, & (c) SLG33
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4.2.2. Bistable Interlocked (curved) key specimens
Specimen CCGl1- Untreated Interface, geometry 1 (R1/R2=1.05)
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Figure 4.23: Force - displacement diagram illustrating the tensile response of the specimen CCG11
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In Figure 4.23 the tensile response of a bistable interlocked (curved) specimen and untreated surface can
be examined. The R;/R> is 1.05; the key has the smallest length and radii ratio among the curved key
specimens.

¢ Stage 1: From points 1-3, an elastic regime takes place. In comparison to the lubricated specimens
mentioned earlier, the specimen behaves in a monolithic way due to its stronger bond at the
interface; more time passes until permanent deformations take place. At point 3, the adhesion
partially fails, and the two parts begin to open (Figure 4.24). The opening is happening from one
side, suggesting the occurrence of bending. This is also visible from the rotation of the clamps in
the pictures taken during DIC.

* Stage 2: After point 3, and as the tensile force increases, the force peaks at point 5 (0.887 kN). The
interface has debonded, and cracking occurs at the neck of the key.

* Stage 3: The strain softening phase takes place after point 5 onward. The cracks at the neck of the
key open further, and eventually key rupture occurs.

To give an idea of the remaining specimens in this category (curved keys, untreated surface geometry
1), the failure modes of the identical specimens CCG11, CCG12, and CCG13 are presented in Figure 4.25.
The failure modes were almost identical, with key failure at the interface for all specimens.

Figure 4.25: Failure modes of (a) CCG11 (analysed above), (b) CCG12, & (c) CCG13
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Specimen CCG22- Untreated Interface, geometry 2 (R1/R2=1.10)
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Figure 4.26: Force - displacement diagram illustrating the tensile response of the specimen CCG22

 epsy [
5.00

(a) Point1 (b) Point 2 (c) Point 3 (d) Point 4

(e) Point 5 ({f) Point 6 (g) Point7 (h) Point 8 7

Figure 4.27: Strain contours (ey) of points 1-8



4.2. Single specimen results 74

In Figure 4.26, the tensile response of a bistable interlocked (curved) specimen with an untreated
interface can be examined. The R;/R; is 1.10; the key has medium length among the curved key
specimens.

¢ Stage 1: From points 1-2, an elastic regime occurs.

¢ Stage 2: After point 2, there is a small strain-hardening regime until point 4, where the force
reaches a peak (0.99 kN). The interface has debonded already from point 3, and progressive
cracking occurs at the neck of the key and the top (Figure 4.27). In point 3, there are two locations
where the debonding is happening: one at the interface itself with cracking at the neck of the key,
and one at the top of the key with cracks almost parallel to the interface. Until point 4, these cracks
propagate, and more cracks are formed, hence the peak in resistance of the specimen.

® Stage 3: The strain softening phase takes place after point 4 onward. The right side of the key
is debonded at the interface, but the left side is still bonded, resulting in the rotation of the top
part around the bonded region. Due to in-plane bending, the cracks at the neck and left part are
opening more, leading to failure (point 8).

In this category (curved keys, untreated surface geometry 2), the failure modes of the identical
specimens CCG21, CCG22, and CCG23 are presented in Figure 4.28. The failure modes were fairly
different. The specimen CCG21 showed initial debonding at the interface, but it failed at the interface.
The specimen CCG22 opened only from one side, and the specimen CCG23 failed at the interface (key
rupture).

Figure 4.28: Failure modes of (a) CCG21, (b) CCG22 (analysed above), & (c) CCG23
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Specimen CCG31- Untreated Interface, geometry 3 (R1/R2=1.20)
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Figure 4.29: Force - displacement diagram illustrating the tensile response of the specimen CCG31
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In Figure 4.29, the tensile response of a bistable interlocked (curved) specimen with an untreated
interface can be examined. The R1/R; is 1.20; the key has the largest length among the curved key
specimens.

* Stage 1: From points 1 to the onset of point 2, an elastic regime occurs. At point 2, the plastic
deformation had already started with debonding and cracking at the interface.

¢ Stage 2: After point 2, there is a small strain-hardening regime until point 4, where the force
reaches a peak (0.87 kN). Cracking occurs at the neck of the key and the left side of the top part in
the meantime (Figure 4.30). Multiple cracks are forming at this stage.

¢ Stage 3: From points 4-6, a small plateau occurs. This stems from the formation of more cracks
and the fiber bridging of SHCC resisting the pull-out.

¢ Stage 4: The strain softening phase takes place after point 6 onward. The right side of the key
is debonded, and there is strain localization at the left part at the interface, but the left side is
still bonded, resulting in the rotation of the top part around the bonded region. Due to in-plane
bending, the cracks at the neck and left part open further, leading to failure (point 8).

In this category (curved keys, untreated surface geometry 2), the failure modes of the identical
specimens CCG31, CCG32, and CCG33 are presented in Figure 4.31. The specimen CCG31 opened only
from one side, the CCG32 key broke at the neck, and CCG33 experienced key failure at the interface.

Figure 4.31: Failure modes of (a) CCG31 (analysed above), (b) CCG32, & (c) CCG33
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Specimen CLG12- Lubricated Interface, geometry 1 (R1/R2=1.05)

0.40 A

0.35 A

0.30

o

N

(%]
i

Force (kN)

— WDT

—— DIC points 1-2
——— DIC points 3-4
—— DIC points 5-6

2 4 6 8 10
Displacement (mm)

12

Figure 4.32: Force - displacement diagram illustrating the tensile response of the specimen CLG12
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In Figure 4.32, the tensile response of a bistable interlocked (curved) specimen with a lubricated interface
is examined. The R/R; is 1.05; the key has the smallest length among the curved key specimens. In
this type of specimen as seen in the literature [7], [58], the typical bistable curve takes place.

* Stage 1: As the tensile force increases, the pulling out of the tab is resisted by normal and frictional
stresses at two pairs of contact points noted with black dots in Figure 4.33, point 3. Initially, a
small elastic part can be identified until the onset of point 2. From points 2-5, a strain-hardening
regime takes place, with the first peak at point 5. Immediately upon opening, cracks form at
the high-stress locations of the neck, and diagonal cracks form radially at the top part. Until the
pullout of the first radius R» more radial cracks occurred due to the lateral opening of the top part
while the first radius was being pulled out. Additionally, parallel curved cracks to the top of the
key formed at point 3 onward.

¢ Stage 2: Due to the bistable interlocked key’s nature, the force drops after point 5 when the key
approaches its second stable position, characterized by a local minimum on the curve. This is the
second equilibrium position (point 6).

* Stage 3: After this, the force increases again with the same frictional contact mechanisms, while
now only one pair of contact points resists the pull-out (noted with black dots in Figure 4.33 point
7). The second peak occurs at point 7.

e Stage 4: The strain softening phase takes place after point 7 onward, where the key just slides out
with minimal friction at the contacting surfaces. At point 7, when the second radius R; was pulled
out, the crack pattern was quite symmetrical, leading to a full pull-out without rupture of the key.

In this category (curved keys, lubricated interface geometry 1), the failure modes of the identical
specimens CLG11, CLG12, and CLG13 are presented in Figure 4.34. The failure modes were almost
identical, with full-key translation for all specimens.

Figure 4.34: Failure modes of (a) CLG11, (b) CLG12 (analysed above), & (c) CLG13
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Specimen CLG22- Lubricated Interface, geometry 2 (R1/R2=1.10)

0.7 1
—— DT
—— DIC points 1-2
0.6 —— DIC points 3-4
DIC points 5-6
0.5 A
i 0.4 1
(1]
5
@ 0.3 A
0.2
0.1 A

Displacement (mm)

Figure 4.35: Force - displacement diagram illustrating the tensile response of the specimen CLG22
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In Figure 4.35, the tensile response of a bistable interlocked (curved) specimen with a lubricated interface
is examined. The R1/R; is 1.10; the key has a medium length among the curved key specimens. In this
type of specimen, as seen in the literature [7], [58], the typical bistable curve takes place.

Stage 1: As the tensile force increases, the pulling out of the tab is resisted by normal and frictional
stresses at two pairs of contact points noted with black dots in Figure 4.36, point 3. Initially, a
small elastic part can be identified until the onset of point 2. At point 2, plastic deformation has
already occurred. From points 2-5, a strain-hardening regime takes place, with the first peak at
point 5. Immediately upon opening, cracks form diagonally at the high-stress locations of the neck
and radially at the top part. Until the pullout of the first radius, more radial cracks occurred due
to the lateral opening of the top part. Curved cracks parallel to the top of the key also occurred
from point 4 onward.

Stage 2: Due to the bistable interlocked key’s geometry, the force drops after point 4 when the key
approaches its second stable position, characterized by a local minimum on the curve. This is the
second equilibrium position (point 6).

Stage 3: After this, the force increases again with the same frictional contact mechanism, but now
only one pair of contact points resists the pull-out (noted with black dots in Figure 4.36 point 7).
The second peak occurs at point 7.

Stage 4: The strain softening phase takes place after point 7 onward, where the key slides out with
minimal friction at the contacting surfaces. At point 7, when the second radius was being pulled
out, the crack pattern was quite symmetrical, leading to a full pull-out without rupture of the key.

