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Abstract

da Cruz, Luisa Souza Neves Frade; Cardoso, Daniel Carlos Taissum; Silva, Flavio
de Andrade. Shear Behavior of Concrete Beams Reinforced with Bamboo
Culms. Rio de Janeiro, 2023. 111p. Dissertacdo de Mestrado — Departamento de
Engenharia Civil e Ambiental, Pontificia Universidade Catdlica do Rio de
Janeiro.

As a renewable resource, highly available across the world, low-cost and eco-
friendly material, bamboo has shown to be a promising alternative for achieving a more
sustainable scenario in the construction industry. Therefore, this research aims to
investigate the use of bamboo as reinforcement for concrete structures, focusing on the
shear behavior of beams. Bamboo culms from the specie Phyllostachys aurea are used as
longitudinal reinforcement while for shear reinforcement different techniques employing
local materials are tested: discrete sisal fibers, bamboo stirrups, sisal yarn, and no shear
reinforcement. The beams were subjected to three-point bending tests in order to analyze
the shear behavior. Moreover, the Digital Image Correlation (DIC) technique was
employed to acquire the crack kinematics and the contributions of shear mechanisms were
estimated. The test results demonstrated improvements in the load-carrying capacity of
the beams through the utilization of different materials. Bamboo stirrups increased the
ultimate load by 15.85%, sisal yarn by 12.30%, and discrete sisal fibers by 1.32%,
highlighting their positive impact on load-bearing capacity. This research underscores the
possibility of replacing non-renewable carbon intensive materials such as steel with
bamboo in low-rise buildings, particularly for social housing. Thereby it allows to
promote sustainable and safe construction practices while empowering rural development

and conserving global resources.

Keywords

Bamboo; Concrete; Shear; Sustainability; Crack kinematics.



Resumo

da Cruz, Luisa Souza Neves Frade; Cardoso, Daniel Carlos Taissum; Silva, Flavio
de Andrade. Comportamento ao Cisalhamento de Vigas de Concreto Armado
com Colmos de Bambu. Rio de Janeiro, 2023. 111p. Dissertacao de Mestrado —
Departamento de Engenharia Civil e Ambiental, Pontificia Universidade Catodlica
do Rio de Janeiro.

Enquanto fonte renovdvel, amplamente disponivel no mundo, de baixo custo e
ecologicamente amigavel, o bambu tem se mostrado uma alternativa promissora para
alcancar um cendrio mais sustentdvel na inddstria da construcdo. Assim, a presente
pesquisa tem como objetivo investigar o uso do bambu como refor¢o para estruturas de
concreto, com foco no comportamento ao cisalhamento de vigas. Foram usados colmos
da espécie Phyllostachys aurea como armadura longitudinal e para reforco transversal
diferentes técnicas empregando materiais naturais foram testadas: fibras de sisal discreta,
estribo de bambu, cordao de sisal, além de vigas sem reforcos. As vigas foram submetidas
a ensaio de flexdo em tré€s pontos a fim de analisar o comportamento ao cisalhamento.
Além disso, técnica de Correlagdo de Imagem Digital (CID) foi empregada para adquirir
a cinemaética das fissuras e estimar as contribuicdes dos mecanismos de cisalhamento. Os
resultados dos ensaios apontam um aumento na capacidade de carga das vigas pelo uso
de diferentes materiais. Estribos de bambu aumentaram a carga tltima em 15,85%, cordao
de sisal em 12,30% e fibra discreta de sisal em 1,32%, destacando o impacto positivo
desses artificios na capacidade de carga. Esta pesquisa ressalta a possibilidade de
substituir materiais ndo renovdveis com alta pegada de carbono em construgdes de
pequeno porte, especialmente em habitagdes populares. Isso permite promover praticas
de construcdo sustentdveis e seguras, ao mesmo tempo em que fortalece o

desenvolvimento rural e preserva recursos globais.

Palavras-chave

Bambu; Concreto; Cisalhamento; Sustentabilidade; Cinematica da fissura.
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1.
INTRODUCTION

1.1
Motivation

The construction industry is known for its high carbon footprint and energy
consumption due mainly to the use of conventional materials and outdated techniques.
According to Mehra et al. [1], steel production accounts for 32 MJ/kg of embodied energy
and concrete around 1.9 MJ/kg, resulting in a large CO> emission. Other than the carbon
dioxide released into the atmosphere by the production of the material itself, the whole
manufacturing processing and transportation of these materials also generates a huge
amount of CO, indicating the urgent need for the use of more eco-friendly materials and
renewable resources. An et al. [2] state that the iron and steel industry is one of the main
industrial emitters of COz, accounting for 7% of CO2 emission of the total CO> production
by human activity.

Taking into account the current scenario of the construction industry, bamboo
emerges as a pertinent alternative to the use of steel in reinforced concrete structures.
Bamboo is a widely spread, low-cost and lightweight material that presents a high ratio
of strength by weight and a fast growth rate [3], [4], [5], [6], [7], [8]. Furthermore, bamboo
is a very efficient carbon sink and thus it can play an important role in CO2 absorption
throughout its whole lifecycle. Other than reducing the environmental impacts of the AEC
(Architecture, Engineering, and Construction) industry, bamboo can substitute
unreinforced concrete structures used in regions where there is a deficiency in the
production of steel for being expensive and not feasible, which can help to overcome
housing problems [9], [10]. Nevertheless, some important material issues should be
addressed in the replacement of steel with bamboo: brittle behavior, lower Young’s
modulus of bamboo, weakness of the nodes, and poor bonding performance [11], [12],
[13]. Most of these concerns can be mitigated by adopting proper techniques.

Studies approaching the use of bamboo as flexural reinforcement for concrete
elements have been reported by several authors [4], [10], [11], [13], [14], [15], [16], [17],
[18]. Most of the researches [4], [15], [16], [17] focused on the flexural behavior of
concrete beams reinforced with bamboo strips while fewer studies [13], [18], [19]

investigated the use of bamboo culms. Also, the shear analysis of concrete structures
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reinforced with bamboo, as well as its application as transverse reinforcement, remains

limited within the scope of existing literature [19], [17], [20], [21].

1.2
Objectives

From this perspective, the purpose of the present study is to examine the structural
performance of concrete beams without steel reinforcement by primarily utilizing
bamboo as a viable alternative. The main focus is on investigating the shear behavior of
these beams and the shear strength mechanisms acting, specially, on slender beams. The
research involves using bamboo culms as longitudinal reinforcement, since it presents
lower technical requirements than splints do, and testing various types of shearing
reinforcement. To analyze the shear mechanisms, three-point bending tests are performed
on the beams with one span reinforced with steel stirrups and the other span reinforced

with different techniques, which will be explained in subsequent sections.

1.3
Structure of the work

This work is divided in an initial part of literature review (Chapter 2) where topics
regarding sustainability, bamboo contextualization, application of bamboo in concrete

structures, and shear strength mechanisms overview are presented.

Chapter 3 describes the experimental program, presenting the process for

preparing the materials, the assembling of the beams and the structural design as well.

Chapter 4 provides the results an analysis performed by DIC for the 3-point
bending test. In section 4.2 the shear strength mechanisms are derived for specimens 02,
07, 08. Finally, Chapter 5 highlights the final remarks of this research and points out

suggestions for further work.
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2.
LITERATURE REVIEW

2.1
Sustainability in the Construction Industry

The construction industry is characterized by a conservative modus operandi, that
leads to substantial disposal of solid waste into the environment and the emission of
hazardous gases into the atmosphere. Sandanayake [22] reports that the construction
sector is accountable for approximately one-sixth of the world's freshwater consumption,
one-fourth of wood extraction, and two-fifths of material processing. Statistics provided
by the author underscore the construction industry's prominent role as one of the primary

contributors to environmental emissions.

