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Abstract

Glass is endlessly recyclable, yet only a fraction of container glass is recycled globally, while countries
such as Brazil simultaneously face a severe shortage of affordable housing. In response, low-income
communities have begun embedding used glass bottles in earthen mortars to construct walls. How-
ever, scientific investigation of glass bottles as structural components in earthcrete blocks is virtually
absent from the literature. This thesis investigates the influence of different bottle configurations on
the mechanical behavior of earthcrete building units embedded with long-neck beer bottles, using a
combined numerical and experimental approach. Finite element models were developed in Abaqus
using the Concrete Damage Plasticity model, calibrated on experimental data from earlier research on
single-bottle blocks. A parametric study of cubic blocks (240 mm) was performed in which the number
of vertically oriented bottles (0-9) and the earthcrete cover (2—6 cm) were varied. Based on these simu-
lations, three configurations were fabricated and tested under uniaxial compression. The experiments
proved highly repeatable: the plain block reached a mean capacity of 401 kN, whereas the four- and
five-bottle blocks reached 330 kN and 349 kN respectively, corresponding to a capacity reduction of 13—
18% and a distinctly more brittle post-peak response. The calibrated numerical model over-predicted
the experimental capacities by 42—125% and incorrectly predicted that capacity increases with bottle
count. Recalibration improved the agreement but remains a fit rather than a validation. A Eurocode 6
case study demonstrates that a two- to three-storey residential building on bottle-embedded walls sat-
isfies the ultimate limit state verification with substantial margin. It is concluded that embedded glass
bottles act not as reinforcement but as functional voids: for a modest loss of compressive capacity,
they reduce material use and divert waste glass from disposal, making their value primarily economic
and environmental rather than structural.
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Router Outer radius of the bottle body [mm]
t Wall thickness [mm]
U Displacement [mm]
\% Velocity [m/s]
At (Stable) time increment [s]
8 Friction angle [°]
v Unit weight [KN/m3]
M Partial material factor [
€ Strain [
€ Flow potential eccentricity (CDP) -]
Eer Cracking strain [
Sin Inelastic strain -]
Epl Plastic strain [-]
7 Viscosity parameter (CDP) [-]
v Poisson’s ratio [-]
p Density [kg/m3]
o Stress [MPa]
O¢ Compressive stress [MPa]
OEd Design compressive stress in the wall [MPa]
oy Tensile stress [MPa]
P Capacity reduction factor for slenderness and eccentricity [-]
) Dilation angle (CDP) [°]

Yo

Load combination factor (EN 1990)



Introduction

Glass is widely regarded as a material that can be endlessly recycled within a closed loop without loss
of quality. Despite this potential, only an estimated 21% of global glass production is currently recycled.
Container glass achieves the highest recycling rate of all glass categories, yet even this reaches only
32% globally [8].

Recycling rates of glass containers vary significantly across countries and regions, influenced by factors
such as consumer awareness, geographic scale, regional economic disparities, and the availability
of recycling infrastructure [8]. Beyond recycling, there is also the option of reusing glass containers.
However, returning used bottles to producers remains challenging in some regions due to inadequate
collection infrastructure [17].

For example, Brazilian glass production and recycling data reveal significant gaps in material recovery.
According to the Brazilian Association of Glass Industries (Abividro), national production reaches 8.6
billion glass units annually, yet only 300,000 tons are recycled [7]. The beer bottle sector exemplifies
this inefficiency, with approximately 630,000 tons produced yearly and merely 50% recycling rates.
Glass that is not recycled or reused gets incinerated or ends up in landfills, where it accumulates in
the environment. Because glass is a non-biodegradable material, it can remain in the environment for
millions of year without decomposing, contributing to long- term accumulation of waste.

Brazil simultaneously faces a severe housing crisis, with a rising number of people experiencing home-
lessness and a substantial share of the population living in inadequate housing. The housing deficit is
more pronounced in Rio de Janeiro, where it is estimated that 20% of residents live in informal shanty
towns, known as ‘favelas’ (Gual, 2023) [22].

In light of these challenges, an underutilized waste stream and an unmet demand for affordable hous-
ing, builders have begun repurposing used glass bottles as building materials, often combining them
with traditional earthen techniques. The abundance of low-cost labor and locally available materials
facilitates affordable housing construction while simultaneously mitigating environmental pollution. Sim-
ilarly, countries like Nigeria, India, Bangladesh, and Panama have seen a significant surge in the use of
plastic bottles in combination with earth-based mortars for construction of affordable housing [37][30].
Urban junk such as plastic bottles can in this way be upcycled to replace conventional material such
as brick in the construction of housing. Despite the fact that a considerable amount of research has
been undertaken on the use of plastic bottles as a construction element, comparatively little research
has been conducted on glass bottles.

Scientific investigation of glass bottles as structural components in earthcrete blocks remains virtually
absent from the literature. Furthermore, the configuration of the glass bottles is expected to have an
influence on the properties of embedded earthcrete blocks [5].

This thesis aims to address this research gap by examining the mechanical behavior of earthcrete units
embedded with glass container bottles in different configurations.
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The term configuration describes the organization of the bottles within a wall unit, encompassing their
orientation, spatial arrangement and quantity. Orientation refers to the directional alignment of the bot-
tles (horizontal or vertical). Spatial arrangement refers to the distribution or "collective pattern” created
by the bottles within the wall as well as the distance between adjacent bottles and proximity of the
bottle’s ends to the wall’s outer surface.

1.1. Problem statement of this thesis

The lack of affordable housing opportunities and escalating prices of conventional building materials
have left significant portions of the Brazilian population homeless or living in inadequate conditions.
In response, low-income communities have developed novel construction techniques utilizing locally
sourced materials, in particular earthcrete (a mixture of natural soil and cement) combined with recycled
glass bottles to create structural wall elements.

Previous research has investigated the load bearing capacity of earthcrete blocks containing a single
embedded glass bottle [5]. To improve the credibility and applicability of the concept, however, further
investigation is needed into different bottle configurations, including variations in orientation, arrange-
ment and quantity. In addition, there is a notable gap in the understanding of how the earth-based
mortar and the glass container interact numerically to form a single composite unit.

This thesis therefore investigates the mechanical properties and structural behavior of glass-bottle em-
bedded earthcrete blocks through a combined numerical and experimental approach. Different bottle
configurations are analysed under controlled compressive loading using finite element modeling and
laboratory testing. Through systematic comparison of these configurations, the research aims to un-
derstand what influence different bottle configurations have on the earthcrete units and, on that basis,
to provide an indication for developing structural walls with embedded glass bottles.

1.2. Main research question and sub-questions
The following main research question is formulated as follows:

"What is the influence of different bottle configurations on the mechanical behavior of earth-
crete wall elements embedded with longneck beer glass bottles?”

The main research question will be answered with the help of four sub-questions:

SQ1:"What configurations of glass bottles have been used in existing case studies as load-
bearing wall components, and which configurations (existing or other) are most relevant for
this research?”

SQ2:"What are the key physical properties and mechanical behavior of the longneck beer
glass bottle and the earthcrete mixture relevant for this research?”

SQ3: "How do different block configurations perform (maximum loads and failure behavior)
under compressive loading, as evaluated through Finite Element Modeling (FEM) and ex-
perimental testing?”

SQ4:"Which bottle configurations offer the best trade-off between maximizing the number
of embedded bottles and limiting the loss of load-bearing capacity and buildability of the
wall element?”

1.3. Methodology

This research follows a numerical-experimental-numerical workflow, inverting the conventional order
in which experiments precede modeling. The starting point of this thesis involves analyzing existing
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experimental data from compression tests on the individual constituents: single glass bottles (undam-
aged and abraded) and earthcrete specimens, both plain and with a single embedded bottle. In the
first numerical phase, a finite element model of the single-bottle block (GBEB) is built in Abaqus using
the concrete damage plasticity (CDP) formulation, and its damage parameters are calibrated iteratively
against these tests. In the second numerical phase, the calibrated model is scaled to cubic multi-bottle
blocks (CGBEBSs), in which bottle count (B0—B9) and earthcrete cover (C2—C6) are varied to identify
the most promising configurations. The best-performing configurations are then carried into the exper-
imental phase, in which they are cast and tested under uniaxial compression (Chapter 9). In the final
numerical phase, the models are recalibrated against the block-scale experimental results. The exper-
imentally obtained strengths are subsequently applied to a wall-level design verification according to
Eurocode 6 (Chapter 10).

1.4. Research Objective

The following main objectives will be addressed in this thesis:
» Explore the potential of Glass Bottle Earthcrete Brick (GBEB) as a building material.
+ Design GBEB units with different configurations.

* Increase knowledge on the mechanical behavior of glass container bottles embedded in earth-
crete blocks.

+ Identify limitations of earthcrete blocks embedded with glass bottles and formulating recommen-
dations for further research and improvement.

* Investigate if the research approach (numerical — experimental — numerical) is a valid design
strategy for testing blocks with different configurations.

1.5. Report Outline
This thesis report is subdivided into five sections:
1. State of the Art (Chapters 2-4)
Numerical Investigations (Chapters 5-8)
Experimental Investigations (Chapter 9)
Final numerical calibration (Chapter 10)
Wall Design (Chapter 11)
6. Discussion, Conclusion and Recommendations (Chapters 12-13)

Al A

Table 1.1 presents the report structure and maps each section to its corresponding research questions
(Q), where SQ denotes sub-questions and MRQ the main research question.
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Table 1.1: Report structure and methodology.
Part Methodology Chapter contents RQ
State of the Art Literature review 2. Exploring bottle configurations SQ1, SQ2
through different case studies
3. Physical characteristics of the Long-
neck Beer Bottle
4. Mechanical behavior of Longneck
Beer Bottles and Earth Based Mortar
Numerical Investiga- Finite Element Anal- 5. Theory behind CDP and Brittle Crack- SQ3
tions ysis (Abaqus) ing models
6. FEM modeling of a single glass bottle
7. Numerical investigations of earthcrete
blocks embedded with a glass bottle
8. Numerical analysis of different CG-
BEB configurations
Experimental Investi- Compression testing 9. Compression testing of different con- SQ3
gations (Stevin laboratory); figurations
AGR bottle tests
Final Numerical Cali- Recalibration of the 10. Final numerical calibration SQ3
bration FE models against
block-scale tests
Earthcrete Wall De- Case study calcula- 11. Wall design SQ3, SQ4
sign tion (Eurocode 6)
Discussion, Conclu- Review of results 12. Thesis discussion and Conclusion MRQ

sion and Recom-
mendations

13. Research recommendations
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Exploring bottle configurations
through different case studies

This chapter examines case studies where glass bottles are integrated into structural and non-structural
walls, with particular focus on different bottle configurations including orientation of the bottles and
spatial arrangement.

2.1. Temple Wat Pa Maha Chedi Kaew

The Buddhist temple Wat Pa Maha Chedi in Thailand represents a remarkable case study in sustainable
architecture, featuring 20 structures built entirely from approximately 1.5 million reused glass bottles
from beer brands such as Heineken and Singha. Local monks initiated the construction of the temple
in response to the increasing accumulation of waste in nearby landfills. Unlike other study cases that
typically employ either horizontal or vertical orientations, the temple’s builders experimented with a wide
range of configurations, including vertical, horizontal, diagonal, mirrored and checkered configurations
(see figure 2.1) [46]. These bottles are positioned relatively close to each other with cement as the
binding material. Unfortunately, on April 23, 2024, a portion of the complex collapsed under its own
weight, caused by a lack of weight-bearing pillars at one side of the pagoda [44].
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(a) Mirrored and diagonal configuration (b) Checkered configuration (c) Horizontal and vertical configuration

Figure 2.1: Bottle configurations in Temple Wat Pa Maha Chedi in Thailand

2.2. Beer bottle house in Tamil Nadu, India

Mr. Dilip Patel, an architectural graduate from the United Kingdom, constructed a residence known
as the Beer Bottle House in the Indian state of Tamil Nadu. The property housing the beer bottle
structure was found to be severely polluted by post-party bottle and plastic waste prior to its construction.
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Observing the ongoing pollution of the environment, Patel initiated the coordination of cleanup initiatives
and awareness programs. Inspired by online examples of bottle construction, he began collecting
hundreds of discarded bottles, eventually sourcing 5,000 through local scrap dealers. Subsequently,
the construction of the 3x4 m house could be initiated, using recycled glass bottles and locally sourced
mortar.

The walls incorporate two layers of bottles arranged horizontally, with half of the bottles facing inward
and half outward. The spaces between the bottles were filled with a mixture of cement and locally
sourced red soil.

(a) Zoom-out of the house (b) Horizontally alternating configuration

Figure 2.2: Beer Bottle House in Tamil Nadu, India

2.3. Glass Bottle House, Canada

Constructed by Edouard Arsenault in Wellington, Canada, this project utilized approximately 25,000
glass bottles, initially sourced from local waste sites and later supplemented by donations from com-
munity members and nearby bars and clubs in support of the initiative [27]. The whole project consists
of 3 structures.

The bottles are sticking out slightly compared to the two previous study cases, as depicted in Figure
2.3. The glass bottles are mostly stacked on top of each other horizontally in a uniform way with a layer
of cement to bind the bottles together.