The mechanism is the same as the aforementioned CLG12 key, but now the second curve peak is
much smaller than the first. What is interesting is that until the end, new cracks were forming in a
tortuous pattern without strain accumulation or damage to a specific part of the specimen. No major
rotations or bending phenomena took place.

In this category (curved keys, lubricated interface geometry 2), the failure modes of the identical
specimens CLG21, CLG22, and CLG23 are presented in Figure 4.37. The failure modes were almost
identical, with full-key translation for all specimens.

Figure 4.37: Failure modes of (a) CLG21, (b) CLG22 (analysed above), & (c) CLG23
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Specimen CLG31- Lubricated Interface, geometry 3 (R1/R2=1.20)
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Figure 4.38: Force - displacement diagram illustrating the tensile response of the specimen CLG31
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In Figure 4.38, the tensile response of a bistable interlocked (curved) specimen with a lubricated interface
is examined. The R1/R; is 1.20, and the key has the largest length among the curved key specimens.
Again, as seen in the literature [7], [58], the typical bistable curve takes place.

* Stage 1: As the tensile force increases, the pulling out of the tab is resisted by normal and frictional
stresses at two pairs of contact points (see Figure 4.39 point 3). A small elastic regime until the
onset of point 2 takes place, followed by a strain-hardening regime, with the first peak at point 4.
Immediately upon opening, cracks form diagonally at the high-stress locations of the neck and
radially at the top part. Until the pullout of the first radius (point 6) additional radial cracks at the
sides of the top part occurred due to the lateral opening of the top part. Parallel, curved cracks to
the top of the key also formed from point 3 onward.

¢ Stage 2: Due to the bistable interlocked key’s nature, the force drops after point 4 when the key
approaches its second stable position, characterized by a local minimum on the curve. This is the
second equilibrium position (point 6).

* Stage 3: After this, the force increases again with the same contact and friction mechanisms, but
now only one pair of contact points resists the pull-out (noted with black dots in Figure 4.39 point
7). The second peak occurs at point 7.

e Stage 4: The strain softening phase takes place after point 7 onward, where the key slides out with
minimal friction at the contacting surfaces.

A characteristic difference now in comparison to the previous keys is that, due to the high radii ratio
and geometrical interference, there is strain localization at the right side of the top part (in red) from
point 5 onward. The lateral opening of the top part and the reduced pressure at the interface weaken
the frictional contact mechanism. This leads to a much smaller second peak (point 7). Regardless, the
key still fully translates (point 8) without rupturing.

In this category (curved keys, lubricated interface geometry 3), the failure modes of the identical
specimens CLG31, CLG32, and CLG33 are presented in Figure 4.40. The failure modes were almost
identical, with full-key translation for all specimens. As stated before, large cracks laterally at the top
part were noticed.

Figure 4.40: Failure modes of (a) CLG31 (analysed above), (b) CLG32, & (c) CLG33
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Specimen CPG32- "Assembled” Interface, geometry 3 (R1/R2=1.20)
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Figure 4.41: Force - displacement diagram illustrating the tensile response of the specimen CPG32
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In Figure 4.41, the tensile response of a bistable interlocked (curved) specimen with an out-of-plane
assembled interface is examined. For this special case, the Ry/R, was chosen as 1.20, the largest length
among the curved key specimens.

* Stage 1: As the tensile force increases, the pulling out of the tab is resisted by normal and
frictional stresses at two pairs of contact points (noted with black dots in Figure 4.42 - point 3). A
strain-hardening regime takes place initially, with the first peak at point 4. Immediately upon
opening, cracks form at the high-stress locations radially at the top part. This time there are no
cracks at the neck of the specimen due to the large manufacturing tolerances, providing relief of
stresses for the pulling of the first radius.

* Stage 2: Due to the bistable interlocked key’s nature, the force drops after point 4 when the key
approaches its second stable position, characterized by a local minimum on the curve. This is the
second equilibrium position (point 6). Until the pullout of the first radius R> (point 6) more radial
cracks at the sides of the top part occur due to the lateral opening of the top part. Parallel, curved
cracks to the top of the key also occurred from point 5 onward.

* Stage 3: After this, the force increases again with the same contact and friction mechanisms, but
now only one pair of contact points resists the pull-out (see Figure 4.42 point 7). The second peak
occurs at point 7. The two parts were assembled in the out-of-plane direction, and due to the
clearance at the initial stages, most of the cracking propagation occurred after point 6. This led to
a higher second peak.

¢ Stage 4: The strain softening phase occurs after point 7 onward, where the key gradually slides
out. The crack pattern was quite symmetrical until point 8, where the lateral crack on the right
side opened further due to the tensile forces, leading to a full pull-out without rupture of the key.

For the rest of the specimens in this category (curved keys, assembled interface int the OP direction
geometry 1), the failure modes of the identical specimens CPG31, CPG32, and CPG33 are presented
in Figure 4.43. The failure modes were almost identical, with full-key translation for all specimens.
Additionally, large cracks formed laterally at the top part were noticed.

Figure 4.43: Failure modes of (a) CPG31, (b) CPG32 (analysed above), & (c) CPG33



Discussion

In this chapter, a parametric analysis is going to be performed to explore the behavior of interlocking
keys in SHCC and answer the relevant research questions. The investigated parameters are the
geometry/length of the key, the interface treatment related to the interfacial bond, the shape (straight
or bistable interlocked), and the material the key is made of (SHCC or mortar).

To further comprehend the influence of each of the aforementioned parameters, one parameter is
going to change at a time, and the response is going to be evaluated based on that. The evaluation will
be performed with the help of key performance indicators. These are the peak force and the area under
the force-displacement graph, representing the energy absorbed by the specimen before failure. Some
other parameters to evaluate the response are the pattern, shape, and location of the formed cracks.

5.1. Influence of the key geometry at the tensile response

5.1.1. Straight key specimens- Influence of w/h

To comprehend the impact of key geometry on the tensile response, straight keys with varying width-to-
height ratios were examined. As stated before, a consistent interface treatment was maintained to isolate
the influence of the geometry. The straight key specimens, featuring distinct color-coded geometries,
are presented in Figure 5.1. More information about the three geometries is described in Figure 3.5.
The initial length of each geometry is prescribed with vertical lines of the same color to highlight the
specimen deformation before failure or translation in comparison to its original form. An overview
is given in Figure 5.2, where the force is divided by the cross-sectional area of the specimen and the
displacement is divided by the key length. Normalizing the force with the cross-sectional area and
the displacement with the length of the key provides a dimensionless measure that allows for better
comparison between specimens of different key sizes.

Untreated Keys

The first observation regarding the untreated keys (Figure 5.1a) is that specimens of geometry 1 (smaller
keys) and geometry 2 (medium keys) show similar trends. As seen in Chapter 4, Figure 4.9 geometry
2 specimens resulted in key failure at the interface. Hence, their length did not significantly affect
the response and they behaved similarly to G1. Geometry 3 (larger keys) showed a counter-intuitive
result: Although the longer length would increase the possibility of key failure at the interface, most of
the keys fully opened. This resulted in the plateau in Figure 5.1a ranging at displacements of 5 to 18
mm. If the G2 keys underwent full translation similarly to the G3 keys without experiencing failure at
the interface, they were expected to exhibit a comparable yet reduced plateau. The resistance force is
similar (~ 1.0 kN) for most of the keys except for some extreme cases that reached around 1.5-1.6 kN.
These cases are unrelated to geometry but are associated with hardening due to bending or torsion.
The combined action of numerous fibers activated during bending or torsion contributes to an increase
in the material’s effective tensile strength. In terms of displacement magnitude, G1 and G2 behave
similarly, with a displacement of approximately 5mm. Geometry 3, due to the aforementioned plateau,
reached displacements of approximately 18 mm, comparable to its initial length.
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Lubricated Keys

For the case of lubricated keys (Figure 5.1b), the trend of the curves is similar for geometry 1, 2, and 3,
showing a rather uniform response proportional to their geometry. The peak force extracted is = 0.35
kN for all of the keys, regardless of their length. The displacement reached is proportional to each key’s
length; this is obvious from the vertical reference-length lines.
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Figure 5.1: Force-displacement diagrams for straight key specimens with (a) untreated and (b) lubricated interface

In the traction-normalized displacement graph (Figure 5.2), the x-axis shows the fraction of
displacement compared to the original key length. In Figure 5.2a, it is shown that the performance of
the untreated keys is case-specific and variable. Since many specimens showed interface failure, they
could not reach their full potential. In Figure 5.2b, it is obvious that most of the lubricated straight
specimens reached almost 80-90% of their initial length in displacement. Their performance is more
uniform in terms of strength and ductility than that of the untreated specimens.
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Figure 5.2: Stress - normalized displacement (u/L) diagrams for straight key specimens with (a) untreated and (b) lubricated
interface

The averaged results of the key performance indicators (peak force and absorbed energy) are
displayed in Table 5.1 for untreated keys and Table 5.2 for lubricated keys. The energy absorbed by the
specimens was calculated as the area under the force-displacement graph.