In this context, characterized by the urgent need to investigate alternatives to the
materials conventionally adopted in the industry, bamboo stands out as a natural material
of abundant availability in the national scenario. Owing to its capacity to capture CO-
from the atmosphere, bamboo has the potential to mitigate the high ecological footprint
inherent in the construction sector. According to Osorio et al. [23], when compared to
tropical forests, bamboo is capable of releasing 35% more oxygen and sequestering four
times more carbon dioxide per hectare per year. In addition to CO> capture, bamboo plays
a fundamental role in reducing the energy demand of the production chain in the
construction sector: compared to steel, bamboo has an approximately 60 times lower

energy demand for production (MJ/kg) [24].

The replacement of steel, whether total or partial, through the incorporation of
bamboo into traditional construction systems, can be regarded as an appealing alternative
from an environmental perspective. Moreover, it is highly feasible concerning economic
and social aspects, thus reaffirming the fundamental elements of the sustainability tripod.
The utilization of bamboo enables the development of lightweight structures with
renewable resource and low-cost material. However, when employing bamboo as a
reinforcement for concrete, it is mandatory to implement specific procedures to enhance
bamboo's durability and to improve the bond between bamboo reinforcement and
concrete matrix. All of these methods must be carefully evaluated to preserve the

ecological benefits of utilizing bamboo.
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In the current research, a 'cradle-to-gate' Life Cycle Assessment (LCA) was
conducted, comparing the ecological footprint of bamboo and steel. The cradle-to-gate
LCA model evaluates a product's environmental impact, spanning from raw material
extraction to its exit from the factory gate. The SimaPro software was utilized, employing
the ReCiPe 2016 Midpoint (H) method. The analysis was conducted using an equal mass
(in kg) of each material as input. Notably, the ReCiPe 2016 version features
characterization factors suited for a global scale, unlike the ReCiPe 2008 version tailored
for the European scale. The 'H' designation signifies the hierarchist perspective adopted,
aligning with prevalent policy principles concerning time-frame and other considerations

[25].

The ReCiPe 2016 methodology addresses 18 impact categories at the midpoint
level and 3 categories at the endpoint level (human health, ecosystems, and resource
scarcity). Given the research's environmental focus, 10 out of the 18 categories were
selected for comparison. It is pertinent to acknowledge that the analysis encountered
simplifications due to the inherent mass disparities between steel and bamboo,
particularly considering structural applications where bamboo is notably lighter.
However, even when evaluating the same material quantities, bamboo exhibited a

reduced environmental impact across multiple categories, as depicted in Figure 1.
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Figure 1 — Life Cycle Assesment (LCA) ‘cradle-to-gate’ comparing the impacts of bamboo
versus steel according to results provided by SimaPro - ReCiPe 2016 Midpoint (H) method.

The cradle-to-gate LCA conducted corroborates the sustainable characteristics
inherently associated with bamboo, as reported in the state of the art. Bamboo exhibits a
significantly lower environmental impact, particularly in terms of global warming and
resource consumption. Moreover, its capacity to recover degraded lands results in a
negative footprint to land use. The observed marine ecotoxicity may be attributed to the
use of artificial fertilizer considered by SimaPro for the bamboo production, a factor that
could be addressed by substituting it with organic alternatives. Overall, the analysis
underscores the ecological advantages of bamboo as a more environmentally friendly

material choice when compared to steel.

In some research studies [12], [13], [26], counterarguments have been presented
against using bamboo as reinforcement for concrete, citing concerns about high concrete
volume and bamboo's inability to fully offset the concrete's impact. However, it is
important to address the context where this technique is recommended. Besides being
used for lightweight structures, bamboo can be utilized as a tool for empowering
communities lacking access to conventional materials such as steel. The construction of
full bamboo structures would require extensive training which may not be feasible in the

present national scenario, whereas the use of bamboo culms in place of steel rebars would
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allow for the use of a pervasive technique, namely reinforced concrete, while it serves as

a strategy to spread technical knowledge about the use of bamboo in EAC industry.

With the aim of minimizing the impact caused by the production of conventional
concrete, strategies can be adopted to confer a more ecological character to the matrix.
One possibility involves substituting the conventional coarse aggregate with recycled
aggregate derived from construction and demolition waste (CDW). Mixtures using
concrete with recycled aggregate reduce the environmental impact by approximately 70%
compared to conventional concrete, considering that the by-products of the recycling

process will not be discarded [27].

Furthermore, replacing traditional Portland cement with a low-clinker cement can
be considered, as clinker is the primary responsible for CO> emissions in the atmosphere,
accounting for about 6-7% of anthropogenic carbon dioxide emissions [28]. A promising
material in this regard is geopolymers, which comprise a blend of aluminosilicates
activated in an alkaline medium [29],[30],[31]. Compared to Portland cement,
geopolymers can reduce CO; emissions by up to 0.73 ton CO»/ton of cement, while also
lowering the consumption of limestone and clay by the construction industry [32].
However, the materials required for producing geopolymers on a national scale are still
challenging to commercialize. The complexity of obtaining the necessary resources
hinders the widespread adoption of geopolymers as a replacement for conventional

concrete with Portland cement, as well as complicates their use for large-scale research.

1.2
Bamboo

2.2.1
Basic characteristic of bamboo

According to Lépez [6], bamboo is a woody plant belonging to the angiosperms,
within the family Graminae (Poaceae) and subfamily Bambusiudeae. With
approximately 121 genera and 1662 species, bamboo is distributed across both tropical
and temperate regions, being naturally present on all continents except Europe [33].
Despite being commonly perceived as a tree, bamboo is, in reality, a giant arborescent
grass, widely spread in warm and rainy areas such as the tropical and subtropical regions

of Asia, Africa, and South America [4],[34].
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This giant grass, with a millennial history of use, exhibits an accelerated growth
rate of up to one meter per day. Bamboo is naturally found between latitudes 45°30° North
and 47° South, distributed from sea level to high altitudes. For instance, in India, species
of the genus Arundinaria can be found at altitudes of 3,000 meters [7]. According to
Filgueiras and Gongalves [35], Brazil presents the highest diversity of bamboo species

among other Latin American countries, with around 230 species belonging to 34 genera.

Referred to as "green steel" in Eastern culture, bamboo is a plant that exhibits
significant potential for engineering applications, making it suitable for structural
purposes. The main species employed in the construction industry include Guadua
angustifolia, Dendrocalamus giganteus, and Phyllostachys pubescens, with their natural
distribution originating from South America and Asian countries such as Sri Lanka,
Bangladesh, Nepal, Thailand, China, respectively [7]. The development of new
techniques has allowed for a noticeable evolution in construction practices using bamboo,
progressing from small dwellings to more complex structures, such as bridges, schools,

and cathedrals (see Figures 2 and 3).

Figure 2 — Bridge constructed with bamboo Guadua in Colombia [36]
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Figure 3 - Panyaden International School in Thailand [37]

Bamboo's abundant growth in tropical climate regions makes it a low-cost and
highly efficient alternative for housing purposes in countries across Latin America,
Africa, and Asia. Alongside its rapid growth, the plant offers considerably lower
production costs (harvesting and treatment) compared to conventional materials. Some of
the potential construction applications of bamboo include "bioketro" - a Brazilian term
for using bamboo fibers in a cement matrix, GLB (glued laminated bamboo), which, in
certain cases, can replace the use of wooden slats, or, as in the case of this study, bamboo
culms or splints for reinforced concrete. In China, for instance, GLB is already employed
on an industrial scale for products such as flooring, ceilings, paneling, furniture, laminates
for flooring, among others [7]. To employ bamboo in engineering, standards for

characterization, design and quality control have been developed, as outlined in Table O1.