Figure 2.3: Horizontal configuration

2.4. Other projects

Beyond the case studies mentioned above, numerous other projects also incorporate glass bottles as
structural elements in walls. Most follow a standard configuration, with bottles laid horizontally and
bonded together using mortar. These projects are typically single-story residential buildings.
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Two other projects stand out for their unconventional designs and unique approaches:

» Glass Bottle House (Florianopolis, Brazil): This project breaks away from traditional layouts
by using bottles of varying shapes and sizes in an irregular arrangement.

» Blotto Grotto (Glass Bottle Dome, Pembridge, UK): Unlike typical bottle walls, this structure
features two reinforced concrete arches that divide the dome into four sections. These sections
were then filled with bottles arranged radially, their openings facing inward, both to prevent water
ingress and to create a striking visual effect.

(a) Irregular configuration (b) Radial configuration

Figure 2.4: Glass Bottle House (Florianopolis, Brazil) (left) and Blotto Grotto (Glass Bottle Dome, UK) (right)

2.5. Conclusion

Based on the findings presented in this chapter, it is evident that glass bottles have been implemented
in a variety of configurations in real-world applications. While their arrangement varies from project to
project, the most common, and likely most practical application is horizontal placement of the bottles
in the walls. This is likely due to the ease of stacking given the uniform shape of the body of the bottle.
In most of the case studies the openings of the bottles are facing inwards. This deliberate positioning
helps prevent insect infestation and water ingress.

The identified configuration typologies include:

» Horizontal configuration

* Vertical configuration

» Diagonal configuration

» Radial configuration

+ Alternating horizontal configuration
» Checkered configuration

» Mirrored configuration

Although precise measurements are unavailable, most projects appear to maintain a small gap (typi-
cally under 5 cm) between bottles to accommodate mortar placement. In some cases, the inter-bottle
spacing is negligible due to the direct placement of the bottles side-by-side.

A diverse range of glass bottle configurations have been employed in practice. It is therefore relevant
to investigate which glass bottle configurations are most favorable for the overall behavior of a wall
consisting of earthcrete and embedded glass bottles.



Physical characteristics of the
Longneck Beer Bottle

This chapter gives an overview of the characteristics of the glass bottle that will be used in this research:
the 330 ml Long-neck Beer Bottle. These characteristics are important to discuss before any numerical
simulations or experimental tests are performed.

3.1. Geometrical characteristics of glass bottles

Glass containers are available in a wide variety of shapes and forms. However, for the purposes of
this thesis, the research will involve a single type of beer bottle: the 330ml Long-neck Beer Bottle.
On average, an empty bottle of this type weighs approximately 300 grams, with a height of 238 mm.
The additional geometrical characteristics can be found in table 3.1. A more elaborate overview of the
bottle’s geometrical characteristics can be found in annex A.

Table 3.1: Geometrical characteristics of long-neck beer bottles, 33 cl given by Brouwland

Dimension Value Unit
Height 238 mm
Outer diameter 61+1.3 mm
Weight Ca. 300 g
Content 33 cl

The bottle’s structure can generally be divided into five distinct parts: Neck, Finish, Shoulder, Body and
Heel [40].

3.1.1. Neck and finish

The finish is located at the top part of the bottle above the neck ring parting line. Beer bottles generally
have a type of finish called crown finish. This is also the part on which the cap or closure is fastened
to seal the bottle’s contents. The crown finish has a slight extrusion at the top called "sealing surface”
to allow the fastening of the seal. The neck is the region between the parting line of the finish and the
shoulder region.

3.1.2. Shoulder

The shoulder is the region between the neck and the body of the bottle. The upper boundary of the
shoulder is situated at the anticlastic principal curvature of the bottle and the lower boundary is located
at the synclastic principal curvature, transitioning to a zero Gaussian curvature.
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Figure 3.1: Long-neck beer bottle anatomy [45]

3.1.3. Body

The body is the largest part of the glass bottle and is situated between the shoulder and the base of the
bottle. The body has a uniformly cylindrical shape where brand labels can be bonded to. Some beer
bottles such as the 330 ml Heineken Star bottle contain small recessed label panels. These recesses
serve several key purposes: provide additional protection to the applied paper labels, increase visual
appeal and/or tactile feel of the container. However, these irregularities create localized stress con-
centrations when the bottle is axially loaded. Deeper recesses may lead to higher localized stresses,
potentially affecting the bottle’s overall strength [47].

3.1.4. Heel

The heel of a glass beer bottle is located at the bottom of the container, below the body. It contains the
bearing surface of the bottle. The heel contains ‘punt marks’ to indicate the company that produced
the bottle, the capacity, and type of machine used to manufacture it. The heel has a curved synclastic
surface which creates an area with higher stiffness. The bearing surface of the bottle is the part that
rests on the supporting surface and is the most likely to be damaged while handling.

3.2. Coatings

An important factor influencing the strength of glass containers is the degree of damage inflicted to
the outer surface during the manufacturing procedure and subsequent handling, resulting in scratches,
abrasions and/or flaws.

Surface defects in the glass significantly diminish the bottle’s practical strength, reducing it to only a
fraction of the theoretical strength of an undamaged surface [39]. Thus, it is important to protect the
outer glass surface directly after the molding process, which is accomplished by surface treatments.
Returnable containers are generally heavier than non-returnable containers to account for the progres-
sive aggregation of abrasions on the glass with each trip back to the filling factory [14]. Both the refillable
as well as the non-refillable bottles require coatings to strengthen the outer surface of the containers.
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The coatings allow for increased handling speed during manufacturing and customer operations, such
as inspection, packing, unpacking, cleaning, filling, labeling, and final packaging before distribution to
consumers [26]. The first coating is applied directly after the bottle forming process, also referred to
as the hot-end coating. After the glass comes out of the annealing lehr, the containers get a second
coating called the cold-end coating [39].

During FEM modeling and experimental testing, the outer surface of the glass bottles will be in direct
contact with the Earthcrete matrix. Therefore, it is important to understand which types of coatings are
applied to the bottles as they will have an influence on the bonding strength between the earthcrete
and the glass surface. This subchapter provides a literature review revolving around these aspects.

3.2.1. Hot-end coating

After the bottle forming process, the bottle is transferred from the IS machine to a conveyor belt, which
transports it to the annealing furnace. Prior to entering the annealing lehr, each bottle receives a tin
oxide (SnO,) coating via chemical vapor deposition (CVD) at temperatures of about 550-600 °C. This
process uses monobutyl tin trichloride (MBTC) or tin tetrachloride (SnCl,) as precursor compounds,
which decompose to form the adherent surface layer of SnO;. The hot-end coating serves as an
adhesive layer (or bonding coat) for the subsequent cold-end coating.[36]. The coating has a thickness
typically between 2 and 10 nm.

3.2.2. Cold-end coating

After the bottles come out of the annealing lehr, the glass containers are coated with an additional
protective layer known as the cold-end coating. This coating is applied primarily to prevent damage
to the outer surface caused by sliding contact during filling, transport and use. The cold-end coating
consists of a non-toxic polymer film, typically containing either oleic acid or polyethylene blends, which
provide good lubricity and abrasion resistance [39]. By reducing the contact friction between the bot-
tles, the coating facilitates smoother handling on conveyor belts at the cold end, as well as in inspection
machines and filling lines at the customer’s facility [36]. The application process involves spraying the
bottles with a concentrated polyethylene emulsion immediately after they leave the lehr. At tempera-
tures of about 85-110°C, the water content evaporates, leaving behind a thin, durable polyethylene film
over the existing hot-end coating. The film has a thickness ranging from 1 to 2 nm. Notwithstanding,
the film should not influence the amount of torque required to remove the bottle top [39].

3.3. Knurls

Most glass containers feature knurls on their bearing surfaces. Knurls are typically designed in four
configurations: bar, crescent, dot, and chain. Beverage bottles most often present bar or crescent
knurls, whereas food jars have bar, crescent, or dot knurls. Chain knurls are occasionally applied to
liquor and still wine bottles, but their usage is restricted due to the higher risk of micro-cracks formation
during bottle manufacturing [16]. Dr. Wenke Hu, PhD, of American Glass Research (AGR) conducted
a comprehensive investigation into stress distribution patterns and peak stress magnitudes in bearing
surfaces under both internal pressure and impact loading conditions using finite element analysis (FEA)
modeling [16]. The bottle model included 66 equidistant knurls on its bearing surface with a height
of 0.43 mm. These features are typical for a 330ml bottle. Dr. Wenke Hu observed that all knurl
configurations exhibited comparable stress behavior: reduced tensile stress at knurl tips but higher
stress concentrations between knurls. Handling-induced damage to the bearing surface of the bottle
usually stays confined to the tips of the knurls, where the stress indices are low. Thereby, breakage
can typically be averted [16].



Mechanical behavior of Longneck
Beer Bottles and Earth Based Mortar

In this research project, the type of bottle and the composition of the earth-based mortar remain con-
stant. The primary variable under investigation is the configuration of glass bottles embedded within
the mortar. To provide context, the individual strength of the long-neck beer bottles and the earth-based
mortar will be discussed as well as other material properties. In addition, this chapter will present the
structural performance of earth bricks embedded with a single glass bottle.

4.1. Material properties of soda-lime container glass

Container glass (such as bottles, jars and other packaging) is primarily made of soda-lime-silica glass,
though with some compositional differences compared to flat glass. Long-neck Beer Bottles contain
colorants and additives, added during manufacturing, which give them their characteristic green or am-
ber tints. These include Iron Oxide (Fe203), Sulfur-carbon complexes (S + C') and Manganese Dioxide
(MnO-) [15]. These substances are incorporated to provide UV protection, blocking wavelengths that
can degrade the bottle’s contents. Additionally, alumina Al,O3 is added to increase the overall durabil-
ity and enhance the bottle’s impact resistance. The material properties of an abraded Longneck Beer
Bottle with severe abrasions are presented in table 4.1.

Table 4.1: Material properties of an abraded longneck beer bottle (with severe abrasions) [24]

Material property Value Unit
Young’s Modulus 69930° MPa
Poisson’s Ratio 0.21¢ -
Shear Modulus 28780 MPa
Long-term characteristic tensile  11.7° MPa
strength

Density 2465 kg/m3

¢ Data compiled by Ansys Granta , incorporating various sources including JAHM and MagWeb.
® Data provided by AGR [24]

The characteristic tensile strength is a statistical measure used to define the strength of a material. It
refers to the tensile strength value below which no more than 5% of test results are expected to fail.
While the characteristic tensile strength of glass will provide a statistical probability of expected strength,
it does not accommodate uncertainties associated with expected load duration or load conditions. In
the Eurocode designated for glass, the design strength is derived by applying a modification factor
(kmoa) to the characteristic strength, where k,,,,4 incorporates time-dependent strength reduction under

12
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sustained loading. The tensile design strength of glass depends thus on a number of factors, discussed
in the following section.

4.1.1. Tensile design strength of glass
The tensile design strength of annealed glass, fi,.+...q4, is calculated according to NEN 2608:2014 [50]
as follows:

(ka X k?e X kmod X k‘sp X fg;k)

Ym;A

fmt;u;d = (41)

Where:

fmt:u:a 1S the design tensile strength of glass

k, is the area factor

k. is the edge factor

kmoq 1S the load duration factor

kp is the surface factor

fo:% is the characteristic bending strength (with f,.;, = 45 N/mm?)
vm:4 1S the material factor for float glass (with a value of 1.6)

The equation contains a characteristic value and factors relevant for flat glass. Factors such as the
area factor and edge factor are less relevant and applicable for container glass due to its inherent
geometry. Thus, the design tensile strength of container glass cannot simply be calculated with the
equation presented above. It must be obtained through experimental means. The load duration factor
kmod,» Which accounts for load duration effects is also different when considering these two types of
glass.

According to NEN 2608:2014, the knoq for flat glass can be calculated with:

Kmod = <tto) ’ (4.2)

Where:

to is the reference duration (taken as 5 seconds),
t is the actual load duration in seconds
c is the corrosion constant (¢ = 16)

When a design load of 50 years (equal to 1577880000 seconds) is considered, knoq is calculated as
follows:

1
5 16
= _ = 2 4_
kmod, NEN2608 (1577880000) 0.29 (4.3)

AGR (American Glass Research) determined a load duration factor for long-neck glass beer bottles of
kmod = 0.6 for a load duration defined as 'long/warehouse’, equivalent to a design load of 50 years [24].
This value is considerably higher than the flat-glass value derived above.

The load duration factor is a time-dependent coefficient that reduces the characteristic strength of glass
under sustained loading. It accounts for stress corrosion caused by ambient moisture which reacts with
the glass at the tips of micro-cracks, causing them to grow slowly over time and lead to the decrease
glass strength.

Since the strength of the bottle is directly obtained from tests, the area, edge and surface factors are
already contained in the measured value and can be taken as k, = k. = ks, = 1. The design tensile
strength of the bottle then follows as:
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Fra = (kmod, AGR X [t;k) 4.4)
’Ym;A

where f..;, is the characteristic tensile strength of the bottle, obtained for glass from a Weibull analysis.
With the characteristic strength measured by AGR on bottles with severe abrasions, f;., = 11.7 MPa,
the design strength becomes f;.4 = 11.7 x 0.6/1.6 = 4.39 MPa.