For the untreated keys (Table 5.1), there is a small increase in force along the increase in geometry
from G1 — G2 and a small decrease for G2 — G3 keys. The area under the graph is increasing along the
increase in length from G1 — G2 — G3. As mentioned above, G2 showed the highest peak force values,
and G3 showed the highest energy absorption (due to the plateau in the force-displacement graph).
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Table 5.1: Averaged values of peak force and energy (as the area under the f-d graph), for straight untreated specimens (SC)

5C specimens Ener;
P Peak force (kN) St.Dev. N 8y St.Dev.
(kN*mm)
5CG1 1.08 0.30 1.57 0.39
\
5CG2 1.20 0.37 2.67 1.08
"l\
S5CG3 0.90 0.21 4.06 2.11

For the lubricated keys (Table 5.2) there is a small increase from G1 — G2 in peak force, and the
force remains the same as the geometry further increases to G3. The area under the force-displacement
graph is increasing along the increase in length from G1 — G2 — G3 (as seen in Figure 5.1b). Geometry
3 has the best performance in peak force and energy absorbed.

Table 5.2: Averaged values of peak force and energy (as the area under the f-d graph), for straight lubricated specimens (SL)

SL i Ener,
IPECIMENS  peak force (kN) St.Dev. N i St.Dev.
(kN*mm)
5LG1 0.31 0.06 1.11 - 0.48
SLG2 0.38 0.06 2.45 - 0.64

SLG3 0.38 0.09 4.52 0.72
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5.1.2. Bistable interlock (curved) key specimens- Influence of R1/R2

To examine the impact of key geometry on the tensile response of the curved keys, varying radii ratios
were examined. A consistent interface treatment was maintained to isolate the influence of key geometry.
The specimens, featuring distinct color-coded geometries, are presented in Figure 5.3. More information
about the three geometries of curved keys is shown in Figure 3.2. The initial length of each geometry is
prescribed with vertical lines of the same color in Figure 5.3. This can show how much the specimen
has deformed before failure or translation compared to its initial state. A clearer visualization of the
relative deformation is seen in Figure 5.6. In Figure 5.6, the force was divided by the cross-sectional area
of the specimen responsible for transferring forces and the displacement by the key length to provide a
dimensionless measure between different specimens.

Untreated Keys

In the case of the untreated keys (Figure 5.3a) the trends of the curves of different geometries are
similar. The curves are characterized by a peak force at approximately 1.0 kN, and a rather steep strain
softening regime post-peak. Regarding displacement magnitude, the untreated keys have a similar
response without any obvious size-displacement connection. This was associated with the fact that
most keys failed at the interface (chapter 4 Figure 4.25, Figure 4.28, Figure 4.31) hence not utilized their
full potential to obtain large deformations. Most of the specimens reached displacements in the 3-5
mm range. Some keys showed partial debonding (from one side), thus utilizing their ductility more
efficiently, resulting in a gradual strain-softening regime.

Lubricated Keys

The lubricated keys are shown in Figure 5.3b. There, the trend of the curve followed the bistable
interlock mechanism. Two peaks and two equilibrium positions were noted, as seen in the literature
[7], [58]. The first peak was always higher than the second for all of the specimens. While the first
radius was being pulled out, the top part underwent cracking (drops in force in Figure 5.3b) and plastic
deformation (lateral opening at the x-axis). These phenomena led to a reduction of pressure at the
interface and contributed to a smaller second peak (Figure 5.4). The second equilibrium position is
located at the kink on the curve where the interlocking occurs. This location is dependent on the
geometric characteristics of the system. After the kink, the second, smaller peak takes place, and the full
pull-out follows. This whole process is presented in Figure 5.5.
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Figure 5.3: Force-displacement diagrams for curved key specimens with (a) untreated and (b) lubricated interface
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Figure 5.4: Schematic representation of the loss of pressure phenomenon taking place after the second equilibrium position in a
bistable interlocked SHCC specimen
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Figure 5.5: Schematic representation of the stages taking place during the pullout of the curved specimens
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In Figure 5.6, the curved keys (untreated and lubricated) do not reach more than 60% of displacement
compared to their original length. Many of the untreated keys specifically showed interface failure;
hence, their displacements were limited (20-50%). This is expected considering the complexity of the
double-curved interface combined with the strong bond at the interface. For the lubricated keys, while
the top part was being pulled out, plastic deformation and cracking reduced the pressure at the interface,
as mentioned before. Additionally, the top part of R; slides out immediately after the second peak in
force (see Figure 5.7). These phenomena led to displacements of only 40-60% of their original key length.

These results can be compared with the ones found in the literature. As seen in [7], bistable
geometries were made out of ABS. Under monotonic pullout, a perfectly elastic behavior was achieved.
Even in that case, the keys (R1/R2=1.05) reached approximately 45% of their initial length (Figure 5.8).
The SHCC specimens of the same geometry reached a 50-60% normalized displacement. The difference
between ABS and SHCC displacement values is attributed to the elongation of the SHCC keys.

Additionally, for the SHCC specimens, the second peak is lower than the first due to the extensive
cracking and loss of stiffness that occurred at the first peak. This is not the case in [7], where the material
used was ABS and the specimens stayed in the elastic regime until the full pullout (Figure 5.9). In such
a case, the second peak was higher.
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Figure 5.7: Loss of displacement of approximately R1 magnitude in curved key at the end of analysis
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Figure 5.9: Elastic versus plastic deformation of bistable interlocks at the second equilibrium position in ABS and SHCC
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In Table 5.3, the averaged values of peak force and absorbed energy are presented for the untreated
keys. While increasing the R1/R; ratio (G1 — G2 — G3), the force does not significantly alter. The
area under the graph increases along the increase in length from G1 — G2 (64.9%) and then slightly
decreases for G3. No geometry combines the best energy and peak force values, a fact attributed to
the varying failure modes that the untreated specimens developed due to the strong interfacial bond.
In terms of peak force, G3 performs the best, while in terms of absorbed energy, G2 has the highest
absorption.

Table 5.3: Averaged values of peak force and energy (as the area under the f-d graph), for curved untreated specimens (CC)

CC specimens Peak force Energy
St.Dev. St.Dev.
(kN) (kN*mm)
CCG1 0.98 0.08 1.51 - 0.47
CCG2 0.98 0.15 2.96 0.85
CCG3 1.07 0.15 2.61 1.24

In Table 5.4, the averaged values of peak force and absorbed energy are presented for the lubricated
keys. The increase in R1/R; ratio from G1 — G2 resulted in a force increase of 43.33 %. For G2 —
G3, there is no significant change. The area under the graph shows a similar trend, with a significant
increase in area (35.7% ) from G1 — G2 and a small increase for G2 — G3. As it appears, a threshold
for the increase of R1/R; exists. An increase in geometry G1 — G2 is beneficial regarding force and
energy absorption, while a further increase in G2 — G3 does not add more to the tensile response. G2
performs the best among the lubricated keys when it comes to force and G3 when it comes to energy.

Table 5.4: Averaged values of peak force and energy (as the area under the f-d graph), for curved lubricated specimens (CL)

CL specimens Peak force Energy

St.Dev. St.Dev.
(kN) (kN*mm)
CLG1 0.47 0.07 3.15 0.60
" =
CLG2 0.73 0.05 4.52 1.45

CLG3 0.72 0.07 4.96 1.77
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Figure 5.10: Tensile strength of SHCC specimens compared to the obtained material strength of SHCC
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Figure 5.11: Peak force values dispersion

In Figure 5.10, an absolute comparison of the obtained strength of all the specimens compared with
the material strength (as presented in Figure 4.3a) is highlighted. In general, the notched interface
containing straight or curved keys has 60% lower strength compared to monolithic SHCC. The keys with
the highest strength are the straight and curved specimens with an untreated interface (SC, CC). They
reach 27-35 % of the material’s tensile strength. The geometry of SCG2 showed the best performance
(35% of material strength). All of the aforementioned keys failed at the interface, extracting large
reaction forces, mostly due to hardening caused by the bending and/or twisting of the key. The same is
noted for SCG1 (32%) and CCG3 (32%). Most of those keys failed at the interface due to the same reason.
As for the lubricated specimens’ strength performance, it was significantly lower, reaching only 9-22%
of the materials’ strength. All of the keys opened at the interface and showed full or partial pull-out.
The adhesive bond at the initial stage added roughly 20% of strength in the case of straight keys and
roughly 10% in the case of curve keys.

In Figure 5.11 it is visible that the dispersion of peak force values is greater in the case of untreated
interface (straight or curved). As mentioned before, this is due to the varying failure modes. Lubrication
lowers the peak force but makes the tensile response more uniform.
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Figure 5.12: Energy absorbed of SHCC specimens compared to the monolithic material’s energy absorption. The energy is the
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Figure 5.13: Energy absorbed values dispersion

In Figure 5.12, an absolute comparison of the energy absorbed by all the specimens compared to
the material’s energy absorption is shown. The energy absorption was calculated as the area under
the force-displacement graph. Due to the difference in cross-section and heights between specimens,
normalization of the energy values was necessary to provide a fair comparison between different
specimens. The energy was normalized with the gauge height and cross-sectional area of each specimen
(as seen in Figure 5.14).
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Figure 5.14: Gauge length and height of different specimens used for normalization of energy values

As a result, the energy values were calculated as energy per cubic millimeter (Joules/mm3). The
SHCC specimens are notched and transfer force through the keys; however, they can absorb a great
amount of energy. In some specimen categories, when large deformations take place, the specimens
can reach 62-75% of the monolithic materials’ energy. The geometrical hardening effect, along with
the multiple microcracking behavior of SHCC (strain hardening), allowed the small area of the key
(approximately 25% of specimen width and 50 % of specimen gauge length) to absorb energy comparable
to the bulk material and develop large deformations.