Table 1 - Code and norms addressing the use of bamboo for structural applications and testing.
Adapted from GATOO et al. [38]

Country Code Norm

Brazil NBR16828-1 Bamboo Structures - Part 1:
Design (12/2020)

NBR16828-2 Bamboo Structures - Part 2:
Determination of physical and mechanical
properties of bamboo
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China JG/T 199: Testing method for physical and
mechanical properties of bamboo used in
building (PRC MoC, 2007)

Colombia Reglamento Colombiano de NTC 5407: Uniones de Estructuras con

Construccién Sismoresistente Guadua angustifolia Kunth (Structural

— capitulo G12 Estructuras de unions with Guadua angustifolia Kunth)

Guadua (Guadua structures) (ICONTEC, 2006) NTC 5525: Métodos de

(ICONTEC, 2010) Ensayo para Determinar las Propiedades
Fisicas y Mecéanicas de la Guadua
angustifolia Kunth (Methods and tests to
determine the physical and mechanical
properties of Guadua angustifolia Kunth)
(ICONTEC, 2007)

Ecuador Norma Ecuatoriana de Ia INEN 42: Bamboo Caina Guadua (bamboo
Construcciéon — capitulo 17 cane Guadua) (INEN, 1976)

Utilizaciéon de la Guadua
Angustifolia Kunth en la
Construccion (Use of Guadua
angustifolia Kunth in
construction) (INEN, 2011)

India National Building Code of IS 6874: Method of tests for round
India, section 3 Timber and bamboos (BIS, 2008) IS 15912: Structural
bamboo: 3B (BIS, 2010) design using bamboo — code of practice

(BIS, 2012)

Peru Reglamento  Nacional de
Edificaciones, Section III.

Code EIO0 — Disefio y
Construcciéon con Bamboo
(ICG 2012)

USA ASTM D5456: Standard specification for

evaluation of structural composite lumber
products (ASTM, 2013)

International ISO 22156: Bamboo — structural design
(ISO, 2004a) ISO 22157-1 Bamboo —
determination of physical and mechanical
properties — part 1: requirements (ISO,
2004b) ISO 22157-2: Bamboo —
determination of physical and mechanical
properties — part 2: laboratory manual
(ISO, 2004c)

Considering its diverse range of applications, bamboo cultivation can significantly

contribute to the microeconomy by fostering the growth of small and medium-sized

producers and generating new employment opportunities. In countries across the African

and Asian continents, such as South Africa and China, the cultivation and utilization of

bamboo plays a significant role in supporting local communities [39]. In addition to the

positive economic impacts, opting for bamboo as a construction material makes housing
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more accessible to low-income populations, especially when combined with support

programs provided by the government.

2.2.2.
Morfology and biologic characteristics of bamboo

As part of the "C4" group of plants, bamboo plays a significant role in sequestering CO>
from the atmosphere, thereby contributing to the reduction of greenhouse gas emissions.
According to Pinto et al. [40], bamboo species categorized as "C4" exhibit minimal CO;
emissions during their respiration process due to a gas storage mechanism within the

plant's fibers.

Bamboo is composed of two main parts: an aerial portion known as the culm and an
underground part consisting of the rhizome and roots (see figure 4.a). The culms are
approximately cylindrical, featuring hollow internodes with varying lengths along the
longitudinal axis (see figure 4.b). Transverse separations called diaphragms provide
greater rigidity and resistance against local wall buckling, granting bamboo the ability to

withstand wind forces and its self-weight [7].

Bamboo Transverse cut
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Figure 4 — Structure of bamboo: (a) Outer and inner morfology of aerial part of bamboo [41] (b)
Morfology of bamboo, aerial and underground part [42]

The aerial part of bamboo can exhibit various characteristics, such as solid,
hollow, or partially hollow culms, which can be erect, arched, supportive, or climbing.
Culms may also vary in shape, ranging from cylindrical to grooved or slightly flattened.
The coloration ranges from shades of green to reddish tones, transitioning through brown

and yellow hues. As for the surface texture, it can be smooth, papillose, rough, or striated



24

[43]. Alongside the diversity in the plant's aesthetic patterns, there is also a significant
variation concerning the number of nodes, the length of internodes, and the dimensions

of the outer diameter and wall thickness of bamboo culms.

Regarding the underground part, known as the rhizome, it not only generates new
culms and roots but also stores and transports nutrients from the aerial part. Additionally,
the rhizome provides greater protection against wildfires. Almeida [44] highlights that
bamboo was the first plant to grow after the nuclear attacks in Nagasaki and Hiroshima,

thanks to its high resilience, mainly attributed to the rhizome.

2.2.3.
Anatomy and properties of bamboo

Despite considerable variation in the physical, anatomical, and mechanical
characteristics among different bamboo species, the culm is generally composed of
approximately 50% parenchyma cells, 40% fibers, and 10% conductive tissues
[7]1[23][45]. Bamboo is a naturally composite, heterogeneous, and orthotropic material,
meaning its properties vary along orthogonal axes [46]. According to Pereira and Beraldo
[7], the primary factors influencing bamboo's mechanical properties include species,

moisture content, edaphoclimatic conditions, age, and harvesting time.

Janssen [26] states that the most influential physical property affecting the mechanical
performance of bamboo culms consists of its apparent density, which depends on the
growth location, species, position within the culm, among other factors. Bamboo has
apparent density values ranging from 500 kg/m3 to 900 kg/m3, depending on the species
and type of rhizome. This property primarily varies with the culm's anatomical structure,
such as the quantity and distribution of fiber bundles around the vessels, as well as fiber

diameter and cell wall thickness [6].

Transversely to the culm, an increase in apparent density is observed from the inner
to the outer wall. Longitudinally, the increase occurs from the base towards the top. A
closely related aspect to apparent density is the moisture content of the material. For
freshly cut culms, this content ranges from 40% to 150%, while for immature culms, the
values are even higher than for mature culms. To improve the mechanical properties, it is
crucial that bamboo undergoes a period of air drying for one to four months after

harvesting, achieving a moisture content between 10% to 15% [7].
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The influence of apparent density on bamboo's mechanical strength is also related to
the presence of fibers constituting the sclerenchyma tissue. Analogous to the distribution
described above, the fibers concentrate in the outer part of the culm wall, which has lower
amounts of parenchyma tissue; and longitudinally, they concentrate towards the top,
where small vascular bundles are also distributed [4], [46], [47], [48]. According to
Garcia [49], approximately 40-70% of the fibers are found in the outer part, while the
remaining 15-30% are distributed in the interior. As depicted in Figure 5, the higher
concentration of fibers in the outer portion of the culm walls enhances the rigidity of these
layers, serving as a mechanism to withstand the wind forces that bamboo is often

subjected to.

Figure 5 - Anatomy of bamboo and fiber distribution along its cross-section [50]

By analyzing the anatomical composition of bamboo culms, one can observe the
presence of fiber bundles oriented along the longitudinal axis within the internodes and
immersed in a lignin matrix [4], [51]. This fiber arrangement allows the plant to achieve
a tensile strength of up to 370 MPa [14], [52]. According to Ghavami et al. [53], the
superior tensile strength of bamboo, in comparison to other mechanical properties, is
attributed to the parallel orientation of fibers along the culm axis, resulting in a tensile
strength approximately 30% greater than the compression strength. However, at the
nodes, there is a decrease in the amount of fibers compared to the internodes, and the
diaphragms have even fewer fibers, leading to reduced properties such as tensile,

compressive, and shear strength.
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Furthermore, the modulus of elasticity parallel to the fibers varies based on the
culm's position as well, and within the same species, the tensile modulus surpasses the
compressive modulus. Concerning this property, values span across different species
from 8 GPa to 25 GPa [53]. The concentration of stresses at the nodes and their low
mechanical resistance is primarily due to the discontinuity of the section and the deviation

of fiber bundles [7].