4.2. Mechanical behavior of long-neck beer bottles under vertical

loading

Destructive compression tests were performed at AGR in Delft to obtain the characteristic strength
values of 330ml longneck beer bottles loaded in the direction of its axis. The bottles were intentionally
damaged prior to the destructive testing to simulate wear and tear typically seen in a beverage factory
using a line simulator, as well as damage caused by manual handling and abrasion. The line-simulated
specimens reached an average compressive load value of 16.11 kN and a characteristic tensile strength
of approximately 27 MPa. The manually abraded specimens reached an average compressive load
of 17.30 kN and characteristic tensile strength of 20 MPa. The characteristics values were obtained
by means of Weibull analysis. The majority of the tested bottles (28 units) fractured at the shoulder
contact region. Under compressive load, rings of tensile principal stress form in the shoulder and heel
region of the glass bottle [6][33].

4.3. Material properties of Earth Based Mortar

A study conducted at TU Delft developed self-compacting earth-based composites using locally sourced
soil to produce bricks with an embedded glass bottle at their center. The research evaluated various
mortar mixtures made with Dutch soil from Emmen, supplied by OSKAM V/F [5]. Five distinct earth-
based mortar compositions were designed and tested. The selected mixture for brick production con-
sisted of natural soil with the following constituent materials:

Table 4.2: Mixture proportions of Earth-Based Mortar with natural soil

Constituent materials kg/m3
Cement | 52.5 R 194.4
Natural soil 1550

Superplasticizer PCE 16
MasterGlenium 51
Water 349

Since Earth Base Mortar is a relatively recent invention, the authors of the research made some assump-
tions where there is limited understanding on the mortar’s material properties [5]. These assumptions,
denoted by an asterisk (*), are based on existing data on low-strength concrete and rammed earth
concrete, since they share similar failure patterns with that of the Earth-Based Mortar.

Table 4.3: Estimated material properties of Earth Based Mortar [5]

Material property Value Unit
Young’s Modulus 2500* MPa
Poisson’s Ratio 0.2* -

Tensile Ultimate Strength 12.2 MPa
Compressive Ultimate Strength 3.7 MPa

Density 1540 kg/m?




4.4, Compressive testing of Glass Bottle Earth Bricks 15

4.4. Compressive testing of Glass Bottle Earth Bricks

Alkisaei et al. (2024) conducted a study to investigate the potential of prefabricated earthcrete bricks
embedded with a single glass bottle for the construction of load-bearing walls. The mechanical be-
havior of the embedded earthcrete bricks was analyzed using finite element method (FEM) modeling.
Subsequently, prototypes were developed and tested in the laboratory to determine their compressive
strength. The experimental methods and results are presented below.

Experimental testing

Three Glass Bottle Earth Bricks (GBEB) were cast with an earth-based mortar in a mold, containing a
single glass bottle at the center. The molds were built using plates of multiplex as depicted in figure
4.1.a. The earth-based mortar was poured into the mold after the glass bottle was positioned vertically
at its center. The average width and height of the 3 GBEB were 197 mm and 199 mm, respectively.
The average depth is 223 mm with the block positioned as depicted in figure 4.1.c.

(a) Multiplex mould (b) Brick with bottle scheme (c) Brick after demoulding

Figure 4.1: Production of the Glass Bottle Earth Brick (GBEB) [5]

After the curing duration of 28 days, compressive strength tests were conducted on each specimen at
a compression rate of 6 kN/s. The test automatically stopped when no stress increments were noted.
Physical experiments revealed a compressive strength ranging from 8.21 to 11.40 MPa. All samples
showed similar circumferential failures in the heel region, which forced the heel to detach from the bottle
during the experiment [5].

Numerical testing (FEM)

In the study, a 3D FEM of the GBEB (Glass Bottle Earth Brick) was conducted with SolidWorks. Bound-
ary conditions were applied at the top and bottom surfaces of the block, as depicted in figure 4.2. On
the upper surface, an external downward displacement of 0.1 mm was prescribed. In addition, inter-
face conditions had to be applied to ensure collaborative numerical behavior between the mortar and
the glass bottle, using the Mohr-Coulomb model. Furthermore, a coefficient of friction was assigned
to account for the internal friction between the mortar and glass bottle. To obtain a high-quality mesh,
triangular shell elements were used in combination with a blended-curvature-based mesher so that the
element size could adapt to the relatively complex geometry of the bottle.

The numerical and physical experimental results showed strong agreement. The finite element anal-
ysis reveals that tensile and compressive stresses primarily concentrate on the bottle’s inner surface.
Cracks initiated on the outer surface, with failure predominantly occurring at the base and bottom of
the glass bottle [5].

Given these results, the study concluded that it is feasible to produce Glass Bottle Earth Bricks (GBEB)
for the application of structural walls [5].

4.5. Linear elasticity of glass

Glass is a brittle material, meaning it cannot dissipate stored energy through plastic deformation once
the critical stress is reached. Instead, the accumulated energy is released through fracture.

This entails that glass exhibits approximately the behavior of a linear elastic material under typical
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Figure 4.2: 3D FEM Earth-based mortar embedded with a single glass bottle [5]

loading conditions. Its isotropic material properties stem from the non-crystalline, amorphous atomic

structure. The elastic stiffness matrix can be expressed through Equation 4.5, where:

» E denotes Young’s modulus
» v (nu) represents Poisson’s ratio
* D is the 6 x 6 stiffness matrix

1—-v v v 0 0 0
v 1—-v v 0 0 0
D— E v v 1—v 0 0 0
T (l+v)(1-22v)| O 0 0o = o0 0
0 0 0 0 == 0
0 0 0 0 0 =

D can be substituted into the following stress-strain relation:

o = De¢

(4.5)

(4.6)



Theory behind CDP and Brittle
cracking models

This chapter contains a brief description of the FEM package that is used to model the composite units
consisting of earthcrete and (an) embedded glass bottle(s).

Abaqus offers a wide range of models for simulating the behavior of materials. One of the models
Abaqus provides is called Concrete Damage Plasticity (CDP). In this chapter, the theory behind the
CDP model as well as the Brittle Cracking model and Concrete Smeared Cracking (CSC) is presented.
It is important to gain understanding of these models to be able to simulate the mechanical behavior of
materials such as glass and earthcrete under specific loading conditions.

Presently, there is limited literature on the mechanical behavior of glass bottles and earthcrete sub-
jected to axial loading. One of the objectives of this project is to compare the behavior of the simulated
models with the real behavior of the earthcrete and the glass bottles, obtained from experimental data,
and to try to fit the model with parameter values which follows and describes the material behavior the
best.

5.1. Finite Element Method: ABAQUS

Finite Element Method (FEM) can be performed using a wide range of software packages, each of
which offer different benefits and/or drawbacks. In the field of structural engineering, the most com-
monly used software packages include ANSYS, SolidWorks, COMSOL and ABAQUS, with DIANA
FEA also being widely adopted in the Netherlands for civil engineering applications.

When selecting software for this research project, one of the key considerations was the availability of
a wide range of material property models that could be assigned to best simulate material behavior. Of
the available options, ABAQUS was chosen due to its high node allowance and availability of a large
amount of different material property models, making it the most suitable for the intended purposes.

ABAQUS is a finite element solver widely used in engineering and scientific research for simulating
complex physical phenomena. A key strength of ABAQUS in structural engineering is its ability to han-
dle complex nonlinear phenomena, including geometric nonlinearities (large deformations), material
nonlinearities (plasticity, hyperelasticity, and creep), and contact nonlinearities (self- and general con-
tact). Additionally, ABAQUS offers advanced capabilities for composite material modeling, including
layered shell and solid elements with progressive damage criteria. Moreover, ABAQUS provides a
highly flexible and extensible integrated user-friendly environment [1].

5.1.1. Explicit vs implicit time integration

Abaqus has both an implicit version called Abaqus/Standard and an explicit version (Abaqus/Explicit).
In the implicit solver, Abaqus enforces global equilibrium at each increment by solving a large set of
equations that drives the nodal forces to (or close to ) zero. This approach makes each increment

17
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much more expensive to solve compared to the explicit approach, where there is no need to enforce
global equilibrium. In the latter (explicit) approach, the nodal displacements are extrapolated forward
in time on the basis of existing velocity and acceleration, obtained from the resulting calculated force.
Thus, the solver only needs to calculate the current local forces due to loads, deformation, damping,
and inertia, without needing to find a zero-force solution.

Abaqus/Explicit uses a central difference rule to integrate the equations of motion explicitly through
time. The program solves for dynamic equilibrium at the beginning of each increment by taking the
nodal mass matrix, M, times the nodal accelerations, ii, corresponding to the net nodal forces, which
is the difference between the external forces, P, and internal element forces, I):

Mi,=P—1.
The accelerations at the start of the current increment (time t) are determined as
iy = (M)~ (P = D),

The accelerations are then integrated through time using the central difference rule, which determines
the change in velocity, assuming that the acceleration is constant. This change in velocity is then added
to the velocity from the midpoint of the prior increment to obtain the velocities at the midpoint of the

current increment:
. . (At[(i1ae) + Atl)) ..
U|(t+%) = “|(t—%) 9 i (1)

The velocities are integrated over time and then added to the displacements from the start of the incre-
ment to obtain the displacements at the end of the increment:

ulran =l + Atlgran i), ar

To achieve accurate results with this method, the time increments must be small to ensure that the
accelerations remain nearly constant within each increment. In return, explicit methods do not require
convergence at any point. The present analyses contain brittle and quasi-brittle materials that undergo
severe progressive damage in the post-peak phase, which is precisely the regime in which implicit
equilibrium iterations tend to fail. For these reasons, Abaqus/Explicit was adopted.

5.2. Material models for simulating inelastic behavior

The ABAQUS library provides a wide range of constitutive models for simulating different material
behaviors. Among these, Concrete Smeared Cracking (CSC), Brittle Cracking and the Concrete Dam-
aged Plasticity (CDP) are typically used to simulate the inelastic response of brittle and cementitious
materials [1][34]. Both CSC and Brittle Cracking, are based on a brittle fracture formulation. In the
following section, the first two models are briefly discussed, detailing their underlying mechanical prin-
ciples and drawbacks of application. Following this, an in-depth of the CDP model is presented as its
capabilities render it more relevant to the present research.

5.2.1. Concrete Smeared Cracking (CSC)

The Concrete Smeared Cracking (CSC) model is a smeared crack model meaning that the model does
not track individual "macro” cracks rather, it simulates cracks by adjusting the stress and stiffness at
integration points. The CSC model is suggested to be used for applications in which the concrete is
subjected to monotonic loading at low confining pressures. When specimens are subjected to cyclic
loading, the CSC has difficulty in converging [38]. It can be used for plain concrete/earthcrete, even
though it is intended predominantly for the analysis of reinforced concrete structures [48].

Plastic straining in compression is controlled by a compression yield surface. Cracking is assumed
to be a key aspect of the behavior, and the representation of cracking and post-cracking anisotropic
behavior dominates the modeling. The user may specify tension stiffening by a postfailure stress-strain
relation or by applying a fracture energy cracking criterion. When the material is loaded in tension, it
responds elastically up until a crack is formed. The CSC model represents a crack opening as a loss
of its elastic stiffness [38]. The most significant advantage of this model compared to CDP model is the
reduction of the computational cost. On the other hand, the main limitations of this model are related to
the flow rule and the isotropic hardening, responsible for simplifying the response of the material [38].
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5.2.2. Brittle Cracking

The "Brittle Cracking” model, normally applied to concrete, can be applicable to other brittle and quasi-
brittle materials as well. In the brittle cracking damage model, a Rankine failure criterion is used for
crack detection. The brittle cracking option is a "smeared model” which takes into account the pres-
ence of cracks into the constitutive calculations executed at each material point, in the form of stiffness
degradation [9].

As previously discussed, glass is a material that is unable to yield plastically before fracture. This means
that glass is very sensitive to stress concentrations caused by e.g. surface flaws. Consequently, glass
is assumed to behave linear elastically until the maximum principal tensile stress exceeds the tensile
strength f,. Input parameters of this damage model used by a number of studies are a tensile strength
of glass of ft = 45M Pa, a high nominal compressive strength of f. = 1000M Pa and a fracture energy
set equal to G = 3.J/m? [9][23]. Moreover, post-cracked behavior was described with "brittle shear”,
which is a suboption available in ABAQUS.

The standard Brittle Cracking model is designed for a complete and abrupt loss of strength. This is a
good model to simulate the mechanical behavior of glass bottles which are tested in isolation. How-
ever, as experimental data has shown, the glass bottles embedded in earthcrete exhibit some level of
post-peak residual strength, meaning that the confinement and interaction with the earthcrete matrix
enable continued minor load transfer through mechanisms such as interlocking of glass fragments and
interface friction.

For earthcrete this model is not suitable, as it lacks any mechanism to represent compressive nonlin-
earity.

5.3. Concrete Damage Plasticity Model

The 'Concrete Damage Plasticity’ model (CDP’ in the following), although originally developed for rein-
forced concrete, is also well-suited for simulating other materials that show quasi-brittle behavior such
as earthcrete and brittle materials such as glass [11]. Quasi-brittle materials typically feature a large
fracture-process zone and fail predominantly by fracturing rather than yielding.