In Figure 5.13 it is visible that the standard deviation of energy absorbed values is greater in the case
of untreated straight keys and curved lubricated keys (especially for the specimens of geometry SCG3,
CCG2 & CCG3). In the case of the untreated keys as mentioned before this was due to the variation in
failure mode. In the case of lubricated keys, it was due to the different cracking patterns that caused
variability in the force-displacement curve and eventually at the absorbed energy.
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5.2. Influence of the interface treatment at the tensile response

5.2.1. Straight key specimens
In Figure 5.15, the specimens are divided by their geometry (G1, G2, G3) in 5.15a, 5.15b & 5.15c¢ to
highlight the differences in response of the same specimen with different interface treatments.
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Figure 5.15: Tensile response of straight keys (geometries 1, 2, 3) with untreated & lubricated interface
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A common feature in all straight geometries (5.15a, 5.15b & 5.15c¢) is that the stress is much higher in
every case of the untreated interface (continuous lines). Conversely, for most of the lubricated keys
(dashed lines), the displacement reached is higher than that of the untreated. The displacement can
indicate the ductility and absorbed energy, but not directly; thus, the area under the graph needs to be
computed.

Regarding the trend of the curves in Figure 5.15, for geometry 1 and 2, most of the untreated keys
(continuous lines) failed at the interface. This resulted in a gradual and in some cases steep softening
regime. On the contrary, the lubricated specimens reached lower stress but were able to sustain that
stress level almost until the full pull-out. The case of geometry 3 (Figure 5.15c) shows an interesting
effect. After the adhesion failure at the interface, a stress plateau takes place corresponding to sliding
friction boundary conditions until displacements of approximately 18mm. The plateau also exists
in the case of lubricated keys. This indicates that the bond at the interface increased the stress by
approximately 1 MPa, without compromising the energy absorption with a "sudden" key failure as in
G1, and G2. By tuning the bond strength in such cases, it would be possible to combine strength and
toughness, properties that are usually working in a mutually exclusive way.

In Table 5.5, the values of the peak force and absorbed energy are presented. These are the averaged
results of the three specimens in the same group. Each comparison takes place between specimens of
the same shape and geometry but with different interface treatments. For G1, the interface lubrication
results in a drop in peak force of 110.8% and energy of 34.3%. For G2, the interface lubrication results in
a drop in peak force of 103.8% and a small energy drop. For G3 again, there is a drop in force (81.3%)
but a small increase in energy. In general, interface lubrication did not show beneficial results in terms
of peak force or energy absorbed for straight keys.

Table 5.5: Averaged values of peak force and energy (as the area under the f-d graph), for untreated and lubricated straight

specimens (SC & SL)
Ener,
SC - SL specimens Peak force (kN) St.Dev. . gy St.Dev.
(kN*mm)
SCG1 1.08 D 0.30 1.57 0.39
-110.8 % -343%
SLG1 0.31 0.06 1.11 0.48
SCG2 1.2 D 0.37 2.67 1.08
-103.8%
SLG2 0.38 2.45 0.64
SCG3 0.9 D 0.21 4.06 2.11
-81.3%
SLG3 0.38 0.09 4.52 0.72
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5.2.2. Bistable interlock (curved) key specimens
In Figure 5.16, the specimens are divided by their geometry (G1, G2, G3) in 5.16a, 5.16b & 5.16¢ to
highlight the differences in response of the same specimens with different interface treatments.
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Figure 5.16: Tensile response of curved keys (geometries 1, 2, 3) with untreated & lubricated interface
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A common feature of all curved geometries is that the peak stress is higher in every case of untreated
interface (continuous lines). For most of the lubricated keys (dashed lines), the displacement reached is
higher than that of the untreated. The displacement can indicate the ductility and absorbed energy, but
not directly; thus, the area under the graph needs to be computed.

The overall behavior of untreated and treated specimens is quite similar to that of an inherently
brittle monolithic material versus a tougher-architectured version made of the same material. Such
behavior was seen in the Literature chapter in Figure 2.3, Figure 2.5, Figure 2.7. The untreated specimens
created a stronger bond at the interface, making the two parts of the specimen behave like a monolithic
material. These materials gain their strength by utilizing the strong interfacial bond. On the other hand,
lubricated specimens with an artificially weak interface can utilize friction and interlock to delay strain
localization and absorb a significant amount of energy before failure (Figure 5.17).

untreated key

Force

lubricated key

key rupture

interface opening
|

¥
interlock activation

S

/' Absorbed energy
| (toughness)

Displacement

Figure 5.17: Schematic representation of a strong (untreated) and weak (lubricated) interface in terms of toughness

An interesting phenomenon takes place when increasing the radii ratio from 1.05 (geometry 1) to
1.20 (geometry 2) for the lubricated keys. For Geometry 1, the first and second peaks were almost of
the same magnitude. This can be attributed to the fact that the smaller radii ratio of G1 caused less
geometrical interference and fewer and smaller cracks at the first peak and before the interlock position
(Figure 5.18). In this way, the G1 key had a higher remaining stiffness and was able to resist more force
when the second radius was sliding out. For the G3 (R1/R; = 1.20), during the first peak, the large
outer radius Ry pullout already created larger cracks and lateral openings of the sides of the top part
(Figure 5.18).
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Figure 5.18: Schematic representation of G1 (R1/R»=1.05) and G3 (R1/R2=1.20) at the second equilibrium position. Cracking and
lateral opening lead to loss of pressure for the second radius pullout.

In existing literature [7], a metric to quantify the relative magnitudes of these peak forces was defined
as the & ratio (peak force ratio F»/Fy). For lubricated keys across the G1, G2, and G3 cases, the & ratio
exhibits a decreasing trend, moving from 0.89 to 0.52, and 0.38 (table 5.7). This decrease indicates a
progressively higher first peak relative to the second. From a mechanical stability perspective, a higher
£ ratio is generally deemed preferable.

In Table 5.6, the averaged values of the peak force and energy absorbed are quantified. Each
comparison happens between specimens of the same shape and geometry but with different interface
treatments. For G1, the interface lubrication results in a drop in peak force of 70.3% but an increase in
energy of 70.4%. For G2 the interface lubrication results in a drop in peak force of 29.2% and an increase
in energy of 41.7%. Lastly, the same trend is followed for G3 where lubrication decreases the peak force
by 39.1% and increases the energy absorbed by 62.1%.

As mentioned before, via lubrication, uniformity is introduced to the tensile response of the
specimens. Mainly, tensile ductility is increased while the peak force is lowered. Geometry 2 has
the lowest "sacrifice" of force and a significant increase in ductility, showing a good balance between
strength and ductility.

Table 5.6: Averaged values of peak force and energy (as the area under the f-d graph), for untreated and lubricated curved

specimens (CC & CL)
cc-cCL Peak force Energy
i 5t.Dev. . 5t.Dev.
specimens (kN) (kN*mm)
CCGk1 D.QSD 0.08 1.51) 0.47
-70.3% +70.4 %
CLG1 0.47 0.07 3.15 0.60
CCG2 0.98 0.15 2.96 ., 0.85
_203% +41.7 %
CLG2 0.73 0.05 4,52 1.45
CCG3 1.07 0.15 2.61 .o 1.24
>-39.1% +62.17%
CLG3 0.72 0.07 4.96 1.77

In the specific case of geometry 3 (R1/R; = 1.20) the prefabricated key can also be compared with
the untreated and lubricated ones (Figure 5.19). In terms of peak force, the untreated keys showcase
the highest, followed by the lubricated and then prefabricated keys. For the prefabricated keys, an
interesting phenomenon takes place. For the first time, the second peak of the bistable interlock curve
was higher than the first. As seen in the literature [7], [58], this feature can enhance the overall mechanical
stability of the system. The aforementioned ¢ ratio (peak force ratio F2/F1) is now increased to 1.14.
This comes in contrast to other keys, where the highest & ratio achieved was 0.89 (see table 5.7).
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Figure 5.19: Curved keys (geometry 3) with untreated & lubricated & out-of-plane assembled interface
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Table 5.7: Peak force (F2/F1) & ratio in lubricated and "prefabricated" keys

Specimen £ (F2/F1) average st.deviation Ccov
CLG11 0.88
CLG12 0.95 0.89 0.05 6%
CLG13 0.85
CLG21 0.61
CLG22 0.63 0.52 0.17 33%
CLG23 0.32
CLG31 0.55
CLG32 0.36 0.38 0.16 43%
CLG33 0.22
CPG31 1.09
CPG32 1.27 1.14 0.11 10%
CPG33 1.07

In table 5.8 the three different interface conditions are compared regarding force and absorbed
energy. The untreated key showed the highest peak force and the lubricated key showed the highest

energy absorbed.