2.2.5.
Durability and Treatments

Ensuring the sustainable use of bamboo in construction requires the adoption of
precautionary measures and proper preservation procedures. To safeguard the material's
properties, bamboo must undergo treatments to prevent insect and fungal attacks. The
plant is susceptible to attacks by the insect Dinoderus minutus, popularly known as
‘bamboo borer’, which is drawn to the internal starch and leads to culm deterioration. The
culms should be adequately dried, either through air drying or kiln drying, and stored
appropriately. Also, as a biological material, bamboo requires protection through designs
that shield it from weathering, such as constructing eaves and minimizing ground contact.
By integrating suitable construction practices with proper treatment procedures, the
lifespan of bamboo culms can be extended, making it a practical and environmentally-

friendly choice for construction projects.

For most species, the top portion of the culm exhibits higher durability than the
base and middle parts, which can be related to the increase in fiber content along the
bamboo's height whereas the starch reduces. The soft internal walls are more susceptible
to insect attack, especially in culms younger than one year. Additionally, when divided
into strips, bamboo becomes more vulnerable to deterioration than when preserving its

original geometry [6].

According to Lopez [6], bamboo treatment methods can be classified as physical
and chemical. The physical treatment, also known as curing, aims to remove or reduce
the starch present in the culms, thereby minimizing the attack from Dinoderus minutus
(bamboo borer). This low-cost method is traditionally used in rural areas and villages,
particularly in Asian countries. However, it does not guarantee protection against termite
and fungal attacks. Among the physical treatment methods, maturation or curing on-site,

immersion curing, fire curing, and smoke curing can be employed.
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On the other hand, chemical treatment can be categorized as temporary or long-
lasting, and it includes methods using oil-based, oil-soluble, water-soluble, immersion in
water-soluble salt solutions, or replacing sap with water-soluble salts [7]. Nevertheless,
it is crucial to consider the pollution associated with certain chemical methods, as many
of the substances used can be highly toxic. Such environmental damage contradicts the
ecological nature of using bamboo. Therefore, treatment methods should be carefully
considered as an integral part of the project planning.

2.3.
Bamboo-reinforced concrete

The investigation into bamboo's application in concrete structures began in the second
decade of the 20th century, led by Chow [54], who conducted tests on bamboo-reinforced
beams and columns during his thesis at the Massachusetts Institute of Technology. In
addition to Chow [54], several authors [4], [14], [15], [55], [56], [57], [58], [59], [60]
have studied the behavior of bamboo-reinforced concrete structures, exploring aspects
such as material adhesion, reinforcement anchorage, and the performance of columns and

beams, among others.

Although there are no national guidelines' for the design of concrete structures
reinforced with bamboo, one observes the use of bamboo splints as components for
structural elements in housing, particularly in the northeastern region of Brazil, known as
"bambucreto". Its utilization is directly linked to the abundant availability and
accessibility of this resource, which thrives in tropical and subtropical climates. However,
these constructions are often built without proper engineering design, highlighting the
need for discussions on standards capable of encompassing the analysis of structures that
combine more traditional systems, like reinforced concrete, with unconventional

materials like bamboo.

Bamboo can be employed in reinforcing concrete, as whole culms (with the tapered
geometry) or as splints achieved through the longitudinal splitting of culms. As discussed
further, bamboo can be used for elements such as beams, columns, or even as

reinforcement in slabs. Another approach for reinforcing concrete structures using

L It is important to highlight the establishment of the Brazilian standard ABNT NBR16828 Bamboo
Structures (Part 1: Design and Part 2: Determination of Bamboo's Physical and Mechanical Properties) in
2020, serving as a guideline for the utilization of bamboo as a construction material in structural
applications.
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bamboo involves creating bars by impregnating natural bamboo fibers into polymer
resins, as depicted in Figure 6 (a, b). This is an interesting alternative, both economically
and environmentally, compared to the use of inorganic synthetic fibers (such as glass or

carbon), which tend to be more expensive and environmentally impactful.

Javadian et al. [61] developed bars composed of bamboo fibers immersed in a
polymer matrix, intended for reinforcement in concrete structures, and conducted both
physical and mechanical tests on Dendrocalamus asper bamboo (central and basal
portions). Concrete beams reinforced with two and four bamboo bars were assessed in a
four-point bending test. Additionally, a material characterization was conducted to
determine the tensile strength, modulus of elasticity in tension, and flexural strength
(Modulus of Rupture - MOR) of bamboo. The outcomes underscore the potential of this
material as an alternative to steel bars or GFRP (Glass Fiber Reinforced Polymer) for

concrete structures, in terms of mechanical capacity and technical feasibility.

(b)
Figure 6 - Bars created with bamboo fiber impregnated into polymer resin for reinforced concrete
structures [61]: (a) Bamboo longitudinal and transverse reinforcement for concrete structures (b) Bamboo
tensile sample made with bamboo fiber impregnated into polymer.

2.3.1
Concrete-Bamboo Interaction

In the context of employing bamboo in construction, essential aspects to consider
encompass the moisture content, age, species, and node distribution. When incorporated
into a cementitious matrix, bamboo undergoes volumetric variations due to change in the
moisture content and, to a lesser extent, temperature variations [4], [14]. This critical
aspect demands careful examination in projects that involve the combination of bamboo
and concrete, as bamboo's expansion due to water absorption during curing may lead to

cracks in concrete, while its contraction after curing creates a zone of low adhesion.
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Strategies can be employed within the realm of bamboo utilization in construction,
including the application of waterproofing agents onto the bamboo, the use of concrete
with a rich mixture (lower w/c ratio) and rapid setting to prevent cracks, and the selection

of mature culms [7], [55].

Prior to the application of preservatives on the culms, it is essential for the bamboo to
undergo a drying process to ensure its moisture content does not exceed a limit
(approximately 15%) that may adversely affect its physical and mechanical properties
[4]. It is worth highlighting that this concern is not exclusive to natural materials; a similar
vulnerability is observed in conventional reinforced concrete structures with steel bars.
In a comparative analysis of the preservation status of steel and bamboo bars used in
concrete structures, Ghavami [4] presented documentation of a steel-reinforced column
within the Rio de Janeiro subway system that exhibited significant deterioration after 10
years of service (figures 7.a, 7.b). In contrast, bamboo bars used in a concrete beam on

the PUC-Rio campus and exposed to weathering showed satisfactory condition even after

15 years of life.

k! . oy P
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(a) (b)
Figure 7 - Comparison between preservation condition of bamboo and steel rebars used for reinforced
concrete structures.[4]: (a) Concrete beam reinforced with bamboo (b) Standard reinforced concrete
column.

In terms of material adherence, owing to the smooth surface of bamboo, research
studies [4], [7] suggest the sandblasting of bamboo culms or splints post-waterproofing
to enhance surface roughness and thereby promote adhesion between bamboo and the
matrix. The outer layer of bamboo is rich in cutin, a natural lubricant responsible for its
smooth and shiny appearance, which causes greater slip within the concrete matrix. It is
also recommended to utilize wires around the bamboo bars to modify the bamboo-

concrete contact surface, thus enhancing the bond stress. Ghavami [4] conducted pull-out
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tests on bamboo segments with and without nodes, indicating that the bond strength of
treated bamboo culms exhibited an average enhancement ranging from 50 to 90 percent
over the untreated material for the Negrolin-sand and Negrolin-sand-wiring treatments,
respectively. Notably, specimens with nodes showed over 50% higher bond strength
compared to those without nodes. Azadeh and Kazemi [62] highlight significant benefits
of corrugation in bamboo-concrete composites. Bamboo corrugation is proposed as a
strategy to interlock bamboo and concrete, aiming to enhance cohesion, skin friction, and
overall bond strength [62]. Corrugated bamboo strips also ensure an even distribution of
load transfer, optimizing load-bearing capacity. According to the authors [62], these strips
are practical for temporary structures, requiring no extra coatings or costs when integrated

into mortar or concrete.