In the CDP model, the failure potential function is derived from the Drucker-Prager model, modified
to take into account the varying evolution of strength under compression and tension [11]. The model
assumes two failure mechanisms, namely tensile cracking and compressive crushing of the material.
The two hardening variables that control the evolution of the yield surface are: the tensile equivalent
plastic strains, efl and compressive equivalent plastic strains, e?!.

The CDP model assumes that the response of the material, subjected to uniaxial tensile and compres-
sive loading, is characterized by damaged plasticity, as depicted in figure 5.1.
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Figure 5.1: Response of concrete to uniaxial loading in tension (a) and compression (b) [1]

5.3.1. CDP Model: Nonlinear compressive behavior

Under uniaxial compression, the stress-strain response follows a linear elastic relationship until the
value of initial yield o.y. As the load increases, the response will start to exhibit non-linear or a plastic
regime characterized by irreversible deformation that remains after the applied load is removed. Initially,
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the plastic regime will contain a stress hardening regime, followed by a strain softening regime beyond
the ultimate stress o.,,. In the strain softening regime, after the peak strength has been reached, the
material becomes weaker as deformation continues. When the load is increased further, cracks and
damage will develop further, leading to reduced stiffness and load-bearing capacity [21]. Whereas
earthcrete may have a more progressive nonlinear behavior, glass’s fracture is sudden and without
prior warning. The typical load-carrying behavior of glass under compression can be divided into two
separate phases. The elastic uncracked stage and the crack propagation stage or inelastic stage,
where the cracks form instantaneously. This second phase is negligible. For both of these materials,
it is important to create an accurate model of the (nonlinear) behavior to be able to obtain a precise
mechanical analysis of the composite blocks. The compressive stress-strain behavior is obtained by
assigning values to the following parameters:

* 0. is the total compressive strain
* £/" is the inelastic strain.

* d. is damage variable which characterizes the level of degradation of the elastic stiffness in the
CDP model. Damage variables range from 0 to 1, representing the undamaged and complete
damage of the material, respectively.

» Ey is the initial (undamaged) elastic stiffness of the material.

The compressive inelastic strain is defined as the total compressive strain ¢, subtracted by the elastic

strain ¢, corresponding to the undamaged material.
g, .
e =% el =ec— el (5.1)
0

The stress-strain relation of the material can be calculated as follows:
oe=(1—d.)Eo(e. —eh) (5.2)

5.3.2. CDP Model: Nonlinear tensile behavior

The stress-strain response of quasi-brittle and brittle materials under uniaxial tensile loading is initially
characterized by a linear elastic relationship, up until the value of the failure stress oy is reached. Ten-
sile failure in quasi-brittle material is initiated by the onset of micro-cracking, progressively increasing in
size and number. Beyond the failure stress, the onset of micro-cracks is represented with a softening
stress-strain relationship. In this regime, strains are induced, comprising the fracture process zone as
depicted in figure 5.2.

(e

Peak
tensile |- - —
stress

on |

5 /Fracture process zone

Crack

Figure 5.2: Formation of micro-cracks under uniaxial tensile loading. Reproduction of Bjornstrom et al. (2006) [35]
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As shown in Figure 5.1, when a concrete specimen is unloaded from any point on the strain softening
branch of the stress-strain curves, the unloading response is weakened, meaning that the elastic stiff-
ness of the material has a certain amount of damage (or degradation) [21].

In ABAQUS there are three different methods for defining the post-cracking behavior, namely by:

« Strain which can be defined by entering the postfailure stress/cracking-strain relationship.
+ Displacement which can be defined by inputting the postfailure stress/cracking-strain relationship.

» GFl which stands for Gradient Failure Index and can be defined by entering the failure stress, 0,9
(units of FL~2) and the Mode | fracture energy, G (units of FL~1).

A value is also assigned to Tension Damage or else if it is omitted, the model behaves as a plasticity
model. The method selected for defining the tensile damage variable "Strain” to define the tensile
damage variable as a function of cracking strain.

In the compression recovery field a value can be assigned ranging from 0 to 1, representing the amount
of compression stiffness that is recoverable as the loading changes from tension to compression. If w,
is zero, no stiffness is recovered.

The tensile cracking strain ¢,°* is defined as the total tensile strain ¢; subtracted by the elastic strain

¢¢l, corresponding to the undamaged material.
g
e = E—; — gF =g —ed (5.3)

The tensile stress-strain relation of the material can be calculated in a similar manner to the compres-
sive stress-strain relation, namely:

oy = (1 —dy)Eo(er — ) (5.4)

Tension softening

As previously mentioned, in finite element analyses, the formation of micro-cracks to macro-cracks is
achieved numerically by implementing a crack opening law, often referred to as tension softening. The
crack opening law is typically defined with a stress-strain or stress-displacement relationship or also in
terms of fracture energy.

In some cases, the approach based on a stress-strain relationship may lead to unreasonable mesh
sensitivity. Meaning that if a localization of cracking is present, the post-cracking behavior will differ
significantly depending on the chosen mesh size. To address this problem, Hillerborg (1976) devised
a fracture energy proposal that can be applied to effectively reduce mesh sensitivity [25].

Crack
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Figure 5.3: Fracture energy and crack formation [35]
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The fracture energy approach utilizes the material parameter G ¢, which represents the energy required
to open a crack per unit area of the fracture surface. Numerically, G corresponds to the area under
the post-peak stress-displacement (c—u) curve, representing the energy absorbed within the damage
zone, to obtain a stress free crack. The area underneath the curve marked by G as depicted in figure
5.3 corresponds thus to the fracture evolution stage. This diagram can be obtained by measuring the
residual tension stress versus crack width and can be determined by performing a three-point bending
test.

There exist some scientific studies, albeit small in number, that have examined the post-peak behavior
of glass. These studies typically include a secondary material bonded to the glass, which allows for
residual strength of the glass in the post-peak phase [11][12]. For instance, a finite element study on
post-tensioned SG-laminated glass beams with mechanically anchored tendons utilized ABAQUS to
model and analyze the post-cracked behavior of glass [10]. The tensile behavior in this study was
defined using a "GFI” and a Concrete Tension and Compression Damage model with a displacement-
based softening law. The key parameters for glass were a tensile strength o; = 45 MPa, a compressive
resistance o, = 1000MPa and a fracture energy Gy = 3 J/m?. According to the formula given in the
ABAQUS manual, this results in a cracking displacement of ucx s = uck,c = 2Gf/or = 1.33 x 10~* mm,
at which point the tensile damage was set to d; = d. = 0.8. A compression recovery factor of w. = 0
was specified. Attempts to reproduce a model with the provided parameters failed due to convergence
errors from negative plastic strains in the Compression Damage model. This suggests that the docu-
mented parameters for Compression Damage are likely incorrect or were changed at a later date and
not revised before publication.

Moreover, according to Wiederhorn et al. (2006), the values for the fracture surface energies can
range from 3.5 to 5.3 J/m?, depending on the chemical composition of the glass and the temperature at
which the test is conducted [23]. Given this variability, a sensitivity analysis on this parameter is carried
out in the following chapter.

5.3.3. Fracture energy of concrete

Concrete, as a quasi-brittle material, is capable of sustaining decreasing levels of stress after cracking.
Initially, tensile stresses induce a band of micro-cracks, known as the fracture process zone. Upon
reaching the material’s tensile strength, these micro-cracks merge to form a dominant macro-crack.
Beyond this point, the tensile capacity of the concrete decreases but is not eliminated due to mecha-
nisms like aggregate interlock, which provide residual strength [28]. The macro-crack then propagates
through the section, bypassing or crossing aggregates until ultimate failure occurs.

I. no stress II. micro cracks III. crack connection IV. failure

_ aggregate fracture process zone w We
mortar

Figure 5.4: Crack propagation in concrete [28]
The fracture energy of concrete is frequently specified in literature as a function of strength class and

maximum aggregate size, as depicted in table 5.1. The abaqus manual provides a few values for the
fracture energy of concrete, namely G ¢ of 0.04N/mm for ¢.=20MPa and G ; of 0.12N/mm for o.=40MPa
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[1].
For concrete, the fracture energy can be estimated using the formula provided in the CEB-FIP Model
Code [32], as follows:

.fcm,

GF - GFO fcm[)

(5.5)

Table 5.1: Base values of fracture energy G ¢ [32]

dmax (Maximum aggregate size) [mm] G g [N/mm]

8 0.025
16 0.030
32 0.058

The earthcrete mixtures used by H. Heller [2024] and Hoessein Alkisaei contained no aggregates,
relying instead on natural soil with a maximum particle size of 1-2 mm. Fracture energy should then
potentially be lower than the values described above.

5.3.4. CDP Parameters

The CDP model requires the definition of five material model parameters, namely dilation angle (v),
eccentricity (¢), the proportion between initial biaxial compressive strength to the uniaxial one (fu0/ fc0),
the shape factor (K) and the viscosity parameter (). For new materials such as earthcrete, these
parameters are particularly difficult to estimate due to lack of knowledge or experimental data. To
understand the influence of these parameters on the material response, a literature review is carried
out, in particular with regard to concrete. The findings of this review establish a baseline understanding
on how these parameters can be calibrated.

Dilation Angle (v))

The dilatation angle is measured in the p-q plane under conditions of high confining pressure. This
angle dictates the ratio of plastic volume change to plastic shear strain [42]. A higher dilation angle
signifies higher dilatation and consequently also a greater volumetric expansion during plastic defor-
mation.

Reinforced concrete has an optimal dilation angle of 31° under both compression and tensile stress
conditions [21]. Materials such as soil, concrete and rock typically exhibit dilation angles close to 20°.
As such, materials with a more brittle behavior have a smaller dilation angle. For example, recycled
concrete aggregate which typically has a more brittle behavior, has a lower dilation angle with values
ranging from 5 to 10 degrees [20].

To the knowledge of the author, the literature reporting the values for the dilation angle of glass is
limited. Some studies (on polymers) approximate the dilation angle as equal to the friction angle (3),
for simplicity or due to lack of experimental data [42]. However, Vermeer and Borst (1984) [49] ob-
served that for materials such as soils, rocks and concrete, the dilation angle is typically significantly
smaller compared to the friction angle of the material. Given the material’s negligible plastic deforma-
tion and abrupt fracture mechanics, the dilation angle for glass is expected to fall within a low range of
0° to 5°.

The formula to calculate the dilation angle is given by:

_

» (5.6)

(8

Several studies such as [35], [41], [43] have analyzed the influence of dilation angle in CDP models. In
[35] the impact of different dilation angles is examined for a 3D solid model of a long beam subjected to
a 4-point bending test. For smaller values of the dilation angle, the behavior of the concrete becomes
more brittle. For angles close to the material friction angle, the material behavior becomes more ductile,
as depicted in figure 5.5. When changing the dilation angle, the position of the first yielding point in the
force-displacement curves remains fixed as it only affects the plastic strains. Consequently, the post
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elastic response changes significantly with the dilation angle [43]. Moreover, [41] concluded that for
cubic unreinforced concrete blocks, the dilation angle only affects the uniaxial compressive stress-strain
response in the softening portion after a certain strain value.
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Figure 5.5: Influence of the dilation angle in CDP models [35]

Eccentricity (¢)

The parameter ¢ defines the eccentricity of the plastic potential surface in accordance with Bazant and
Jirasek’s formulation. The default flow potential eccentricity is 0.1, which indicates that the material
has almost a constant dilation angle when subjected to different confining pressure stress values [21].
A high value of the eccentricity corresponds to high curvature of the flow potential [43]. To the best of
the authors knowledge, no sensitivity studies have been carried out on the impact of varying values of
eccentricity on the response of concrete to compressive testing.

The ratio of biaxial to the uniaxial compressive yield stresses
The ratio of initial equibiaxial to the uniaxial compressive yield stress is a parameter that describes the
characteristics of the failure function. The default value in ABAQUS is typically 1.16 for concrete.

_ Jw

f= T (5.7)

The ratio of the second stress invariant on the tensile meridian to that on the compressive merid-
ian

According to Kmiecik and Kaminski [31], the "parameter Kc is interpreted as a ratio of the distances
between the hydrostatic axis and respectively the compression meridian and the tension meridian in
the deviatoric cross section.” The triangular deviatoric plane suggests a lower degree of confinement,
whereas a circular indicates a high degree of confinement. The parameter + is typically between % and
1[21].
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Figure 5.6: Deviatoric cross section of failure in CDP [31]

Viscosity Parameter
This parameter helps improve the rate of convergence in the softening phase in implicit analyses. In
Abaqus/Explicit no such regularization is needed, thus the viscosity parameter is set to zero.

Discussion of the material model parameters

The material model parameters that is most likely to have the most effect on the material behavior in
the post-peak phase is Tension Damage and Compression Damage parameters. The dilation angle
could also possibly have an effect on the post-peak behavior of the composite unit.

Compared to glass, concrete typically has a significantly larger fracture process zone. For glass the
post-failure stress-displacement curve can be approximated to a linear decay to zero stress over a very
small strain/displacement [2].
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Finite Element Method (FEM)
modeling of a single glass bottle (and
earthcrete blocks)

In this chapter, the mechanical behavior of an individual glass bottle is investigated, establishing im-
portant insights for the ensuing chapters and analyses. Firstly, the results from experimental tests are
presented, followed by a description of the geometry, material properties and mesh used in the FEM
models. The values of the CDP parameters inputted within this section are adjusted accordingly to best
simulate the results obtained from the experimental data.