Table 5.8: Averaged values of peak force and energy (as the area under the f-d graph), for untreated, lubricated, and prefabricated

specimens (CC, CL & CP)
CC-CL-CP Peakforce
] St.Dev. Energy (kN*mm) St.Dev.
specimens (kN)
CCG3 1.07 0.15 2.61 1.24
-30.1% >+ 62.1%
CLG3 0.72 0.05 4.96 1.77
483 % )—32.9%

CPG3 0.44 0.06 3.56 0.6e2
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5.3.1. Untreated interface

In Figure 5.20, the specimens are divided by their geometry (G1, G2, G3) in 5.20a, 5.20b & 5.20c to
highlight the difference in response of the straight and bistable interlocked keys with untreated

specimens
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Figure 5.20: Tensile response of untreated keys (geometries 1, 2, 3) for straight and curved keys

Displacement (mm)

(c) Geometry 3




5.3. Influence of the key shape at the tensile response 103

For the untreated interface, the straight keys (continuous lines) show no significant differences
compared to the curved keys (dashed lines) in strength and absorbed energy. The dashed lines follow
the continuous ones with no major discrepancies, except for some extreme values out of the normal
range, usually stemming from bending/torsion phenomena. As stated before, many keys (especially in
geometries 1 and 2) sheared off at the interface. In such cases, the shape of the key (straight or curved)
did not affect the response, hence the similarity in their curves.

This is the case for geometry 1 and 2. Looking at Figure 5.20c (geometry 3) some differences can
be identified. In the case of straight keys, the plateau associated with sliding friction results in large
displacements of the straight keys. Their curved equivalents do not show this behavior since they show
rupture at the interface due to the strong interfacial bond combined with the complex curved geometry.

In Table 5.9, the averaged values of the peak force and energy absorbed are presented. The comparison
takes place between untreated specimens of straight and curved shapes of the same geometry. For a
straight to curved shape, there are no major changes in peak force or energy, except for G3 specimens.
For G3 straight specimens — curved G3, the difference in shape decreased the energy absorbed by
43.5%. This stems from the aforementioned plateau in the force-displacement graph of G3 straight keys
in comparison to the premature interface failure of the G3 curved keys.

Table 5.9: Averaged values of peak force and energy (as the area under the f-d graph), for untreated curved and straight

specimens (SC & CC)
SC-CC Ener
. Peak force (kN) St.Dev. 8y St.Dev.
specimens (kN*mm)
5CG1 1.08 0.30 1.57 0.39
CCG1 0.98 0.08 1.51 0.47
SCG2 1.2 0.37 2,67 1.08
CCG2 0.98 0.15 2.96 0.85

SCG3 0.9 0.21 4.06 _43.5% 2.11
CCG3 1.07 0.15 2.51) ' 1.24




5.3. Influence of the key shape at the tensile response 104

5.3.2. Lubricated interface specimens
In Figure 5.21, the specimens are divided by their geometry (G1, G2, G3) in 5.21a, 5.21b & 5.21c to
highlight the difference in response of straight and bistable interlocked keys with lubricated interface.
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Figure 5.21: Tensile response of lubricated keys (geometries 1, 2, 3) for straight and curved keys

Unlike the previous case of untreated keys, it is obvious that lubrication has a major effect on
the response of straight and curved keys. For all of the curved key specimens (dashed lines), the
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characteristic double-peak curve of the bistable interlock took place.

Looking at the peak stress in Figure 5.21, there is a uniform behavior for all different geometries.
All of the curved keys (dashed lines) showcase higher stress compared to the straight equivalents
(continuous lines). Additionally, for all of them, the first peak was always higher than the second. The
displacements reached are much larger for curved keys compared to their straight equivalents in the
cases of G1 and G2. The area under the graph representing the energy absorbed is visibly larger for all
of the curved key cases.

In Table 5.10, the averaged values of the peak force and energy absorbed are presented. The
comparison takes place between lubricated specimens of straight and curved shapes of the same
geometry. There is a clear increase for every case when moving from straight to curved specimens.
The most balanced performance between strength and energy absorbed (63.1% and 59.4%) was for the
curved geometry 2.

Table 5.10: Averaged values of peak force and energy (as the area under the f-d graph), for lubricated curved and straight
specimens (SL & CL)

SL-CL Peak force Energy
. St.Dev. St.Dev.
specimens (kN) (kN*mm)

SLG1 0.31 ™%, 0.06 1.11™, 0.48
CLG1 0.47 0.07 3.15 0.60
SLG2 0.38 ™, 0.06 2.45m, 0.64
CLG2 0.73 0.05 4.52 1.45
SLG3 0.38 "=, 0.09 4,52 0.72

CLG3 0.72 0.07 4.96 1.77
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5.4. Influence of the key material at the tensile response

To provide a reference for the SHCC specimens, some specific geometries were chosen to be recreated
in mortar (see Figure 3.7). Mortar is a well-understood and standardized material suitable to create a
benchmark for material comparison. This allows for a clearer understanding of how SHCC performs in
terms of mechanical properties, durability, and other characteristics. It can additionally offer validation
of the experimental techniques.

5.4.1. Straight key specimens
For the straight key specimens of geometry 2, the mortar and SHCC comparison is shown in Figure 5.22.
In terms of strength, SHCC performs better, but mostly due to hardening related to bending or torsion
caused by sample imperfections. When it comes to absorbed energy, SHCC, as expected, performs
better compared to the brittle mortar.
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Figure 5.22: Straight keys (geometry 2) made out of mortar & SHCC

5.4.2. Bistable interlock (curved) key specimens

For the curved key specimens of geometry 2, the mortar and SHCC comparison is shown in Figure 5.23.
In terms of strength, SHCC performs better, showing in most cases higher stress values. When it comes
to absorbed energy, SHCC, as expected, absorbs more energy than mortar before failure.
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Figure 5.23: Curved keys (geometry 2) made out of mortar & SHCC

For the prefabricated key specimens (geometry 3), the mortar and SHCC comparison is shown in
Figure 5.24. In terms of strength and energy absorption, SHCC performs better. The SHCC specimens
show a bistable interlock curve effect with two peaks, maximizing the area under the graph in comparison
to their mortar equivalents.
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Figure 5.24: Curved "prefabricated" keys (geometry 3) made out of mortar & SHCC

In table 5.11 the averaged peak force and energy absorbed values are presented. As expected, the
SHCC specimens showed greater ductility (151-195% higher) compared to mortar. The peak force
was also greater for all the SHCC specimens, especially in the case of the prefabricated key. The table
highlights the superior performance of SHCC in comparison to plain mortar.
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Table 5.11: Averaged values of peak force and energy (as the area under the f-d graph), for SHCC & mortar specimens of same

geometry
SHCC - Mortar Ener
. Peak force (kN) St.Dev. gy St.Dev.
specimens (kN*mm)
SCG2 1.2 208% 0.37 2.5?)_151.3% 1.08
MSG2 0.88 0.18 0.37 0.15
CCG2 0.98 0.15 2.95) _152.4% 0.85
MCG2 0.88 0.21 0.40 0.24
CPG3 D.M>'4?-9% 0.06 3.55)_194_5% 0.62
MPCG3 0.27 0.03 0.05 0.01

5.5. Analytical model describing the behavior of the straight keys

As an initial step to understanding the intricate contact mechanisms that take place at the interface of
the bistable interlocked keys, the straight keys act as a simplified case. The straight-key specimens’
tensile response is further analyzed in terms of the mechanisms that take place (tensile bond, shear
bond, friction) in small and large deformations.

Upon examining the tensile response, certain assumptions and simplifications were introduced, seen
below:

® The keys that were chosen for the model are those that responded in a pure tension state to the
tensile forces; no torsion or bending was noticed. This was the case for the specimens of Geometry
3 (longer keys).

* Areas A, B, C and D, E were defined as areas with different mechanisms resisting tension (normal
and parallel to the loading direction) as seen in Figure 5.25.

® Smooth interface was assumed (R, < 1.5mm).

untreated key

trets

biiids

A, B, C:
areas resisting tension
with adhesion

areas resisting tension
with adhesion &

lubricated key

Ptest

vibb

A, B, C:
no resistance, no
adhesion

areas resisting tension
with

Figure 5.25: Interface of untreated and lubricated keys responding to external tensile forces

The tensile response of untreated and treated keys (Figure 5.26) follows a similar trend. These trends
can result in simplified curves (Figure 5.27) for untreated and lubricated specimens.
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Figure 5.26: Untreated and lubricated specimens (geometry 3) tensile response
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Figure 5.27: Schematic representation (simplified) of the tensile response of untreated and lubricated keys

Analyzing the Figure 5.27 for the untreated key, four regimes are observed for the reaction force:
For displacement 0 - 0.5 mm:

ZRF = Adhesion (tensile- surfaces A, B, C & shear- surfaces D, E) + Sliding friction (5.1)

For displacements 0.5 - 0.9 mm:

ZRF = Sliding friction (5.2)

For displacements 0.9 - 15 mm:

LRF = Sliding friction (stabilized) = yy * N (5.3)

Pressure declines as the interface decreases gradually due to the pullout, but friction is not reduced
due to ploughing and dynamic phenomena taking place.
For displacements 14 - 17.5 mm:

LRF = Sliding friction (decaying) — 0 (5.4)

Analyzing the Figure 5.27 for the lubricated key, two main regimes are observed for the reaction
force:
For displacements 0 - 15 mm:
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LRF = Sliding friction (stabilized) = uy * N (5.5)

No adhesion resists the pullout at the lubricated key; hence, the response starts with a plateau.
Pressure declines as the interface decreases gradually due to the pullout, but friction is not reduced due
to ploughing and dynamic phenomena taking place.