Furthermore, Al-Fasih er al. [63] correlated the structural performance of concrete
beams reinforced with bamboo splints with the results from pull-out tests. As observed
by the author, the responses to the three-point bending test were closely linked to the
adhesive strength between concrete and bamboo determined through the pull-out test.
The adhesive strength of Bambusa Vulgaris Vittata (BV) samples (0.667 MPa), which
was nearly double that of Bambusa Heterostachya (BH) samples (0.345 MPa), led to a
twofold increase in the load capacity of BV beams during bending compared to BH

beams.

2.3.2.
Concrete Structural Elements Reinforced with Bamboo

2.3.2.1
Beams

The utilization of bamboo bars in concrete structural elements is particularly
enabled by bamboo’s high ratio of tensile strength to specific weight. Bamboo exhibits
satisfactory mechanical performance in constructions with low loadings and small spans
(up to approximately 3.5 m); nonetheless, certain distinct characteristics of bamboo can
influence its structural behavior. The presence of nodes in bamboo splints or culms leads
to a reduction in the tensile modulus of elasticity and consequently creates regions prone
to rupture without necessarily being areas of load concentration. In addition to potential
rupture, nodes also contribute to the development of wide-opening cracks in beam cross-

sections [11]. Muhtar [64] discusses the rupture in concrete beams reinforced with
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bamboo splints, attributing most crack patterns to bamboo slippage within the concrete

matrix.

As previously mentioned, Al-Fasih et al. [63] conducted three-point bending tests
on concrete beams (concrete compressive strength of 40 MPa) reinforced with bamboo
splints, for different species: Bambusa heterostachya (BH), Schizostachyum
brachycladum (SB), and Bambusa vulgaris vittata (BV). For the mechanical
characterization, tensile tests were performed for bamboo samples according to ASTM
D638, and also pull-out tests were carried out following ASTM C900 - ASTM Standard,
2013. For curved splints on one side, the authors achieved higher tensile strength results
ranging from 100 MPa to 250 MPa. In the three-point bending tests, performed for
concrete beams reinforced with Bambusa vulgaris vittata , specimens reached a load
capacity of approximately 63% of that obtained for concrete beams reinforced with steel

bars.

In a comparative study of bending behavior in concrete beams reinforced with
bamboo (BB), steel (SB), and rattan (RB), Adewuyi et al. [65] conducted three-point
bending tests on beams with the same reinforcement ratio and using steel stirrups. The
strength of bamboo and rattan bars was found to be approximately 13% and 45% of that
of steel, respectively, while tensile strength was 16% and 62% of steel's strength,
respectively. The stiffness of bamboo and rattan-reinforced beams was 32% and 13.5%
of that of steel-reinforced beams, with the flexural failure load being approximately 51%
and 21% of SB. After the first crack, the authors recorded a residual flexural strength of
41% for BB and SB, and 25% for RB, with the first crack load being 55% for BB and
30% for RB compared to SB.

Adewuyi et al. [65] attribute the research findings not only to the inherent tensile
strength of each material but also to the low adhesion at the concrete-bamboo and
concrete-rattan interfaces. The authors observed that the failure mode for both SB and
BB occurred due to shear, evidenced by diagonal cracks, while for RB, it was
characterized by vertical cracks in flexure. Finally, it is emphasized that the use of
bamboo bars to reinforce concrete beams should be reserved for lightweight structures
with lower loads, necessitating treatments to enhance adhesion zones and consequently,

load-bearing capacity.
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Sutharsana [66] performed compression and tensile tests on bamboo sticks to
characterize their mechanical properties, and then conducted bending tests on concrete
beams reinforced with epoxy-coated bamboo splints. The results demonstrated a 77.7%
increase in flexural strength of the bamboo-reinforced concrete compared to unreinforced
concrete. Therefore, from the bending tests, it was concluded that the use of bamboo can
enhance the load-carrying capacity of beams for the same dimensions. Nonetheless, the
stress-strain graphs indicate that bamboo's modulus of elasticity is significantly lower

than that of steel, emphasizing the need for prudent substitution.

It is noteworthy to compare these findings with the perspective put forth by
Harries et al. [13] on the poor structural performance of bamboo-reinforced concrete
elements in bending. The authors' key points are related to bamboo's lower modulus of
elasticity and tensile strength compared to steel, along with its brittle behavior in tension,
which renders it unsuitable as a direct replacement for traditional systems. They further
highlight the need for treatments to enhance adhesion and structural element durability.
According to Harries et al. [13], a concrete structure reinforced with bamboo must be
designed to work without cracks, leading to a significant increase in element cross-section

dimensions and a higher volume of concrete.

The arguments presented by Harries et al. [13] are supported in their research
through experimental work comparing four types of beams in a three-point bending test:
U beams (concrete only), S beams (concrete reinforced with steel bars and reinforcing
ratio pg = 0.0047), Bf beams (concrete reinforced with bamboo Phyllostachys aurea,
equivalent strength, and reinforcing ratio p; = 0.0208), and BE beams (concrete
reinforced with bamboo Phyllostachys aurea, equivalent stiffness, and reinforcing ratio
pg =0.0543). While the authors extend their arguments to both culms and splints, the tests
were performed using only the culms as reinforcement in Bf and BE beams. The results
indicated that bamboo-reinforced beams have higher structural capacity compared to
unreinforced concrete beams. However, when compared to beams reinforced with steel
bars, the performance, in terms of energy absorption, is about 8.17 times lower for Bf and

3.34 times lower for BE.

The failure modes of Bf and BE were characterized by brittle longitudinal splitting
and loss of continuity of section, respectively [13]. This study underscores the need to

explore methods to enhance the bonding between concrete and bamboo, as it directly
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influences the mechanical performance of structural elements. However, other factors,
such as bamboo's lower modulus of elasticity compared to steel, do not invalidate its
application in smaller-scale structures. Such applications contribute to advancing
sustainable construction practices and enhancing concrete structural performance.
Especially in areas lacking easy access to steel, this can be achieved by harnessing local

resources such as bamboo.

In terms of studies addressing the shear strength of concrete beams reinforced with
bamboo culms, the literature is limited, underscoring the significance of the current
investigation. Silva [21] presents findings on the replacement of steel in concrete
structures through the incorporation of bamboo stirrups. In addition to bamboo splints as
longitudinal reinforcement, the author employed Bambusa Vulgaris for the development
of stirrups in concrete beams. By cutting, selecting the outer layer, which contains a
substantial amount of fibers, and bending the bamboo into a pre-defined geometric shape,
pieces for bamboo stirrups were fabricated. While the analysis primarily centered on
establishing a correlation between theoretical design and experimental results, the study

did not explore the examination of crack kinematics.