6.1. Mechanical behavior of vertically loaded glass bottles

Experimental tests conducted at the Stevin Lab by Hoessein Alkisaei revealed some important insights
into the mechanical behavior of glass bottles under uniaxial compressive loading. Seven tests were
carried out until complete failure was reached. Analysis of the resulting force-displacement data, as
depicted in figure 6.1, yields an average fracture load of 42790.83 N. Furthermore, the structural stiffness
of the bottles was calculated to be 65231.91N/mm, which in this case represents the slope of the F'—u
graph.
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Figure 6.1: Force-displacement graph of axially loaded bottles (in vertical direction) [3]
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As established in Chapter 4 and illustrated in Figure 6.1, glass exhibits classic linear elastic-brittle fail-
ure. This behavior is characterized by a linear force-displacement response up to the peak load. After
this point, fracture occurs, resulting in an instantaneous drop of the F' — u graph. Consequently, the
material exhibits a negligible post-peak inelastic branch when tested in isolation.

Failure consistently initiates at the shoulder region of the bottle. This localization is attributed to a
combination of factors: alocally reduced wall thickness of 2.8 mm, the inherent presence of microscopic
surface flaws that act as stress concentrators, and the geometric curvature of the shoulder itself. The
geometric curvature is responsible for i.e. generating bending stresses, with the outer surface being in
tension [29]. With the resulting average peak force obtained from experimental testing, a preliminary
estimate mean axial compressive stress over the shoulder cross-section can be calculated as follows:

o — F _ F
Ashoulder ™ [Rguter - (Router — 2.8)2]
. 43697.96
57 - (o 2]
= 85.36 MPa

A resulting longitudinal stress value of 88.56 MPa is obtained. This result, however, ignores bend-
ing/curvature effects and eccentricities which is precisely why FEM should be employed.

6.2. FEM of a single glass bottle

6.2.1. Geometry

On the manufacturer’s specifications an average overall thickness of 3,4 mm of the bottle is specified.
However, manual measurements indicate large discrepancies in thickness between different parts of
the bottle. As such, two different geometries will be investigated: one where the bottle’s geometry
is modeled with a constant thickness of 3,4 mm denoted as bottle B and one with variable thickness
denoted as bottle A, according to the manual measurements, both depicted in Fig. 6.2.

The model presented here is a simplified version of the actual bottle design. Notably, it does not
include knurls at the base, which have been replaced by a flat contact surface that interfaces with the
support. The influence of knurls is considered negligible once the container is embedded within the
earthcrete matrix. Moreover, the geometry of the finish of the bottle (located above the neck) is sim-
plified to a single straight line since the extrusions have no significant influence on the results. The
heel of the bottle, normally concave, is modeled as a flat surface to distribute the stresses more evenly
and prevent the occurrence of stress singularities. In Appendix C, the variant with a concave bottom is
discussed further. Additional geometric specifications are provided in appendix A.
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Figure 6.2: True geometry of the long-neck beer bottle (left) compared to two the simplified models (middle (B) and right (A))

6.2.2. Material properties

The material properties as described in Chapter 4 are for abraded glass under long-term loading, cor-
responding to a long-term characteristic tensile strength of 11.7 MPa.

The present model uses unabraded glass under short-term loading, justifying a higher tensile strength.
This adjustment accounts for the absence of sustained loading over extended periods (e.g. 50 years),
which would otherwise induce static fatigue (gradual crack growth), leading to strength degradation in
the glass. Furthermore, due to the different bottle geometries in this study, the stiffness parameters
must also be re-calibrated for the new model.

Taking the average of the fracture loads, the yield stress, compressive stress and damage parameters
can be approximated for the two geometries. For geometry A, a glass yield stress of 37MPa is given.
For geometry B, the glass strength needed to be increased to 70 MPa to obtain a fracture load close
to the average one. Because the thickness at the shoulder is 2.8 mm, instead of 3.4 mm, the glass
strength needs to be increased accordingly.

In the table below, the material properties for the respective models are given:
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Geometry Glass Tensile Behaviour Glass Tension Damage
ot (MPa) Eer dt Epl
Geometry A 37.0 0.000 0.000 0.000
0.37 8.40x10~* 0.990 3.0x107°
Geometry B 70.0 0.000 0.000 0.000
0.70 1.54x1073 0.990 2.0x107°

Glass Compressive Behaviour Glass Compression Damage

o. (MPa) Ecr de Epl
Geometry A 800.0 0.000 0.000 0.000
400.0 8.80x1073 0.500 1.0x107°
Geometry B 800.0 0.000 0.000 0.000
400.0 8.80x1073 0.500 1.0x1075

Table 6.1: CDP tensile and compressive behavior with damage parameters.

6.2.3. Meshing

The 3D models were meshed with four-node linear tetrahedral elements (C3D4 in Abaqus) with first-
order accuracy. As illustrated in Figure 6.3, each tetrahedral element is defined by four vertices and

six edges.

1

Figure 6.3: Four-node linear tetrahedral
elements (C3D4) [18]

Other mesh types such as quadratic tetrahedrons (C3D10 and
C3D10M) were also considered, as they offer improved accuracy
for curved geometries. However because these mesh types are
more computationally expensive, it was deemed excessive for
the scope of this research project.

For Bottle B, three models with identical material properties but
varying mesh densities were analyzed in Abaqus. As illustrated
in Figure 6.4, the results exhibit some mesh sensitivity.

The 2 mm mesh, although providing higher geometrical accu-
racy, requires substantially more computational cost. The coarse
10 mm mesh proved to give a lower fracture load compared to
the 5 mm mesh. It must be noted that symmetry was used going
through the center of the bottle to obtain the results for the 2 mm

mesh. Because the model was halved, the force was halved also effectively modeling half the physical
stiffness of the full model. This is corrected by multiplying the F by 2 (see figure 6.6). A 5 mm mesh
size was selected for the first part of the simulations in this research, representing an adequate balance
between computational efficiency and result accuracy.
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Itis important to note that when refining the mesh (e.g., from 5 mm to 2 mm), the corresponding material

/]

[ANANANAN
INANN

Figure 6.5: Mesh sizes of Bottle B: 10 mm (left), 5 mm (middle) and 2 mm (right)

properties, particularly the tensile strength (input as the CDP yield stress), must also be re-calibrated.

The properties used for the 5 mm mesh are specific to that mesh size. These properties were calibrated

so that the simulated fracture load fits the experimental average fracture load. The material properties
and mechanical behavior of glass will be discussed in detail in the next sections.
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Figure 6.6: Fracture load versus mesh size Bottle B
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6.2.4. Principal Stresses
The maximum principal stress (o) is tensile in nature and is critical for failure prediction, especially for
brittle materials such as glass. If (c1) exceeds the material’s tensile strength, cracking is likely to initiate.

At shoulder region high tensile stresses (o) develop due to bending and abrupt curvature changes.
The shoulder region is often the weakest point, making it most susceptible to crack initiation. At the
body region, circumferential/hoop stresses develop under axial compression. The heel of the bottle is
also prone to higher tensile stresses oriented in the circumferential direction.

The analysis reveals a stress singularity at the load application point. This singularity arises due to the
discrete nature of finite element modeling, where point loads create theoretically infinite stresses that
do not reflect physical reality.
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Figure 6.7: Principal stresses

6.2.5. Crack pattern DAMAGET and DAMAGEC (Bottle B)

As previously discussed, the damage parameter quantifies the degradation of material stiffness. The
complete fracture of the bottle at the shoulder occurs within a time increment of 0.001 seconds, which
is the prescribed output time interval at which results are saved. The crack pattern shows higher den-
sity primarily at the shoulder region, where the maximum principal stresses are highest and the wall
thickness is 2.8 mm. The damaged zone extends over a comparable area under both the tensile and
compressive damage outputs, as depicted in figure 6.9. In the model, at a time step of 0.6330, several
nodes were observed to "explode” outward at the shoulder region. According to the Researchgate
community, this behavior is not uncommon in Abaqus Explicit simulations. A probable explanation of
this phenomenon is that once the glass fails, the local stiffness is greatly reduced, causing the force
acting on certain nodes to gain very high accelerations. Since these nodes belong to elements that
have already failed and no longer transfer forces, the phenomenon has no real physical meaning and
does not compromise the validity of the results.

It is worth noting that once the glass is embedded within the matrix, these nodes are subject to addi-
tional constraints that help to potentially prevent this phenomenon. The crack pattern is consistent with
experimental observations: the glass fractures irregularly, fragmenting into small pieces.
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Figure 6.8: Damage tension

The bottle with tensile strength 70MPa has a fracture force of 44.1 kN (vs experimental mean 43.7 kN,
+1.0%). The tensile strength of glass is almost double compared to that of Bottle A due to the lower
thickness at the shoulder region of 2.8 mm instead of 3.4 mm.

Discussion

The initial GBEB model embedded with Bottle B geometry failed to replicate the correct mechanical
behavior seen in the experiments. Consequently, a switch was made to earthcrete blocks embedded
with the Bottle A geometry modeled by Hoessein Alkisaei, featuring a uniform thickness of 3.5 mm.
While this geometry is not a precise representation of the experimental specimens, it produces load-
displacement curves that fit significantly better with the experimental data.

6.2.6. Crack pattern DAMAGET and DAMAGEC (Bottle A)

The figure below visualizes the tensile and compressive damage distributions. The damaged regions
for both damage types largely overlap. For the 10 mm mesh, the majority of glass fractures occur at
the shoulder of the bottle.
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Figure 6.9: Tensile damage (top row) and compression damage (bottom row) 10 mm mesh of Bottle A

6.3. Effect of changes to Tensile & Compression Damage in glass

with a 10 mm mesh

In figure 6.10 the tensile damage is fixed at 99% and the increase of the compressive damage param-
eter from 50% to 99% leads to a reduction in the fracture load. The response for the 4 tested options
remains brittle, losing complete capacity after the peak-load has been reached. Notably, the peak load
does not follow a monotonic trend, as peak load is higher for 75% compression damage than for the
99%, 50% and 25%.
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Figure 6.10: Constant tensile damage of 99% with variations in compression damage

Conversely, when the compressive damage is maintained at a constant value of 50% (depicted in figure
6.11 and the tensile damage is increased from 25% to 99%, the material exhibits a noticeably more
ductile behavior in the post-peak regime. By limiting compressive stiffness degradation to 50%, the ma-
terial can undergo significant deformation while sustaining slightly increasing applied loads, reaching
almost a plateau-like state. A similar trend occurs when tensile damage is fixed at 50% and compres-
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sive damage is varied from 25% to 99%: lower compressive damage yields a more ductile post-peak
response.
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Figure 6.11: Constant compression damage at 50% with variations in tensile damage

6.4. Fracture energy of glass

As previously discussed in Chapter 4, the fracture energy of glass is typically reported in literature as
3J/m?, which corresponds to 0.003 Nmm/mm?. This value was adopted as a baseline for modeling the
glass bottle with a mesh of 10 mm and calibrated to obtain valid results. Figure 6.12 illustrates the load-
displacement responses obtained for different fracture energy values. Some noticeable observations
can be made. First, increasing the fracture energy leads to a more gradual failure process: instead
of a sudden breakage, the glass exhibits progressive damage over an extended displacement period.
Second, the peak load increases with higher fracture energy, which indicates that there is a strong
sensitivity of the model to the fracture energy approach (GFl). For fracture energy values between
0.002 and 0.004 Nmm/mm?, the post-peak behavior does not reflect real glass fracture mechanics. As
shown in the upper row of captured snapshots in figure 6.13, the stiffness degradation is distributed
for the most part at the shoulder region, with tensile damage parameter taking intermediate values
between 0 and 99%. In reality, glass fails along discrete crack paths, while the remaining material
remains undamaged. This discrepancy can be attributed to the relatively coarse mesh (10 mm) which
is not able to capture localized cracking well. Consequently, these higher fracture energy values are
considered unrealistic.
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Figure 6.12: Sensitivity analyses of GF| for a glass bottle with mesh size 10 mm
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Lowering the fracture energy to 0.001 Nmm/mm? yields more plausible results concerning its mechan-
ical behavior. At this value, the peak load aligns well with the expected failure load of glass obtained
by averaging the experimental tests. With a GFI value of 0.001 Nmm/mm?®, no residual strength is
observed after fracture which is consistent with the brittle nature of unconstrained glass.
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Figure 6.13: Progressive damage of a glass bottle with mesh size 10 mm using GFI 0.004 N/mm (upper) and 0.001 N/mm
(lower)

Interestingly, when using a fracture energy of 0.001 Nmm/mm?, the load at which the bottle breaks does
not affect only the shoulder region but the entire bottle as well (lower row of snapshots). This raises
questions regarding the validity of the results, as the observed overall damage distribution does not
align with the expected localized failure at the shoulder in the glass bottle as discussed earlier.

In subsequent chapters, a comparison will be made between GBEB models using a fracture energy of
0.001 Nmm/mm? and those relying solely on tensile and compressive damage parameters.