For displacements 15 - 17.5 mm:

LRF = Sliding friction (decaying) — 0 (5.6)

Adhesive bond
Adhesion refers to the bonded areas that resist the tensile forces through shear or tensile bond, depending
on the direction of the bonded surface to the force application.

An estimation of the bond strength based on the experimental data follows:

Looking at Figure 5.27 a & b the friction force can be estimated at 0.3 kN. In the case of untreated keys,
the peak force (0.8 kN) is caused by the combined resistance of the adhesion and friction mechanisms.
Assuming sliding friction happens almost immediately as the interface translates, the friction force can
be assumed at 0.3 kN from the beginning. That leaves the adhesive bond force at 0.5 kN.

That force is caused by the tensile and shear bond along areas of the interface. By allocating a
percentage to shear and tensile bond as an assumption, an estimation of tensile and shear bond strength

can be made. As an assumption 40% of the resistance force is allocated to tension and 60% to shear.
Then:

Tensile bond strength = 0.2kN /(43 x 15)mm = 0.31MPa (5.7)

Shear bond strength = 0.3kN /(2 = 21.62 * 15)mm = 0.46 MPa (5.8)

In [69], the surface preparation in the debonding mechanism of concrete-to-concrete interfaces was
examined via numerical simulations. For a smooth concrete-to-concrete interface the tensile strength of
the bonded interface was calculated at 0.30-0.31 MPa and the shear strength of the bonded interface
at 0.54-0.55 MPa. Compared to the tensile and shear strength of the SHCC-to-SHCC bonded areas
(Equation 5.7 and Equation 5.8) the results are similar.

035 08
E ?0_7 4
z ] S 06
=025 - 20
B 505
s 02 1
E Eos
5015 - o
= E 03 4
s 01 “ 02
&

005 - 0.1 -

0 - 0
Smooth  Rough GRI1 GR2 GR3 GR4 smooth  rough GRI1 GR2 GR3 GR4
Type of surface prepartaion Type of surface preparation

Figure 5.28: Tensile and shear strength at the interface [69]



Conclusions & Recommendation

This chapter presents the conclusions drawn from the research conducted in this thesis. Further
recommendations for the implementation of bistable interlocks in engineering practice and directions
for further research are suggested.

6.1. Conclusions

The goal of this research is to investigate the tensile performance of bistable interlocks in sutured
geometries made of Strain-Hardening Cementitious Composites (SHCC). The ultimate goal is to design
reliable connections of cementitious materials with higher damage tolerance by exploiting the shape of
bistable interlocks and fine-tuning geometrical properties to "customize" the tensile response.

RQ1: To what extent can the implementation of the bistable interlock mechanism enhance the

toughness and strength of interlocking keys made of SHCC under tensile loading?

What is the tensile response of straight interlocking SHCC keys, in terms of toughness and strength?

® The specimens incorporating straight keys were made of SHCC in three geometry variations: short,
medium, and longer keys (based on their width-to-height ratio) and two interface variations
(untreated and lubricated).

* 44% (4 out of 9) of the straight untreated keys failed at the interface, revealing that the interface
treatment governed the failure mode. The bond was strong enough to lead to the rupture of the
keys at the interface. In some cases, failure modes that were not representative of the tensile
response occurred (e.g. geometry 2). This was attributed to specimen imperfections or slanted
surfaces; not pure tension but bending and torsion (twisting) occurred, documented visually from
the setup’s rotation and DIC images. This led to variations in the failure modes and cracking
patterns of different specimen sizes.

e The straight-lubricated keys had more uniform failure modes. 89% of the specimens (8 out of 9)
showed full translation of the key. In this case, the length of the key governed the response,
regarding strength and energy absorption. For all of the specimens, interface debonding happened
almost immediately, and cracks were initiated at high-stress locations (corners). In cases where
damage accumulation along the key length occurred (due to dynamic friction phenomena),
increased resistance of the key led to a strain-hardening behavior in the force-displacement graph.
This clearly shows that cracking along the SHCC key leads to better use of the key’s ductility in
comparison to a smoother key pull-out.

¢ The straight-untreated key specimens showed a strength range of 27-35% of the monolithic
material’s strength, the highest achieved of all of the SHCC specimens. For the lubricated case, the
strength was much smaller (9-11%) since, without adhesive bonding, the resistance was gained
only from frictional contact. The standard deviation of peak force is larger in the case of untreated
keys due to the difference in failure modes and overall response.

111
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* Straight, untreated keys showed energy absorption of 25-62%, compared to the monolithic SHCC.
A similar trend is noted for the lubricated keys, ranging from 16-68%. These percentages are
size-specific; while moving from smaller to longer keys, more energy is absorbed. For the
lubricated keys, the standard deviations of peak force and energy are noticeably lower, due to the
uniformity of the tensile response.

What is the difference in the tensile response of curved interlocking SHCC keys compared to straight SHCC
keys?

¢ The specimens incorporating curved geometries with bistable interlocked keys were made in three
geometry variations: small, medium, and larger keys (based on their radii ratio) and two interface
variations (untreated and lubricated).

* 78% (7 out of 9) of the curved untreated keys showed key failure at the interface. The strong interfacial
bond, combined with the complex curved geometry, governed the response. An influencing factor
was the additional bending and torsion (twisting) of the keys caused by specimen imperfections.
For the remaining 22% (2 out of 9) no full pull-out happened but a partial debonding from one
side, suggesting inhomogeneities at the bond strength along the interface. Different cracking
patterns emerged, with a common feature: the fracture zone reached the interface and debonding
started propagating, leading to the failure of the base of the key near the interface.

* 89% (8 out of 9) of the lubricated keys showed pull-out. In this case, the geometry governs the
response. All of the lubricated specimens resulted in the characteristic double equilibrium, double
peak force-displacement graph. Similar cracking patterns with geometry-related differences
were noticed. For all the keys, cracking was initiated radially at the top part and the neck of the
key. While the radii ratio of specimens increased, the cracking pattern at the top became more
tortuous, and more cracks occurred along the length of the key. For larger keys, strain localization
at one lateral crack decreased the contact pressure during the pullout of the second radius. The
effectiveness of bistable interlock is then decreased.

* The untreated curved keys showed a strength range of 29-32% of the material’s strength. The
standard deviation of peak force values is large due to the difference in failure modes. For the
lubricated case, the strength was much smaller (14-22%) since there was no adhesive bonding; all
the resistance was offered by frictional contact and mechanical interlock. The standard deviation
of peak force is low, meaning results are less dispersed due to the uniform tensile behavior.

* Compared to the monolithic SHCC, the curved, untreated keys showed energy absorption of 23-45%.
These percentages were not proportional to the radii ratio increase. The lubricated keys, on the
other hand, resulted in an increase in energy absorption alongside the radii ratio increase. After
geometry 2, the benefits in force and energy decrease, suggesting a threshold on how the radii
ratio increase can benefit the response. When the length of lubricated keys is increased, there is a
wide variation in energy values. This happens because the difference in radii ratio leads to uneven
energy absorption due to various crack patterns.

To provide an answer to the first research question, the main conclusions of the subquestions are
summarized. The tensile response (regarding toughness and strength) of the interlocking keys under
tensile loading is highly influenced by the shape of the key. The influence is different for untreated
and lubricated specimens. In the case of the untreated keys, a large percentage of the specimens failed
(44% for straight 78% for curved keys). This was predominantly due to the strong bond at the interface
and secondarily due to imperfections causing additional loads. Regarding strength, no added benefits
followed the change from straight to curved geometry. The straight specimens showed higher energy
absorption since more specimens opened during pull-out and exploited their full length. For the
lubricated keys, 89% of specimens showed a full pull-out. In this case, changing the geometry from
straight to bistable interlocked added benefits regarding the peak force and energy absorbed.

RQ2: How can the tensile response of different interlocking SHCC keys be optimized in terms of
toughness and strength?
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What is the influence of an untreated interface & interface lubrication on the tensile response of both straight
and curved keys? What is the influence of an out-of-plane assembled interface on the tensile response of curved
keys?

¢ The introduction of lubrication significantly alters the mechanical response of straight keys.
Untreated specimens show higher reaction forces due to the presence of strong interfacial bond.
This leads to an interface key for 44% of specimens. This response hinders the exploitation of
sliding friction and leads to less energy absorption. For the remaining 56 %, untreated interface has
a positive effect on the tensile response. The interface bond was weak enough to fail first, leading to
a distinct peak in force followed by a sliding friction plateau on the force-displacement graph. This
peak in force is contributing to higher energy absorption. For the lubricated interface, the response
of 89% of all specimens is a full-length pullout, resulting in lower force and energy absorption. A
notable characteristic of straight lubricated keys is their ability to sustain approximately 50% of
their peak force for roughly 80% of their deformation.