Mark and Russel [20] conducted research on the utilization of various types of
shear reinforcement, such as bamboo and cane stirrups, for concrete beams reinforced
with bamboo in rural construction contexts. All the beams were subjected to four-point
bend tests and were designed to fail in flexural tension while also resisting shear failure.
However, during the study, failure mode due to flexural shear was observed in five out
of the sixteen beams, including those reinforced with bamboo stirrups, cane stirrups, and
steel stirrups. Moreover, occurrences of diagonal tension coupled with flexural shear, or
diagonal tension along with shear bond, and also concrete crushing combined with
flexural shear were noted. The authors concluded that shear capacity is heightened by an
increased amount of tension reinforcement and the incorporation of web reinforcement.
The concrete's strength significantly impacts both shear capacity and the concrete's failure
mode, as lower strength concrete tends to experience concrete crushing before reaching

full shear capacity [20].
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2.3.2.2
Columns

The mechanical performance of concrete columns reinforced with bamboo has
been investigated by researchers including Ghavami [4], Agarwal et al. [15], Sutharsana
[66], Salau et al. [67], Kaware et al. [68], Min Lei et al. [69], among others. These studies
have demonstrated the potential of bamboo as a substitute for steel in affordable housing
projects, particularly in regions where concrete is widely used but steel bars are less
available. Table 2 below provides a summary of the results obtained by some of the

aforementioned authors.

Table 2— Compression strength for concrete columns reinforced with bamboo splints and steel rebars

Bamboo Steel
Author Reinforcement Compression Reinforcement Compression
Ratio Strength (kN) Ratio Strength (kN)
Salau 1.42% 332 1.42% 428
Min Lei 2.56% 366.67 0.72% 493.33
Kaware 3% 366 1.6% 370
Agarwal 3% 315 0.89% 444

Experiments performed by Ghavami [4] present contrasting results for concrete

columns with circular cross-sections reinforced with bamboo splints of the
Dendrocalamus giganteus species and concrete samples reinforced with steel bars for
equivalent rectangular sections. The tests were conducted in accordance with Brazilian
standards and indicate that 3% of bamboo reinforcement treated with Sikadur 32-Gel
would provide performance comparable to conventional steel reinforcement in concrete
structures. However, it should be noted that the use of inputs such as the aforementioned
resin adds to the cost of reinforcement fabrication, a factor that demands careful

consideration.

Kaware et al. [68] conducted a comparative analysis in their study on concrete
columns with square, rectangular, and circular sections reinforced with Dendrocalamus
strictus bamboo splints and steel bars. The load-displacement and stress-strain curves of
the bamboo-reinforced column exhibited a pattern similar to the columns reinforced with
steel. However, to achieve satisfactory performance, the lateral dimensions of the
bamboo-reinforced columns were increased compared to the steel-reinforced ones.
Additionally, the author suggests a minimum width of 2 to 2.5 cm for the splints and
alternate positioning of basal and distal ends to achieve uniform reinforcement

distribution along the length of the structural element.



35

Salau et al. [67] investigated the load-carrying capacity, deflection, and failure
modes of concrete columns reinforced with bamboo splints and steel bars through
compression tests. The use of splints was found to enhance the load-carrying capacity of
the columns compared to unreinforced concrete, along with improving post-cracking
behavior. However, this enhancement is not as pronounced as observed with steel
reinforcement. According to Salau et al. [67], the increase in the volumetric ratio of
bamboo reinforcement for concrete sections does not necessarily correspond to an
increase in strength; it primarily contributes to enhancing the ductility of the section.
Additionally, across all the examined research, the failure mode of the columns was

consistently documented as concrete rupture.

2.3.2.3
Slabs

An interesting approach to utilizing bamboo can be achieved through the
idealization of structures that serve both as formwork and reinforcement for concrete
slabs. Ghavami [4] investigated the use of bamboo for this purpose and observed the
influence of the shear strength of the bamboo diaphragm on the ultimate load capacity of
the slabs. Despite the diaphragms establishing a positive interaction between bamboo and
concrete, their shear strength is not sufficient to prevent failure. Through experiments, it
was observed that most slabs initially failed due to debonding and rupture of the
diaphragm, followed by failure in the concrete compression zone. However, by using
connectors, the author recorded a nearly 200% increase in shear strength, resulting in an

enhanced load-carrying capacity.

Ismail et al. [70] studied the behavior of bamboo-reinforced concrete slabs by
conducting four-point bending tests to establish the load-deflection relationship. The
experimental work determined the failure mode, load-carrying capacity, and deflection in
the structure. The failure load was 33.77 kN for 2% reinforcement and 40.96 kN for 3.2%,
indicating an improvement in flexural response as the reinforcing ratio increased. In both
slabs, it was observed that cracks initiated at a certain distance from the supports in the
tensile zone, gradually enlarging until reaching the failure, at which point the cracks

propagated into the compression zone.

Concrete panels reinforced with a novel type of bamboo bar (rectangular splints

with semicircular grooves) were experimentally investigated by Mali and Datta [17], who
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reported a slight enhancement in the structural behavior of flexural slabs compared to the
conventional model with carbon steel bars. Although there is literature discussing the
deficient performance of bamboo reinforcements for flexural applications [12], [13], this
technique can be regarded as an advantageous solution in terms of both economic and
environmental aspects for low-cost constructions involving elements with low load

demand, such as roofing panels.

2.33
Structural Design

Despite the existence of standards for the design of bamboo structures at both
national and international levels, there is still a lack of direct guidance for calculating
concrete structures reinforced with bamboo. Given this gap in the literature, the use of
ACICODE-440.11-22 - Building Code Requirements for Structural Concrete Reinforced
with Glass Fiber-Reinforced Polymer (GFRP) Bars [71] - is herein suggested as a
reference for designing concrete elements reinforced with bamboo. The assumptions
presented in ACI 440.11-22 [71] align with the expected characteristics and behavior of

a concrete structure reinforced with bamboo.

Regarding the assumptions made in flexural design, it is assumed that the sections
remain plane (Euler-Bernoulli Theory), the maximum strain in concrete is 0.003, the
tensile strength of concrete is neglected, the behavior of reinforcement is linear elastic
until failure, and there is a perfect bond between concrete and the bar. For shear, it is
assumed that the transverse reinforcement has a low modulus of elasticity, low shear
strength, high tensile strength, and no yield point. Furthermore, the tensile strength in the
bent portions of the transverse reinforcement is considered significantly lower than in the
straight portions of the bars, and for calculation purposes, it is assumed to be 45% of the

latter.

Some studies employ the guidelines NBR6118 (Design of Concrete Structures -
Procedure) and ACI 318 (Building Code Requirements for Structural Concrete) for
designing concrete structures reinforced with bamboo, as both use the Euler-Bernoulli
theory for flexure [8], [21], [72]. Based on NBR6118, Tokuda [8] adapted a calculation
method for designing concrete structures with bamboo reinforcement and rectangular
sections subject to four-point bending. The author developed spreadsheets to obtain the

equivalent bamboo area for a given steel reinforcing ratio. Silva [21] proposed a design
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approach for concrete beams reinforced with bamboo, focusing on allowable deflection.
This recommendation stemmed from the concern that designing solely based on
allowable load could result in excessive deformations due to bamboo's comparatively low

Young's Modulus.

The reinforcing ratios used for concrete beams with bamboo vary between 1.25% and
8.33%, with the ideal percentage being approximately 3% for longitudinal bamboo
reinforcement [3], [4], [10], [21], [72]. Janssen [26] indicates that, beyond 4%, the
reinforcement percentage starts to pose practical difficulties due to the need for wider
cross-sectional dimensions. As a solution, inverted T-sections can be used, yet this
alternative highlights the practical challenges associated with utilizing bamboo as
reinforcement in concrete [26]. Silva [21] attributes a significant portion of the design
problems to the existence of various unknown variables, most of which are related to
stress distribution in the material. This leads to the use of an allowable stress lower than

the necessary stress to induce material failure [21].