[. Numerical investigations of
earthcrete blocks embedded with a
glass bottle

This chapter investigates the interaction between earthcrete matrix and an embedded glass bottle under
compressive loading. A model of the composite unit with standard dimensions is created in ABAQUS,
and its mechanical behavior is analyzed through compression tests. The model is subjected to a down-
ward displacement applied at the top of the unit, parallel to the bottle’s axis. The study aims to evaluate
stress distribution and propagation within the composite unit as well as understand potential failure
modes.

The advantage of conducting numerical investigations prior to experimental investigations, is that it
enables the testing of a greater number of variants in a relatively shorter time-frame provided that
computer capacities are sufficient. Additionally, numerical investigations provide valuable insights into
stress concentrations and potential crack propagation patterns. These findings are crucial for the ex-
perimental phase of the study, as they allow for strategic placement of strain gauges in critical regions.
The FEM results and underlying assumptions will be validated through analytical calculations and sen-
sitivity studies. Moreover, the FEM results will also be correlated with experimental data detailed in
Chapter 9.

7.1. Representative load-deflection curves from experimental data

At Stevin Lab, Hoessein Alkisaei conducted a series of compression tests on earthcrete units embedded
with glass bottles, loaded in the vertical orientation. From these tests the most representative force—
deflection curves were selected for use in this study.

7.1.1. Load-deflection curve of GBEB with vertical bottle

Figure 7.1 shows three load-displacement curves of vertically oriented GBEBSs, together with their aver-
age, obtained from uniaxial compression tests. The response is characterised by two primary phases:
an initial linear-elastic phase followed by an inelastic phase. In the linear-elastic phase the load rises
proportionally with deflection and the small spikes along this branch mark the first fractures in the glass.
The inelastic regime can be divided into two phases: the deflection hardening phase (region A) and
the post-peak deflection softening phase (region B). In region A, the glass continues to fracture and as
the load increases, micro-cracks start to form and propagate through the earthcrete, developing into
macro-cracks up until a critical fracture occurs. This fracture is marked by a sudden and significant
drop of the load-displacement curve at 2.25 mm. Once the glass has failed completely, the earthcrete
matrix becomes the sole load-carrying component. In region B, the earthcrete enters into the deflection
softening phase where its load-carrying capacity begins to decrease greatly until the unit disintegrates.

37
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For comparison, the graph also includes the average curve of an identical block without an embed-
ded bottle. Both block types pass through the same three phases: linear-elastic, deflection-hardening
and deflection-softening. They also show near-identical stiffness. Despite glass being stiffer than earth-
crete, its presence does not significantly stiffen the block. The embedded bottle does, however, reduce
the peak load-bearing capacity by 22.2%.
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Figure 7.1: Load-displacement of GBEB and EB [3]

7.2. Modeling in FEM

Detailed finite-element (FE) simulations are carried out in ABAQUS to attempt to simulate the real me-
chanical behavior of the composite unit under compressive loading. Boundary conditions and interface
conditions are applied to best represent actual physical conditions.

Modeling methodology

The model consists of a longneck beer glass bottle (as described in Annex A) embedded within an earth-
crete block. To ensure a well-defined interface between the two materials, the overlapping earthcrete
region within the outer boundary of the glass bottle was removed using a Boolean subtraction oper-
ation. The initial earthcrete unit measures 150 mm in width and depth and 240 mm in height. These
dimensions will be adjusted later on when testing different configurations.

Boundary conditions

The model’s boundary conditions are defined as follows: the bottom face is constrained in all directions
(uz = uy = u;). Because C3D4 solid elements have translational DOF only, Abaqus will ignore all
imposed rotational constraints such as ¢, = ¢, = ¢. = 0) Two cases are considered for the lateral
boundaries. The first case leaves them unconstrained. The second case constrains their normal dis-
placement to simulate the block being part of a larger monolithic structural element or placed adjacent
to other blocks with mortar.
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Interface conditions

In ABAQUS there are a number of different ways the interface between the glass and the earthcrete
can be modeled. The choice of contact definition is important, as it influences the failure propagation
and stress concentrations in the GBEB. The relevant contact types for this research are detailed below:

* Fully Bonded This formulation does not allow separation or sliding between faces. It assumes
perfect adhesion, creating a fully constrained interface. This method is typically used when there
is certainty that the bond is much stronger than the two adjoining materials. In ABAQUS, this is
realized by merging the geometries into a single, monolithic part. As it cannot capture debonding,
this approach is likely to over-predict the block’s overall strength and stiffness.

» Surface-to-Surface Contact (Frictional) This approach allows for more realistic interactions.
When "hard” contact is specified for the "Normal Behavior”, it prevents the glass from penetrating
the earthcrete, allowing the surfaces to separate when contact pressure becomes zero. For a
weak bond a friction coefficient is specified using a Penalty formulation set to 0.3. A review of
the current literature reveals no established value for the friction coefficient between glass and
earthcrete.

Cohesive Zone Model (Advanced Debonding) This approach simulates failure at the interface
and is thus ideal if progressive debonding is expected. It requires defining a traction-separation
law that specifies the interface’s strength and fracture energy. The separation occurs along a
predefined interface and cannot propagate in other arbitrary directions.

Initially, the blocks will be modeled with Fully Bonded interface conditions. This choice is made pri-
marily to ensure quicker numerical convergence, especially during the initial testing phase. The Fully
Bonded approach eliminates contact nonlinearity and has a simpler numerical formulation. However,
this computational efficiency comes at the cost of physical accuracy, as it prevents the simulation of
debonding.

Meshing

A consistent global mesh size of 5 mm was adopted to balance computational efficiency with result
accuracy. The mesh consists of linear-order tetrahedral (C3D4) elements, consistent with the mesh
mentioned in Chapter 6.

External loading

In general, two distinct methods exist for applying external loads in computational models. The first
approach, known as load control, involves applying the load in a number of steps. The second method,
known as displacement control, involves prescribing progressively increasing displacements to the
model. This causes stresses to develop within the specimen, which in turn generates corresponding
nodal forces at the location of the displacement application. Summation of these nodal forces yields the
total reaction force, equal in magnitude but opposite in direction to the externally applied load resulting
from the prescribed displacements. Usually, when looking at creep problems, loads will be prescribed
rather than displacements. For other problems displacement control is typically preferred. This prefer-
ence stems from two key advantages of this method: first, a faster convergence behavior of the iterative
procedure can be attained, especially for non-linear computations, and second, it avoids the potential
singularity of the tangential stiffness matrix that often occurs under load control. This singularity of the
matrix typically arises at local maxima or global failure points in the load-deflection diagram [13]. Thus
the loading of the blocks will be done through displacement control. A displacement of 10 mm is pre-
scribed to the upper horizontal surface of the unit. The overall output frequency of the following tests is
set to 0.001 units of time.
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7.3. Influence of different glass properties on the response curve of

the FEM model with Bottle B

7.3.1. Changing the tensile strength of glass

As the nominal strength of the glass is increased from 37 MPa to 70 MPa and finally to 100 MPa, the
peak load of the composite block increases correspondingly, as depicted in figure 7.2. In the elastic
phase, both the earthcrete and the glass contribute to transferring the compressive load to the support,
albeit not equally. Due to glass’s higher stiffness it acts as the dominant load-bearing material in the
block. The failure of the glass is marked by a sudden and significant drop in the load-displacement
curve, after which load transfer shifts primarily to the earthcrete matrix in the post-peak regime.

Right after the point of peak load, the glass exhibits a tension damage of 99% and a compression
damage of 94% as specified in ABAQUS, primarily localized at the shoulder area. The specified com-
pression damage causes a degradation of the localized stiffness, meaning that the glass material can
no longer sustain the majority of the compressive stresses. Following the glass failure, the earthcrete
exhibits a consistent behavior in all three cases, with its post-peak response being relatively similar
across the different glass strengths. After the earthcrete reaches its ultimate strength (around 3 mm),
the material follows a softening phase, characterized by a gradual decay in load-bearing capacity.

A comparison with experimental data reveals discrepancies in the simulated load-displacement re-
sponse of all three models. Specifically, they fail to capture the inelastic phase (rounding) that precedes
the peak load. Furthermore, the simulated softening phase of the earthcrete exhibits a more gradual
slope than is observed experimentally. This means that the earthcrete input properties are more ductile
than the experimental data. Since none of the three variants replicate this behavior, additional models
must be developed and tested.
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Figure 7.2: Load-displacement of GBEB with different glass strength values [4]

7.3.2. Changing the damage values of glass 37 MPa

With the glass tensile strength fixed at 37 MPa, modifying its damage parameters alters the composite’s
inelastic response and peak-load value. The results demonstrate that a lower compression damage
(e.g., 50% compared to 94%) and lower tensile damage (50% compared to 99%) permits the fractured
glass to remain active in load transfer even after a significant fracture has occurred, implying continued
load transfer between glass elements, interlocking and possibly friction between particles.

Model [GBEB 5m - 37MPa|50%/50%] was terminated due to diverging results from the experimental
curve.

Model [GBEB 6m - 37MPa |50%/99%] gives promising results with a compression damage of 50% and
a tension damage of 99%. Notably, this material model does not capture the load drop observed at
approximately 2 mm displacement, which is attributed to earthcrete cracking. Further investigation will
examine whether modifying the earthcrete material properties can reproduce this dip in the response
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curve.
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Figure 7.3: Load-displacement of GBEB with different damage values of glass (37MPa) [4]

7.3.3. Changing the damage values of glass 70 MPa

The numerical analysis reveals that altering the damage parameters for tension and compression yields
a similar load-displacement response pattern for both 70 MPa and 37 MPa tensile glass strengths. As
anticipated, the model with the higher tensile strength (70 MPa) predicts a greater peak load. The nu-
merical simulations indicate that reduced damage values extend the duration of the non-linear phase
and thus also increasing the peak-load. Model 4 and 5 were terminated due to diverging results from
the experimental data. A comparison with experimental results reveals that none of the simulations

provide an accurate fit.
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Figure 7.4: Load-displacement of GBEB with different damage values of glass (37MPa and 70MPa) [4]

Discussion

Model [GBEB 6m - 37MPa | 50%/99%] yields the best match to the experimental data among the mod-
els tested. To improve the fit further, the next step is to refine the model’s parameters. It is important
to note that the experimental curve shown above is a representative specimen, selected as a median
response and not an average of all tests. Hence, it would have been sufficient to continue further re-
search with Model [GBEB 6m - 37MPa | 50%/99%]. However, to gain further insights as to why the
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model responds as it does, it is best to continue calibrating parameters to determine what improves
accuracy.

7.4. Influence of the earthcrete material model on the FEM response

curve
The earthcrete material parameters used in this work originate from a calibration study by Hoessein
Alkisaei, in which a series of simulations was performed to reproduce the average force—displacement
response of plain earthcrete cubes of 40 x 40 x 40 mm (without an embedded bottle). From that study,
parameter set EC34 provided the closest fit to the experimental average.
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Figure 7.5: Earthcrete material models tested by Hoessein Alkisaei

From the variants, three material models were selected for testing within the GBEB model: EC32,
EC34 and EC37. The primary difference between them lies in the assigned tensile yield strength,
the cracking strain and the tensile damage evolution. The parameter sets are listed in Table 7.1 and
Figure 7.6 shows the calibration variants that lay closest to the experimental mean.

Material properties Concrete Tensile Behaviour Concrete Tension Damage

o (MPa) Eer dy Epl
EC 32 4.0 0.000 0.000 0.000
0.275 9.0x1073 0.93125 6.3x1074
EC 34 3.0 0.000 0.000 0.000
0.03 8.0x1073 0.990 1.33x1073
EC 37 2.0 0.000 0.000 0.000
0.02 9.434x10~* 0.99 8.385x10~*

Table 7.1: Concrete tensile and compressive behavior with damage parameters.
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Figure 7.6: Earthcrete variations

Before transferring these parameters to the GBEB model, some key points deserve comment. The
calibrations above were carried out on small plain cubes, whereas the GBEB is substantially larger and
contains an embedded geometry. Quasi-brittle materials exhibit size effects which affect the strength
and the brittleness of the post-peak response. So a material parameter set calibrated for a 40 mm cube
is not guaranteed to reproduce the behavior of the full block.

The tensile softening branch in the Concrete Damaged Plasticity (CDP) model is defined here through
a stress—cracking-strain relation (Table 7.1). Thus, the transferability is only valid if the same mesh size
is maintained.