® Lubrication of bistable interlocked keys introduces a significant change in their tensile response: the
formation of a double peak in the force-displacement curve. The interface treatment governs the
failure mode. Without lubrication, 78% of the keys predominantly fail at the interface, rendering
the bistable interlock unused. This was expected due to their complexity, which allowed for
stronger adhesion than the simpler straight keys. With lubrication, 100% of the specimens showed
full or partial pullout. Untreated curved keys exhibit higher force and more ’brittle” behavior,
whereas lubricated keys demonstrate greater energy absorption. This trend is consistent with
broader literature findings: inherently brittle monolithic materials compared to their architectured
counterparts exhibit greater strength but lower toughness. An interesting development is observed
in the case of assembled, prefabricated keys. While they do not show substantial improvements in
peak force or energy absorption, they exhibit a phenomenon not seen for the previous keys: the
second peak in the force-displacement diagram was higher than the first. This characteristic is
beneficial for mechanical stability.

How do straight keys with different width-to-height ratios & curved keys with different radii ratios behave
under the aforementioned interface treatments regarding strength and toughness? What types of failure are
observed as the geometry changes?

* For straight untreated keys a counter-intuitive phenomenon took place: shorter keys failed at the
interface more often than longer keys. The longer keys, with a higher probability of failure due to
the larger bonded area, opened and translated for more than 50% of their key length. This was
attributed to bending and torsion stemming from specimen imperfections for shorter keys. An
increase in the key length increased proportionally the energy absorption (25% to 41% and 62%).
However, the increase in length did not proportionally enhance the strength of the keys.

e For straight lubricated keys, the correlation between key length and ductility is more pronounced
due to the facilitation of sliding friction at longer key lengths. For lubricated specimens, since
89% opened fully, longer keys absorbed more energy. However, the augmentation in key length
does not contribute to a corresponding increase in the force-bearing capacity of the material. The
failure modes were similar: full translation of the key with cracks initiating at the corners. While
the key length increased, more cracks were observed along the neck and above the key.

¢ For curved untreated keys, the propensity for additional friction connected to surface imperfections
and the complex geometry, led to shearing of the key. Even in the absence of these factors
and considering only the bond, most specimens were unable to debond fully and to transcend
to the frictional sliding phase. The increase in geometry (radii ratio) did not yield noticeable
improvements in terms of force or energy absorption since most of the keys failed at the interface
soon after the load was applied.

e For curved lubricated keys the response is notably influenced by the radii ratio. In the force-
displacement graph across all specimens, a bistable interlock curve with two peaks and two
equilibrium positions is observed. However, for small keys, the two peaks are of comparable
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magnitude. For medium keys, the first peak becomes more pronounced than the second, and for
the larger keys, even more. Extensive cracking due to the geometrical interference of larger keys
decreased the post-kink force-bearing capacity. From a mechanical stability perspective, a high
second peak is preferable. Furthermore, increasing the R1/R; ratio does not consistently yield
benefits in the tensile response. Moving from small to medium keys added benefits in terms of
force and energy absorption were noticed but not from medium to larger keys. This suggests a
threshold at R1/R»=1.10 similar to the one seen in the literature.

To provide an answer to the second research question, the main conclusions of the subquestions are
summarized. The tensile response (regarding toughness and strength) of the interlocking keys under
tensile loading can be optimized by changing the interface and geometry of the key.

Regarding interface treatment, it was seen that the adhesive bonding at the interface rarely improved
the toughness of the connection. As seen in the literature, by increasing the bond strength, debonding
mechanisms are delayed, but the level of restraint at the interface also increases, leading to higher
cracking probabilities. An interface with a lower bond strength is beneficial for ductility, as it was in
the case of curved keys, where lubrication enabled the exploitation of the geometrical interlock of the
curved geometry. Lubrication makes the failure more stable, compared to the untreated specimens
with very different failures. Large amounts of untreated specimens failed, while 100% of lubricated
specimens were partially (for more than 50% of their length) or fully translated. On the other hand,
lubrication leads to lower peak forces for all keys.

When it comes to the geometry of the specimens, the influence on the tensile response was not as great
as the interface treatment. However, improvements were noticed with an increase in the geometry. For
the straight keys, a proportional increase in absorbed energy was noticed for untreated and lubricated
specimens, but not in strength. For the untreated curved specimens, the increase in geometry yielded
no major differences since the interface treatment governed the response. Conversely, for the lubricated
specimens, the response was enhanced in both strength and energy and eventually a design threshold
at R1/R, = 1.10 was noticed.

6.2. Recommendations

* Asafirst approach to creating bistable interlocks in SHCC, a high volume of fibers was used (2.6%).
This was chosen to accommodate fiber bridging, allow large deformations of the key (y-axis), and
simultaneously increase the bending capacity while the sides of the top part opened laterally
(x-axis). The volume should be decreased to a more realistic value in a later study. In addition, it
is highlighted that the fiber dispersion of SHCC especially when using a higher volume fraction
can create a manufacturing bias when it comes to the fiber dispersion inside the small area of the
key. Further research is needed to confirm this suggestion.

e From an execution point of view, flexible mould prototypes made of silicone rubber were used in
this study. Although extra care was taken in the experimental process, this occasionally led to
warping and non-plane surfaces of certain specimens. Additionally, the grinding of the surface
should be sufficient while still making sure that the surface of the specimen remains plane.

¢ The interfacial bond of the specimens was often strong enough to cause failure of the key at the
interface without exploiting the complex key shape. The specimens were cured for more than
28 days. The prestudy’s untreated specimens (presented in Annex A) with a curing period of 7
days were tested and showed a full pull-out. This highlights the importance of bond strength
in bistable, interlocked geometries. Fine-tuning the bonding and/or changing the bonded areas
is recommended to be studied further. Decreasing the bond in the high-stress areas with local
lubricant application could have a positive effect on the strength and ductility of the connection.

¢ Geometry 2 of the curved keys was found to have a good balance of strength and ductility. More
geometry variations with radii ratios close to geometry 2 (Ry/R2 = 1.10) are recommended to
be tested. Adjusting even slightly the dominant parameters as Ry, Rz, 01, 0, can have a major
influence on the tensile response.

¢ The prefabricated key, while not showing outstanding peak force or ductility in comparison to the
rest of the specimens, had manufacturing benefits and offered extra mechanical stability. Casting
of prefabricated components with lines of sutures is suggested. A line of interlocks cast on top of
each other could create constraints for the pullout of the keys and lead to their eventual rupture.
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However, in the prefabricated case, with manufacturing tolerances between the two parts, the
danger of key failure is smaller. Additionally, the manufacturing process is easier.

In table 6.1, a first step in the implementation of bistable interlocks in engineering practice is
presented. The table is divided into different key shapes and interface treatments based on the results
of the tensile response. It should be noted that this is only based on the results of the present study;
further loading conditions and design exploration are necessary.

Table 6.1: Possible applications involving straight and bistable interlocked keys

Straight untreated keys Straight lubricated keys
Shear keys
Shear keys Structures susceptible to imposed deformation

(resistance at higher strain levels)

Curved untreated keys Curved lubricated

Protective structures against impact loads
[energy dissipation)
Earthquake resistance structures (energy dissipation)
Not different than the straight untreated case Connections (reducing tensile reinforcement)

Prefab to prefab connections (demountability)

Structures susceptible to imposed deformation
(resistance at higher strain levels)
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Appendix A: Experimental Pre-study
of straight and bistable interlocked
key specimens

Since no documented experimental research on bistable interlocks in SHCC was found in the literature,
it was deemed necessary to perform some small-scale tests before the main tests. These tests would
investigate the feasibility and eliminate mistakes in the following experimental tests. Additionally, some
initial results would be beneficial to check the initial hypothesis regarding the added ductility of the
bistable interlock mechanism.

A.l Initial specimen design
Four specimens were designed before the main tests. Two of them were straight keys with identical
designs (Figure A.1a). The other two were bistable interlocked keys with identical designs (Figure A.1b).
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(a) Straight key (b) Curved keys

Figure A.1: Initial specimen design
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A.2. SHCC casting

After the design and 3D printing of the specific geometries of the keys (with different width/height
ratios and radii ratios), silicon molds were prepared to cast the keys in two parts, as shown in Figure A.2.
When the first part was cast, it was left one day to harden at room temperature, and the second part was
cast on top of the first one with the interface left untreated. The specimens were cured for 7 days in a
curing room (20 ° C and > 98% RH).

(a) Casting of the bottom part (b) Casting of the top part

Figure A.2: Casting of top and bottom parts of straight and curved keys

A.3. Tensile tests

The samples were tested under monotonic tension using a servo-hydraulic testing machine (Instron®
8872) under displacement control at a rate of 0.005 mm/s. The displacements were measured with
Digital Image Correlation (DIC) and verified with LVDT measurements as seen in Figure A.3.

(a) Instron & DIC setup (b) LVDT application

Figure A.3: Test setup
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A.4. Results

The force-displacement graph for the curved and straight specimens is shown below. The force was
extracted from the Instron output. For the displacement, 3 pairs of points were chosen in similar
locations for the straight and curved keys as shown in Figure A 4.