Overall, a wide use of concrete guidelines (NBR6118, ACI318-14) has been observed
in the design of concrete reinforced with bamboo [8], [21], [72], [73]. Furthermore, a
hybrid methodology, proposed by Geymayer and Cox [14], suggests designing beams
neglecting bamboo reinforcement, treating the structural elements as plain concrete

without any form of reinforcement. In this case, the maximum tensile strength of concrete

corresponding to 8,/ f'. (psi) is assumed. This approach also proposes using a 3-4% rate
of splints as reinforcement to ensure a safety factor of 2 to 2.5. According to the authors,
the calculation of ultimate stress should be adapted to failure occurring due to detachment

between bamboo and concrete, rather than yielding of the reinforcement.

Several studies identified within the literature review suggest the use of ACI 440.1R-
15 / ACI CODE-440.11-22 as a calculation method for concrete structures reinforced
with bamboo [61], [74], [75]. Due to the structural similarities between bamboo and FRP
bars (both of which exhibit a brittle behavior), this particular standard will be adopted for
beam design within the scope of this study. Drawing a correlation between GFRP and
bamboo, Archila er al. [12] highlight that both materials share characteristics of
anisotropy, brittle behavior, and low shear strength. Since ACI CODE-440.11-22 does
not allow the use of GFRP bars to contribute to compression strength, the same should

be taken into account for utilizing bamboo. Additionally, in practical terms, during
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concrete casting, these materials tend to float, making the use of ties advisable to keep

the bars in place.

2.4.
Shear in Reinforced Concrete Structures

The lack of proper redistribution of internal forces during shear failure and its brittle
nature highlight the importance of accurate design with respect to this mode of rupture
for the safety of reinforced concrete structures. The approach used in design codes for
reinforced concrete members subjected to shear forces is traditionally based on the
analogy to the truss model developed by Ritter [76] and Morsch [77]. This theory
associates the behavior of a diagonally cracked simply supported beam (stage II) with
that of a truss with parallel and statically determinate chords, where both the
reinforcement and concrete work together to resist shear forces [78]. The concrete in the
upper part of the beam assumes the role of the compressed chord, the longitudinal steel
reinforcement corresponds to the tension chord, the inclined struts are formed by the
concrete compressed between the cracks (compressed diagonals), and the stirrups, with

an inclination that can vary from 45° to 90°, function as tie (upright or tension diagonals).

Discussions persist regarding the various models for shear design of reinforced
concrete structures, as addressed in Section 2.3.3. For renowned models such as Morsch
truss, ongoing debates exist regarding the assumptions adopted, such as the inclination of
the struts for truss modeling, given that tests demonstrate a different strut inclination from
the traditional 45°. Additionally, conditions assumed, such as parallel flanges and an
statically determinate truss, are simplifications since there is an arching effect in the upper
concrete flange and the truss is statically indeterminate (with a connection in the

compression struts).

Despite providing satisfactory results for Ultimate Limit State design, the Morsch
truss analogy has limitations for more sophisticated analyses [79]. Researchers have
explored a range of factors influencing shear strength of structural elements, leading to
the development of models tailored for beams subjected to simple bending, flexural-
compression, and flexural-tension [80]. In the case of flexural-tension, the commonly
used truss model becomes inadequate, as it does not directly account for the interaction
between various shear resistance mechanisms. Hirata [80] further highlights the size

effect, where larger-size elements (e.g. hydroelectric plants, viaducts, etc.) exhibit a
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significant reduction in the shear strength stress. However, since the experiments
conducted in the present study involve a three-point bending problem without axial load
application, theories predicting shear strength for beams in simple bending will be

discussed.

Podgorniak-Stanik [81] assessed the influence of concrete strength, distribution of
longitudinal reinforcement, number of stirrups, and structural element size on the shear
capacity of reinforced concrete. The author developed the Beta Method through an
adaptation of the Modified Compression Field Theory (MCFT) for estimating shear
strength in reinforced concrete elements. Other researchers have also explored MCFT,
using it as a basis to develop simplifying theories, as presented by Bentz et al. [82]. Villela
[79] applied MCFT to reinforced and prestressed concrete sections, computing the
contribution of concrete to tensile strength and the effect of the biaxial stress field acting

on concrete struts.

For concrete beams reinforced with material with stiffness lower than that of steel, as
seen with bamboo reinforcement, a reduced depth of the neutral axis is observed after
cracking. As emphasized by ACI CODE-440.11-22, the cracks are wider, and the
compressed region in the cross-section is smaller, resulting in lower contributions from
aggregate interlocking and compressed concrete compared to conventionally steel-
reinforced beams. The following section addresses the main mechanisms contributing to

shear strength in reinforced concrete beams.

24.1
Shear Strength Mechanisms

As will be further explained in section 5.1, different resistance mechanisms are
developed in concrete structures subjected to shear stress. The main contributors for the
shear resistance are: dowel effect, aggregate interlock, residual tensile strength of
concrete, inclined compression chord or arch action, and for beams with shear
reinforcement there is also a contribution from the stirrups. Several authors studied the
shear behavior of slender beams developing methods of calculus to predict the mechanism
acting in reinforced concrete elements. Cavagnis [83] approached the shear resistance
mechanisms for reinforced concrete members without transverse reinforcement. Resende
[84] investigated the shear mechanism for beams with and without steel fibers. Gomes

[85] conducted the analysis for reinforced beams with FRP stirrups and basalt fibers.
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Table 3 illustrates the primary studies and models used as a basis to calculate each

strength mechanism.

Table 3— Reference adopted for each shear strength mechanism.

Mechanism References

Empirical Models: Walraven and Reinahrdt [86]

Micro-mechanics: Walraven [87]; Ulaga [88];

Aggregate Interlock Guidotti [89]
Semi-empirichal: Li and Maekawa [90]; Resende et
al. [91]
Residual Strength Mechanical Model: Hillerborg et al. [92]

Empirical Models: Vintzeleou and Tassios [93];
Fernandez Ruiz et al. [94]

Dowel Effect
Mechanical Models: Cavagnis et al [95]; Resende

[84]; Vintzeleou and Tassios [93]; Lopez et al. [96]

Mechanical Models: Kani [97]; Lépez et al. [96];
Cavagnis et al. [98]; Cavagnis [83]

Compression chord / Arch action

Mechanical Models: Huber et al. [99] ; Campana et

Stirrup al. [100]; Lépez et al. [96]

The shear transfer mechanism may be developed by beam or arch action. Some of
the factors related to the prevailed mechanism consists in the shear span to effective depth
ratio (a/d). For a ratio a/d < 2.5, the beam is designed as deep beam and the arch action
becomes dominant. The arch action can be considered as a secondary physical
phenomenon and it contributes to load transferring straight to the supports. For slender
beams the ratio a/d is generally greater than 2.5 and the arching action can be disregarded.
In such cases Shahnewaz [101] states that the shear deformation could be negligible while
it must be taking into account for analysis and design of a deep beam. Moreover, Cavagnis
[83] points out that, when the critical shear crack develops below the theoretical

compression strut, the arching action starts governing.

Factors related to the flexural design and the capacity of shear transfer at the
diagonal crack such as the neutral axis depth, the presence of a compression zone and the
longitudinal tensile reinforcement ratio affects strongly the shear strength capacity of the
structural element [84]. In beams where shear force is the primary cause of failure, the

shear resistance mechanisms are directly integrated. For instance, lower longitudinal
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reinforcement ratio causes the cracks to exhibit greater depth and opening size, which

reduces the strength by dowel effect and aggregate interlock as well [102].

A relevant aspect for the shear strength of bamboo-reinforced concrete beams is
the bonding of the longitudinal reinforcement, which can cause the bars to slip along the
matrix and prevent diagonal failure to happen. According to Kani [97], for poor bond,
fewer cracks are generated and the crack spacing is larger. However, the poor bond was
surprisingly associated to an increase in the diagonal load-carrying capacity. Another
important issue for this research consists of the use of self-compacting concrete that
causes the shear strength of the beam to be lower than for a similar beam with vibrated
concrete due to the lower content and/or smaller maximum size of coarse aggregate that

this type of concrete typically has [103].