Simulating the GBEB with the three parameter sets alters its mechanical behavior significantly, as
shown in Figure 7.7. The EC37 model was terminated at approximately 2 mm of displacement be-
cause its response diverged excessively from the experimental results. The EC32 model, by contrast,
is the only variant that reproduces the characteristic load dip at approximately 2 mm of displacement
observed experimentally.
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Figure 7.7: GBEB with different earthcrete variations (32, 34 and 37)
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Analysis of the tensile damage in the EC32 model at the load dip (Figures 7.9 and 7.8), reveals that
crack propagation, visualized here as tensile damage, initiates predominantly at shoulder height of
the outer surfaces and advances inwards. This damage pattern is attributed primarily to the failure of
the embedded bottle at its shoulder in the preceding time steps: once the bottle loses integrity, the
earthcrete matrix loses its internal support and caves outward under increasing displacement. The full
progression of tensile damage can be seen in Appendix D.
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Figure 7.8: Vertical cross-section of the GBEB with tensile damage evolution at 6 different points shown also in Figure 7.9
(5mm mesh)

The tensile damage plots alone, however, do not explain why this variant exhibits a pronounced dip
where the others do not. The equivalent plastic strain (PEEQ), a scalar measure of the accumulated
inelastic deformation, provides some clarity on this front (Figure 7.9).
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Figure 7.9: GBEB with tensile damage evolution - points in Fig. 7.8

Immediately after the dip, at step time 0.3710 (represented by the second column of figures), a concen-
tration of plastic deformation develops at the top of the bottle in the neck region, where PEEQ increases
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e.g. from 0.0043 to 0.0126 in node 4217 (located at the top of the neck). The same node does not
displace in the vertical direction between these two time steps, indicating that the plastic deformation
occurs in the horizontal direction. This is confirmed by the fact that node 4189, at the most linker part of
the bottle displaces from 0.0243291 to 0.0482164 mm. The proposed failure mechanism consists thus
of a brittle failure which causes a sudden loss of internal support (momentary drop in load) followed by
re-estabilization of the load path.
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Figure 7.11: GBEB with U3 evolution at the dip

Despite reproducing the dip, the EC32 model retains too much load-bearing capacity in the post-peak
regime: beyond the dip, the simulated force remains above the experimental curve. Consequently,
the next step is to use EC32 as a baseline and iteratively calibrate its parameters to better reflect the
experimental data.

Prior to this, a dedicated section will address the use of symmetry, seeing that each full-block sim-
ulation requires up to four days of computation. As shown in Figure 7.7, symmetry was already applied
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in the EC37 model to reduce computation time. The constraints this introduces, and their influence on
the mechanical response, are analyzed in the following section.

7.5. Influence of symmetry

With computation times of up to four days per full-block simulation, reducing the model to a half (single
symmetry plane) or a quarter (two symmetry planes) of the block is an appealing alternative: it reduces
the number of degrees of freedom by a factor of two or four (respectively) and shortens the run time
accordingly. This section compares the response of the full block with that of the single- and double-
symmetry models, and examines whether the symmetry reduction is viable for a problem governed by
quasi-brittle fracture.

Force scaling

On a symmetry plane, the displacement component perpendicular to the plane is constrained to zero
while the in-plane displacements are allowed. The reaction force that is obtained from the symmetric
model therefore represents only the reduced portion of the block. Therefore these forces need to be
multiplied by 2 for single-symmetry models, and forces from the quarter model need to be multiplied by
4. This multiplication is done to enable direct comparison between the models. All curves labeled “x2”
and “x4” in Figures 7.12 and 7.13 have been scaled in this manner.

The reduction by symmetry should be valid if geometry, material, loading and the solution itself are
symmetric. The first three conditions are satisfied, with the bottle modeled as a symmetric solid around
its axis, the material models being homogeneous, and the platen loading also being symmetric. The
fourth condition, however, must to be investigated.

Single symmetry

Figure 7.12 compares the full EC34 model with its single-symmetry variant. Up to the peak, the symmet-
ric half-model response closely follows the full block: the peak load deviates by 2.8%. In the post-peak
regime the half model is somewhat more ductile. This artificial gain in capacity is a direct consequence
of the constraint imposed by the symmetry. Material on the symmetry plane cannot displace perpen-
dicular to it, so deformation that would cross this plane is suppressed.
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Figure 7.12: Single symmetry of GBEB with EC34

Applying a single symmetry plane reduces the computation time by approximately one day. Given
that the deviations in peak load and ductility remain in appropriate proximity to the experimental curve,
single symmetry is considered acceptable.
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Double symmetry

Figure 7.13 shows the block with material properties EC32 with two symmetry planes. The response
is significantly more brittle, and beyond approximately 4 mm the model settles onto a plastic plateau.
Figure 7.14 compares the tensile damage evolution of the full block (first row) with the mirrored quarter
model (second row). In the latter one, the damaged volume is far larger and propagates much earlier
and faster.
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Figure 7.13: Double symmetry of GBEB with EC32

As mentioned before, the displacements perpendicular to the plane are restricted by the symmetry con-
straint and thus the nodes of the elements can only go sideways or downwards. The symmetric model
does not capture progressive fracture accurately, as depicted in figure 7.14. The problem with symme-
try is that the numerical solver restricts the solution space to symmetric modes. The solver excludes
thus asymmetric modes of cracking. The double symmetric variant is thus not a viable solution.
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Figure 7.14: Block without symmetry (first row) and block with double symmetry through the middle (1/4th of the block,
mirrored)

To reiterate, the single symmetry offers a substantial reduction in computation time at the cost of a
modest deviation in the post-peak response. On the other hand, the double symmetry is unsuitable for
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use, as its post peak behavior is significantly more brittle and damage is forced to develop in mirrored
zones simultaneously. As a result, the damage spreads over more material than in reality.

7.6. Sensitivity of the response to the earthcrete parameters

To gain insight into which material parameters govern which features of the load—displacement re-
sponse, nine simulations were carried out in which individual parameters of the EC32 baseline were
varied one at a time. Because each full-block 5 mm simulation requires up to four days, the analysis
was performed on a reduced model: the mesh size was increased from 5 mm to 12 mm and a single
symmetry plane was applied (justified in Section 7.5). The purpose of this phase is solely qualitative:
to learn the direction of each parameter’s influence, which can be used as a targeted calibration on the
full 5 mm model.

Effect of the model reduction itself

Figure 7.14 compares the 5 mm full block with the 12 mm half block under identical earthcrete mate-
rial properties. The reduced model exhibits an artificially increased load-bearing capacity and a more
ductile response. It should be noted that the mesh size and the symmetry reduction were changed
simultaneously between the two models in Figure 7.15. From Section 7.5, the single symmetry plane
alone accounts for a deviation of 2.8% in peak load. The remainder of the gap in Figure 7.14 is at-
tributable to the mesh coarsening.

200 + = Experiment - GBEB

= 07 02 GBEB_ 5mm CDP
EC32

= 07 08 GBEB_I2mm_CDP

150 +- EC32_sym

100 +

Load [kN]

50 +

0 t t
0 2 4 6

Displacement [mm]

Figure 7.15: Comparison between GBEB 5 mm (whole) and GBEB 12 mm (half symmetry)

Parameter variations
Figure 7.15 shows the nine variations, starting from run 07_08. Table 7.2 lists, for each run, the param-
eter changed and its effect on the two response features of interest: the peak load and ductility.

The variations of the tensile yield stress (runs 08_05-08_07) demonstrate a clear trade-off between
strength and ductility. Lowering o_t to 3.8 MPa (08_06) causes the largest capacity loss of all runs
(139.71 kN) but increases ductility, making the softening branch more gradual. Raising o_t (08_05,
08_07) leaves the peak essentially unchanged. The response in this case becomes more brittle be-
cause of delayed cracking which causes the release of more stored energy at once.



7.6. Sensitivity of the response to the earthcrete parameters 49

200 — == Experiment - GBEB

== 07_08_GBEB_12mm_CDP_EC32_sy
m

== 08_01_GBEB_I2mm CDP_EC32 sy
m

150 ~

08_02_GBEB_12mm_CDP_EC32_sy

m

08_03_GBEB_12mm_CDP_EC32_sy
m

100 A == 08_04 GBEB_I12mm_CDP_EC32_sy

m

== (08 _05_GBEB_I12mm_CDP_EC32_sy
m

Load [kN]

08_06_GBEB_12mm_CDP_EC32_sy
m

50 +

== 08_07_GBEB_I2mm CDP_EC32 sy
m

08_08_GBEB_12mm_CDP_EC32...

== 08_09_GBEB_12mm_CDP_EC32...

Displacement [mm]

Figure 7.16: Comparison between GBEB 5 mm (whole) and GBEB 12 mm (half symmetry)

Table 7.2: Overview of the nine parameter variations (12 mm mesh, single symmetry). Arrows denote the change relative to
run 07_08.

Run Parameter changed Change [1/|] Peakload [+/-] Peak load value [kN] Ductility [+/-]

07_08 baseline (EC32) (=) (=) 155.17 (=)
08 01 Tensile Damage 99% 1 - 152.18 -
08_02 Sigma_c 486 MPa| - 144.35 -
08_03 Sigma_c 503MPa | - 140.29 -
08 04 Inelastic strain_c 0.09 | - 140.26 +
08 _05 Tensileyield stress 4.2 1 - 154.51 -
08 _06 Tensile yield stress 3.8 | - 139.71 +
08 _07 Tensile yield stress 4.1 1 - 149.21 -
08_08 Dilation angle 34 1 - 148.02 +
08_09 Sigma_c 5.06 1 - 153.45 -

Reducing the compressive strength (runs 08_02, 08_03) lowers the peak load (144.35 and 140.29 kN)
without any gain in ductility. This behavior is to be expected as crushing is itself a brittle mechanism.
Thus, decreasing this value reduces capacity and ductility simultaneously. Increasing c_c (08_09) does
not raise the peak (153.45 kN). This suggests that the capacity is limited by the tensile failure rather
than by compressive strength.

The compressive softening strain (08_04) and the dilation angle (08_08) both trade capacity for ductility.
Reducing the inelastic strain triggers crushing earlier, lowering the peak to 140.26 kN and flattening the
descent. Increasing the dilation angle to 34° causes more plastic volumetric expansion.

Increasing the tensile damage variable (08_01) from 93% to 99% barely affects the peak (152.18 kN)
but reduces ductility. This is expected: the damage variable causes the stiffness degradation and thus
accelerates the post-peak stiffness loss.

Overall, the results are consistent. Ductility increases almost exclusively in the runs where the peak
load drops the furthest (08_04, 08_06, 08_08), reflecting that a lower peak implies less stored elastic
energy to be released during the inelastiic phase.
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Figure 7.17: Earthcrete parameter variations (see Appendix J for details
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7.7. Strength and debonding energy of the interface

The interaction between glass and a cementitious matrix can be described by a cohesive zone model, in
which the interface is governed by a traction—separation law. Traction refers to the stress on the surface,
expressed by force per unit area across the interface (MPa). This law states that the interface behaves
elastically until a bond strength is reached. After this point the traction decreases with increasing
separation until the surfaces are fully debonded. The area under this curve is the debonding (fracture)
energy. Two parameters characterize the interface: the bond strength, which controls when debonding
initiates, and the debonding energy, which controls how much energy is required to fully debond the
surfaces.

The only available experimental reference for a glass—cementitious interface is the work of Gilabert et
al. [19], who report a bond strength of 0.96 N/mm? and a debonding energy of 0.11 J/m2. Both values
are very low: debonding initiates below 1 MPa and consumes almost no energy, and the bond fails in
a nearly brittle manner. Two limitations apply to the transfer of these values to the present case. They
were obtained on borosilicate rather than soda-lime glass, and commercial bottles additionally carry a
polyethylene cold-end coating (Section 3.2) that is specifically designed to reduce surface friction and
can be expected to lower the bond further. The interface is thus the least characterized component of
the composite block.

The traction—separation law requires an unmerged geometry with contact definitions along the entire
bottle surface. A cohesive interface model with these values was implemented in one exploratory
simulation, in appendix H. The CZM reduced the peak capacity relative to the merged model and
shifted the bottle damage toward the neck and heel.



II. Numerical analysis of different
CGBEB configurations

This chapter presents the numerical results of the CGBEBs (Cubic Glass Bottle Earthcrete Brick). First,
the design types are presented. Then the calibration of the glass material model is described to ac-
count for the sensitivity of the mesh. The model is then validated using different time increments. The
mechanical behavior of the blocks is evaluated by analyzing force-displacement curves and by com-
paring the different block configurations. Detailed analysis of tensile damage, equivalent plastic strain
(PEEQ), stress distributions, and displacements provide insight into the failure mechanisms. The chap-
ter investigates the effects of varying concrete cover, inter-bottle spacing, and the number of embedded
containers within the block. Finally, the effects of direct bottle-to-bottle contact is investigated.

8.1. Design types

To ensure consistent comparison between design configurations, each block should share identical
outer dimensions. Based on wall thickness estimates from reference projects described in Chapter 1.3,
a uniform block thickness of 24 cm was adopted. In the reference photos, it is unclear whether the
bottles share a height similar to those described in the previous chapters, as bottle sizes vary from
country to country. Nevertheless, a 24 cm depth should provide a suitable dimension for constructing
multi-story walls.

A thickness of 24 cm also ensures that the top and bottom surfaces of each embedded bottle align with
the outer faces of the earthcrete block. Although less critical for vertically oriented blocks, it allows for
the option of rotating the blocks horizontally in future research. This alignment is functionally advanta-
geous for horizontally oriented blocks as light can pass through the bottles across the wall thickness,
a feature observed in most reference projects. Due to time limitations, all simulations and experiments
were performed using vertically oriented bottles. The selected block dimensions can accommodate
multiple bottles while remaining below the 20 kg maximum operable weight for manual handling. Since
the block types contain different numbers of bottles, their weights vary accordingly.
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uniform displacement u uniform displacement u

Figure 8.1: Cubic GBEB geometry and boundary conditions

The initial design comprised six block types: B1, B2, B3, B4, B5 and B9. The types differ primarily in
the number of bottles (B1 block with 1 bottle, B2 block with 2 bottles, etc.). Within each type, there are
subtypes that differ in earthcrete cover thickness (defined as the distance from the outer surface of the
block to the outer surface of the bottle) and inter-bottle spacing, with the two variables being dependent
on each other.