Point 6

Point 5

(a) Points chosen for displacement definition -straight key (b) Points chosen for displacement definition - curved key
Figure A.4: Sets of points to define the displacement for straight and curved specimens
The force-displacement graph for the straight key is shown in Figure A.5 and for the curved key in
Figure A.7. There are 3 curves in each graph representing the displacements measured at different pairs

of points (points 1-2, 3-4, 5-6). For each curve at 3 characteristic points along the curve, the strains and
crack patterns are shown ( Figure A.6, Figure A.8).
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Figure A.5: Force - displacement graph - Straight key
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(a) Strain contour at characteristic point 1 (b) Strain contour at characteristic point 2 (c) Strain contour at characteristic point 3

=zl

1600

olsoo 0800

01400

0 Elocm -10 o 10 20 = Moo

Figure A.6: Strain contour showing the crack propagation at the straight key at characteristic points 1-3
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Figure A.7: Force - displacement graph - Curved key
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(a) Strain contour at characteristic point 1

(b) Strain contour at characteristic point 2 (c) Strain contour at characteristic point 3

Figure A.8: Strain contours showing the crack propagation at the curved key at characteristic points 1-3

The area under the force-displacement curve, representing the work done by the force, is also a
measure of the absorbed energy by the material. The ductility of the connection can be measured by
evaluating the area under the graph. For ductile materials, the area tends to be larger since they can
absorb more energy before failure.
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0.5 1

0.4

0.3 4

Force (kN)

0.2

0.1 4

—&— straight key specimen
—&— curved key specimen

37% larger
v area for the
\ curved key

0.0

2 4 [

8 10 12

Displacement (mm)

The curve for the straight key presents a semi-brittle failure (Figure A.5) while for the curved key,
there is the characteristic shape with 2 equilibrium positions and two peaks (Figure A.7) as found in the
literature ([7]). This geometric hardening behavior of the curved key results in roughly 37% larger area
under the F-0 curve compared to the straight key. Another benefit is that with the bistable interlock
mechanism, there is essentially no sacrifice in force but only the addition of energy absorbed. Usually,
these two properties are hard to combine and in some cases mutually exclusive.

This initial evaluation of the ductility shows promising results for the bistable interlocked key. The
experimental procedure was followed with the rest of the samples with different surface treatments
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and geometries to evaluate how these parameters affect the strength & toughness of the connections.
Oppositely, the main specimens were cured for at least 28 days.



Appendix B: DIC analysis of all
Specimens

B.1. Specimen SCGI12- Untreated interface, Geometry 1
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Figure B.1: Force - displacement diagram illustrating the tensile response of the specimen SCG12
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Figure B.2: Strain contours (€y) of points 1-8
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Figure B.3: Force - displacement diagram illustrating the tensile response of the specimen SCG13
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Figure B.4: Strain contours (ey) of points 1-8
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Figure B.5: Force - displacement diagram illustrating the tensile response of the specimen SCG21
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Figure B.6: Strain contours (ey) of points 1-8
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Figure B.7: Force - displacement diagram illustrating the tensile response of the specimen SCG23
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Figure B.8: Strain contours (€y) of points 1-8
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Figure B.9: Force - displacement diagram illustrating the tensile response of the specimen SCG32
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Figure B.10: Strain contours (ey) of points 1-8
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Figure B.11: Force - displacement diagram illustrating the tensile response of the specimen SCG33
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Figure B.12: Strain contours (e;) of points 1-8




B.7. Specimen SLG11- Lubricated interface, Geometry 1

133

B.7. Specimen SLG11- Lubricated interface, Geometry 1

0.35 A

0.30 4

0.25 4

0.20 A

Force (kN)

0.15 4

0.10 ~

0.05 ~

DT

E ~——— DIC points 1-2

—— DIC points 3-4
—— DIC points 5-6

Figure B.13: Force - displacement diagram illustrating the tensile response of the specimen SLG11

(a) Point 1

(e) Point 5

0 1 2 3 4

Displacement (mm)

(b) Point2 (c) Point 3 (d) Point 4

(f) Point 6 (g) Point7 (h) Point 8

Figure B.14: Strain contours (e;) of points 1-8
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Figure B.15: Force - displacement diagram illustrating the tensile response of the specimen SLG13
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Figure B.16: Strain contours (e;) of points 1-8
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Figure B.17: Force - displacement diagram illustrating the tensile response of the specimen SLG21
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Figure B.18: Strain contours (ey) of points 1-8
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Figure B.19: Force - displacement diagram illustrating the tensile response of the specimen SLG23
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Figure B.20: Strain contours (ey) of points 1-8
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Figure B.21: Force - displacement diagram illustrating the tensile response of the specimen SLG32
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Figure B.22: Strain contours (ey) of points 1-8
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Figure B.23: Force - displacement diagram illustrating the tensile response of the specimen SLG33
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Figure B.24: Strain contours (ey) of points 1-8
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Figure B.25: Force - displacement diagram illustrating the tensile response of the specimen CCG12
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Figure B.26: Strain contours (e;) of points 1-8
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Figure B.27: Force - displacement diagram illustrating the tensile response of the specimen CCG13
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Figure B.28: Strain contours (ey) of points 1-8
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Figure B.29: Force - displacement diagram illustrating the tensile response of the specimen CCG21
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Figure B.30: Strain contours (ey) of points 1-8
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Figure B.31: Force - displacement diagram illustrating the tensile response of the specimen CCG23
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Figure B.32: Strain contours (ey) of points 1-8
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Figure B.33: Force - displacement diagram illustrating the tensile response of the specimen CCG32
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Figure B.34: Strain contours (e;) of points 1-8
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Figure B.35: Force - displacement diagram illustrating the tensile response of the specimen CCG33
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Figure B.36: Strain contours (€y) of points 1-8
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Figure B.37: Force - displacement diagram illustrating the tensile response of the specimen CLG11
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Figure B.38: Strain contours (ey) of points 1-8
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Figure B.39: Force - displacement diagram illustrating the tensile response of the specimen CLG13
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Figure B.40: Strain contours (€y) of points 1-8
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Figure B.41: Force - displacement diagram illustrating the tensile response of the specimen CLG21
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Figure B.42: Strain contours (ey) of points 1-8
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Figure B.43: Force - displacement diagram illustrating the tensile response of the specimen CLG23
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Figure B.44: Strain contours (€y) of points 1-8



B.23. Specimen CLG32- Lubricated interface, Geometry 3 149
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Figure B.45: Force - displacement diagram illustrating the tensile response of the specimen CLG32
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Figure B.46: Strain contours (€y) of points 1-8
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Figure B.47: Force - displacement diagram illustrating the tensile response of the specimen CLG33
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Figure B.48: Strain contours (ey) of points 1-8
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B.25. Specimen CPG31- "Assembled” interface, Geometry 3
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Figure B.49: Force - displacement diagram illustrating the tensile response of the specimen CPG31
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Figure B.50: Strain contours (ey) of points 1-8
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Figure B.51: Force - displacement diagram illustrating the tensile response of the specimen CPG33
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Figure B.52: Strain contours (€y) of points 1-8
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Figure B.53: Dy contours of straight and curved specimens, representing the "noise" before load application of various specimens
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Appendix C: Maple scripts used for
area under the force-displacement
graph calculation

[ scGII
y = 0.4099 " — 1.1095 x + 0.7611

v = 0.4099 X — 1.1095 x + 0.7611
1.843

L s

0.3739621875

5CGI2

SCGI12
v = 14756 X — 85662 x + 0.9377

= 14756 x" — 8.5662 x + 0.9377

0.02300539138

SCGI3
SCGI3

v = 1.3481 ¥ — 2.1393 x + 0.9020

v = 1.3481 X —2.1393 x + 0.9029
0.8247

02691717188

@

@

3)

@

®)

©)

Y

@®
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5CG21
SCG21
vi= —530.79 2% + 28.766 x + 0.6483
v :=—530.79 ¥+ 28.766 x + 0.6483

0.0786
J vy

0

0.05389895470

SCG22

S5CG22

vi= 0.2162 X — 1.014x + 1.1692

1.86

J‘ vd:
0

SCG23

v = 02162 ' —1.014 x + 1.1692

0.8844334224

SCG23

v = 0.3766 x— 1.5281 x + 1.3314

v:i=0.3766 X — 15281 x + 1.3314

0.7134973221

®

(10)

11)

(12)

13)

(14

s

(16)

an
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SCG31
SCG31

v = 0.0045 3l — 0.0879 x + 0.5528

v = 0.0045 ¥ — 0.0879 x 4+ 0.5528

137327

j vd
0

3.665498456

SCG32
SCG32
v = —0.0009 X’ — 0.0082 x + 0.6728
v :=—0.0009 ¥ — 0.0082 x + 0.6728

14.204
I v

0

8.088255337

SCG33

SCG33

v = 0.3076 3’ — 1.0183x + 1.0071

vi= 03076 X — 1.0183 x + 1.0071

0.7470159758

(18

19

20

21

22

23

29

29

(26)



158

[ SLGII
y = —0.0537x" + 0.0198 x + 0.4981
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