A sixth block type was added with an arrangement of nine bottles (B9) to investigate the effects of
maximizing the number of bottles per block. The original concept is illustrated below with a total of 15
configurations.

B3 B4
Interbottle
spacing
of 0 mm
40.00
Earthcrete
cover 40 mm
20.00
Earthcrete
cover 20 mm

Figure 8.2: Initial design types and configurations

As shown in the figure, the CGBEB type B1 has only one variant. This is because the earthcrete cover
for this type can only be adjusted by shifting the bottle asymmetrically relative to the outer surface of
the block. Consequently, decreasing the earthcrete cover on one side automatically increases it on the
opposite side. For this reason, additional variants were not pursued.

For type B9 (nine-bottle configuration), testing with an earthcrete cover of 4 cm was not possible due to
space constraints as the bottles occupy too much of the block’s volume. Only a 2 cm earthcrete cover
could be realized.
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Because these models are computationally expensive, only a subset was selected for numerical testing.
Ten out of the total configurations have been chosen for simulation, as depicted in Figure 8.3. The
selection criteria allows systematic comparison across the following variants: B1 through B5 (+B9) (with
a constant 4 cm earthcrete cover), B4 with three varying cover thicknesses, and B5 with two varying
cover thicknesses. Once the numerical analysis is complete, the results will be evaluated to identify
the configuration with the best performance, which will then be tested experimentally for validation.

B1 B2 B3 B4 B5 B9

30 mm

Interbottle
spacing
of 0 mm

Earthcrete
cover 40 mm 40
Earthcrete
cover 20 mm
20 20 20

Figure 8.3: Selected design types and configurations

8.2. Material model calibration for mesh sensitivity

In previous stages of this research, mesh sizes of 5mm and 12 mm were mostly used. The computa-
tional cost associated with the 5mm mesh was higher than previously anticipated. As a result, for the
subsequent sections and chapters, the mesh size is increased to 10 mm.

In explicit Abaqus, altering the mesh size influences the predicted failure point of the glass. To account
for this, the tensile yield stress for the same bottle model was calibrated to match the average fracture
load obtained from experimental data. The iterative adjustments made during this calibration are pre-
sented in graphical form and the final iteration is presented in tabular form.

The closest fit with the experimental average was achieved in the final iteration, corresponding to model
10_05_Bottle_10mm_CDP_26MPa.

Material properties Glass Tensile Behaviour Glass Tension Damage
Ot (MPa) Eer dt gpl
10_05_Bottle_10mm_CDP_26MPa_05 26 0 0 0
0.26 5.90 x 10~ 0.99 2.00 x 1075

Table 8.1: Glass material properties for mesh size 10 mm.



8.2. Material model calibration for mesh sensitivity 55
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Load [kN]
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Figure 8.4: lterative calibration of tensile yield stress for a 10 mm mesh model based on experimental fracture loads of glass
bottles.

Model 10_03 and 10_04 differ in the cracking strain values used: 8.40x 10~* and 6.10 x 10~ respectively,
while maintaining the same tensile yield stress. The lower cracking strain corresponds to a slightly lower
fracture load, as expected, though the difference is not significant.

The following material properties for earthcrete have been used for the blocks, calibrated by Hoessein
Alkisaei:

Material properties Earthcrete Tension Behaviour Earthcrete Tension Damage

o (MPa) Eck dy Epl
Earthcrete 8.28 0 0 0
0.0828 0.0071 0.99 0.0071
Earthcrete Compression Behaviour and Damage
o. (MPa) Ein d. Epl
5.8 0 0 0
8 0.0034 0.0034 0.0034
7 0.0074 0.00657 0.0074
5 0.0124 0.0099 0.0124
2 0.0204 0.0154 0.0204
0.6 0.0284 0.0284 0.0284

Table 8.2: Earthcrete tension and compression properties for mesh size 10 mm.

8.2.1. Validation of the model through time increments

One of the challenges of using explicit solvers in Abaqus concerns the accuracy of the solution in
nonlinear problems. During a time step, small errors can arise at strong nonlinearities, and these errors
may accumulate over time, leading to substantial inaccuracies in the final solution. Abaqus does not
automatically correct these errors [13]. Abaqus can, however, adapt the time increment size to maintain
stability. To obtain a stable solution at t + dt, the time increment must be very small as discussed in
subchapter 5.1.1. Alternatively, a fixed time increment can be defined by the user. In most cases,
the automatic time increment option performs well and is generally the recommended option by the
ReaseachGate community [51].

The limits for the time increment can be specified in the step module. When the stable time increment
is decreased slightly from a variable value of approximately 3.335 x 1078 to 1 x 10~8, the mechanical
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behavior changes significantly, as depicted in Figure 8.5.

250 —+ = 11_01_GBEB_10mm
CDP_Stable dt=Abaqus
= 11_03_GBEB_10mm
200 4 CDP_dt=4e-08
11_02_GBEB_10mm
CDP_dt=1e-08
150 + -
©
©
S 100 +
50 +
0 } }
0 1 2 3

Displacement [mm]

Figure 8.5: Validation of the model through changes in length of the time increment.

If a smaller time increment is imposed, the theoretical stability limit is violated. Thus the model cannot
be validated through this method.

If a larger time increment is imposed, the central difference scheme violates its conditional stability limit,
leading to numerical instability which in turn may cause the model to behave erratically. The theoretical
stability limit must abide by the following equations:

L¢ E
Atlgtable = = where ¢4 = ,/;

When increasing the stable time increment, Abaqus aborts the simulation and gives the following er-
ror: "The ratio of deformation speed to wave speed exceeds 1.0000 in at least one element”. This
implies that the imposed time increment violates the inequality At < Atgape = L¢/cq; consequently,
the computed deformation speed locally exceeds the physical dilatational wave speed c; = /E/p.

Moreover, by changing the frequency at which output is specified, the mechanical behavior is also
changed, as can be visualized in the figure below. When jumping from 0.001 dt to 0.01 s, the curve
follows the behavior well, but when this is increased to 0.05 s, the graph shows that the capacity is
increased, when in reality it should be taking the data points on the line. The reason why this is, is still
unknown.

500 — = 09_01_GBEB_10mm
CDP_A1_0.001

= 09_01_GBEB_10mm
400 + CDP_A1_dt0.01

\ 09 _01_GBEB_10mm
CDP_A1_dt0.05

300 +

Load [kN]

200 +

100 +

0 t t t
0 2 4 6 8 10

Displacement [mm]

Figure 8.6: Validation of the model through changes in length of the time increment.
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8.3. Numerical results of the CGBEBs

The force-displacement graphs of the cubic blocks can be visualized in the figure below.

1000 — == 12 00 CGBEB_10mm CDP B0CO
== 12 01 CGBEB_10mm CDP B1C9
== 12 02 CGBEB_10mm CDP B2C4
== 12 03 CGBEB_10mm CDP B3C4
== 12 04 CGBEB_10mm CDP B4C2
== 12_05_CGBEB_10mm_CDP_B4C4
== 12 06 CGBEB_10mm CDP B4C6

12_07_CGBEB_10mm_CDP_B5C2
== 12 08 CGBEB_10mm CDP B5C4

Load [kN]

== 12 09 CGBEB_10mm CDP B9C2
== 12 10 CGBEB_10mm_CDP_B9I0

Displacement [mm]

Figure 8.7: Force-displacement of the Cubic GBEB configurations

As can be seen, the blocks behave differently across the configurations. In the following subsections,
the different types will be analyzed and compared.

8.4. Influence of concrete cover and inter-bottle spacing

To begin with, the influence inter-bottle spacing and earthcrete cover will be analyzed. The blocks of
type B4 display an initial elastic region up to a step time of 0.064 s and displacement of 0.945 mm.
From the force-displacement graph of block type B4, it can be seen that variant B4C2 (block with 4
Bottles and earthcrete Cover of 2 cm) has a lower load capacity than the other two variants, exhibiting
a significant dip between 2.055 mm and 2.220 mm of displacement.

All three variants shown in figure 8.8 share the same initial elastic stiffness. Blocks with earthcrete
covers of 4 cm (B4C4) and 6 cm (B4C6) show similar performance, although the block with 6 cm has
a slightly lower load capacity compared to the one with 4 cm earthcrete cover.
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Figure 8.8: Force-displacement of the CGBEB type B4

Figure 8.10 captures eight representative moments on the force-displacement graph, where tensile
damage can be observed to spread progressively. Within the elastic region, the glass begins to break
at the shoulder region. Zooming in, at a step time of 0.064 seconds and displacement 0.945 mm,
tensile damage begins to affect the earthcrete matrix around the bottle, propagating mainly around the
shoulder of the bottle. This phase also marks the transition into the crack propagation phase inside the
earthcrete matrix i.e., the inelastic phase.

[=] Viewport: 2 ODB: H:/Abaqus H/Series12/12_04_GBEB_10m... [=][E)[E3) | [Z] Viewport: 3 ODB: H:/Abaqus H/Series12/12_05_GBEB_10m... [=](El[E3) | [S] Viewport: 4 ODB: H:/Abaqus H/Series12/12_06_GBEB_10m... ==

Figure 8.9: Affected area after glass breakage CGBEB type B4 at time step 0.064 s and displacement of 0.945 mm

Interestingly, the bottle in fails at higher principal stresses than if the bottle is embedded in the matrix.
This is discussed further in appendix E.
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Figure 8.10: DAMAGET of CGBEB type B4 (horizontal cross-section at shoulder height (left) and vertical cross-section
diagonally of the block, through the bottles (right)
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In type B4C2 (left), damage is concentrated at the corners of the block, while for the other two types,
tensile damage is more evenly distributed across the surface of the cubes. Throughout the numerical
simulation, the central region of the block between the bottles remains undamaged in this cross-section.
This may be explained by the confining effect of the glass in the middle, combined with the fact that the
block is under compression, whereas tension occurs predominantly at the edges. Although a significant
dip is observed for B4C2 in Figure 8.8 at 2.22 mm, the tensile damage figures reveal no major affected
areas. There is only a slight increase in the damaged area, which further connects the damaged corners
of the block.
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Figure 8.11: Captured principal stresses (P1) before damage tension in the glass (upper figures) and after significant tension
damage of the glass (below)

The maximum principal stress range from 14.50 MPa to 15.64 MPa, before any tensile damage occurs
in the glass. At the shoulder height of block B4C2, the maximum principal stress is 14.593 MPa. In
the left figures, the stress at the base of the bottle is higher, reaching 25.076 MPa. This is likely due
to the placement of the bottle, as the deflection caused by the loading plate pushes the material on
the outside away from the center. This phenomenon is known as barreling, which occurs because the
top and bottom faces are constrained by friction, while the middle section is free to expand outward.
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Barreling is more pronounced in this block type because the glass units are located closest to the outer
surfaces and thus is affected by higher lateral forces.

Max: 25.076

Step: Step-1
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Figure 8.12: High stresses of CGBEB type B4C2 at the base area of the bottle

After a certain point, the maximum principal stresses in the glass become irrelevant as damage tension
spreads throughout the glass, as depicted in figure 8.11.

8.5. Influence of number of bottles on the performance of CGBEBs
B1 B2 B3 B4 B5 B9

Interbottle
spacing
of 0 mm

40.00
Earthcrete
cover 40 mm

20.00

Earthcrete
cover 20 mm

Figure 8.13: CGBEB types B1, B2, B3, B4, B5 and B9
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To determine the capacity of blocks with varying numbers of bottles, seven different block types were
numerically tested using Abaqus: B0, B1, B2, B3, B4, B5, and B9. All blocks display an initial elastic
region up to a displacement of approximately 0.945 mm. Clearly, block type B9C2 achieved the highest
peak force at 806.92 kN. After this peak, the block loses some capacity, exhibiting a smaller plastic
region than the other types.

When comparing blocks BO through B5 against each other, it can be noted that the best-performing
block is B4C4. This is quite surprising, as a higher number of bottles in other cases typically indicated
higher capacity. However, for block B5C4, a dip in capacity is observed at 1.53 mm displacement,
reaching 711.23 kN. This type exhibits a more brittle behavior, followed then by a smaller plastic region.
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Figure 8.14: Force-displacement graph of CGBEB types B1, B2, B3, B4 and B5

By increasing the number of bottles, the units acquire an increasing axial stiffness. This coincides with
what was observed numerically as the bottle count increased as depicted in figure 8.15. Axial stiffness
is defined as the resistance to axial deformation under tension or compression. Mathematically it is
defined as:

where:

A = cross-sectional area
E = elastic modulus

L = length

AFE = axial rigidity

For a block containing multiple bottles, the force-displacement relationship follows Hooke’s law:

F=K-u

where F' is the applied force and u is the displacement. The total axial stiffness of the block can also
be expressed as the sum of the individual stiffness of the bottle:
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K =n - kpottie

where n is the number of bottles and kpoie is the individual bottle stiffness.

Combining these relationships, the full system can be described as:

AFE
K="=

L
K =n - kpottie
F=K-u

Thus, the applied force can be directly related to the number of bottles:

F =n-kpotte - u
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Figure 8.15: Amount of bottles (t=2.5 mm, Mesh size 10 mm)
(4]
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