By using digital image correlation (DIC), one may use the crack geometry and
kinematics to elaborate mechanical models capable of describing and represent the shear-
transfer mechanisms that acts on the structural element. The shear transfer mechanisms
acting in a cantilever subjected to point load are illustrated in figure 8. Vg corresponds
to the aggregate interlock and it is developed by the contact in rough cracks, generating
normal and tangential stresses which allows for the shear forces transferring. By
integrating the stresses along the crack in the vertical direction one derives the shear force

Vagg

Figure 8 - Shear mechanisms acting in a concrete beam. [83]
The residual tensile strength of concrete, indicated by Vrgs, is described by

Cavagnis [83] as the capacity to transfer tensile stresses through the fracture process zone

of the crack. The crack inclination creates a component in the vertical direction for the
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normal stresses which represent the Vgs. Hillerborg [92] informs that the crack is
propagated as the stresses at the tip of the crack reaches the tensile strength, but when this
occurs the stress does not fall to zero immediately; instead, it decreases as the crack width
increases. Regarding the dowelling action (Vp), it is linked to the capacity of longitudinal
reinforcement to transfer shear forces across the crack when the flexural reinforcement
undergoes a transversal displacement. Dowel action is activated in cases when a critical
crack intercepts the compression reinforcement as well (Vp compr), but this contribution

was not considered in the present work.

Finally, the inclined compression chord (V) corresponds to the capacity of shear
transfer in the compression zone of the uncracked concrete above the tip of the critical
crack. It is possible to calculate V. from the shear transfer distribution along the cross-
section. For instance, Morsch [77] considered the cross-section in stage I, the concrete
with linear-elastic behavior and negligible tensile strength. From this assumption and
given the shear stress with parabolic distribution above the neutral axis and with a

constant distribution bellow the neutral axis, Morsch [77] derived Vc.

Cavagnis [83] obtained V¢ from the vertical section between the tip of the crack
and the extreme compression fiber of the concrete beam. Kani [97] described the
mechanism of diagonal failure for reinforced concrete structures. According to the author,
cracks start to develop well before reaching the allowable load and as the load is
progressively increased, the cracks expand in both width and length, signaling a reduction
in the area of the compressive zone. The concrete elements between two consecutive
cracks can be considered as a short vertical cantilever anchored in the compression zone
subjected to a horizontal force AT originated from bending (figure 9). This model is
applicable for reinforced concrete beams with bond and the highest compressive strain is

developed at the top fiber.
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Figure 9 - Short vertical cantilever anchored in the compression zone. [97]

Furthermore, for cases where the beam is reinforced with stirrups, there is an
additional shear strength mechanism. When the stirrup intersects the first and second
crack branches, the tensile stresses is activated providing shear strength Vs [104].
Therefore, beams with sufficient amount of stirrups can bear further load even after the
shear cracking, since the tensile stresses acting on the diagonal crack are redistributed to
the shear reinforcement [99]. Two main factors can influence the stress developed in the
shear reinforcement: the bond between the stirrup and the matrix, and the inclination of
the diagonal crack. The angle of the crack indicates the number of stirrups crossing the

crack; thus more stirrups are activated for smaller angles.
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3.
MATERIALS AND METHODS

3.1.
Overview of experimental program and preliminary design

Three different techniques for the shear reinforcement were tested for the beams
reinforced with untreated bamboo and then were compared to the performance of a beam
with no shear reinforcement (beam 06) and a beam with steel stirrups (beam 05). The
beam 02 was produced using discrete sisal fibers, beam 03 with bamboo stirrups (figure
2) and beam 04 with sisal yarn around the longitudinal reinforcement cage. As will be
discussed in following sections, it was necessary to apply a coating in the bamboo for an
effective beam action behavior. The treatment with castor oil and sand was applied for
the beams with no shear reinforcement (beam 07) and with sisal yarn (beam 08). Also, a
conventional beam with steel longitudinal and transverse reinforcement was casted (beam
01). Table 3 summarizes the experimental program, indicating the type of reinforcement

and the respective name of the beam.

Table 3 - Types of studied beam with their respective longitudinal and shear reinforcement.

Beam Longitudinal Reinforcement Shear Reinforcement
01 Steel rebar Steel stirrup
02 Uncoated bamboo Discrete sisal fiber
03 Uncoated bamboo Bamboo stirrup
04 Uncoated bamboo Sisal yarn
05 Uncoated bamboo Steel stirrup
06 Uncoated bamboo No shear reinforcement
07 Coated bamboo (castor oil + sand) No shear reinforcement
08 Coated bamboo (castor oil + sand) Sisal yarn

As mentioned in Section 2.3.3, the design of the beams was performed with reference
to ACI CODE-440.11-22 - Building Code Requirements for Structural Concrete
Reinforced with Glass Fiber-Reinforced Polymer (GFRP) Bars [71]. The initial step
involved calculating the flexural strength of the structure. With the flexural strength
established, a rate of 70% of this value was adopted for shear strength, and the beams
were designed to achieve this resistance. As recommended by Archila et al. [12], the
spacing of the bamboo bars center-to-center should be at least three times the diameter of
the culm to ensure proper concrete penetration between the voids. Hence, a minimum

vertical spacing center-to-center of 4 cm was adopted.
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The shear strength for beam 02 was estimated following the guidelines set by RILEM
TC 162-TDF [105], using the experimental results obtained by Castoldi [106] as a basis.
The shear strength is divided into the contribution portion from concrete (V) and the
contribution from fibers (V¢), calculated using expressions 1 and 2, derived from RILEM
TC 162-TDF. Furthermore, a comparison of the total shear strength was conducted by
combining the previously computed V. portion in accordance with ACI440 and the V¢

component derived from RILEM.

1
V, = [0.12k(100p;ffcx ) /s 4 0.150,,]by,d ?2)
Where:

kf = factor for taking into account the contribution of the flanges in a T-section;

taken as 1 for rectangular sections

1600-d . .
ki = (d in mm)
1000

bw = width of the web (mm)

k=1+ |=2 (dinmm)

pr=o"0= 3.20
Cep = % (N/mm?), taken as O for reinforced concrete
[

T¢ = 0.18. fgi 4 , Where fri4 is the nominal residual strength for Ultimate Limit
State (ULS), considering CMOD = 3.5 mm, and it was obtained from Castoldi [106] -
kaA’ = 042 MPa

The experimental load versus the expected load for beam 02 can be found in Table

4, and the calculation procedures are detailed in Appendix B.
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Table 4 — Expected versus experimental load for beam 02.

BEAM 02
Pexpectea shear: Pexperimental Failure Mode
ACI440.1R-15, RILEM TC 162-TDF 24.9
52.96 SHEAR
RILEM TC 162-TDF 59.6

3.2. Material Characterization

3.2.1
Concrete

3.2.2.2
Concrete Ratio Mix

The preparation of the beams was carried out using self-compacting concrete to
facilitate casting, especially given the reduced spacing between the bamboo stirrups and
sisal yarn as well, which would make the use of a vibrator challenging. The concrete mix
ratio is presented in Table 5 and was designed for a 28-day compressive strength of 30
MPa (fck). For each batch, a concrete volume corresponding to one beam and three
cylinders for axial compression testing was calculated, accounting for a 10% material
loss. The volume of each beam is 48.75 L, and each cylinder is 1.57 L, thus the mixture
was prepared using a 400 L capacity concrete mixer. The cement used was CPIII RS,
which has a higher slag content (70%) and is, therefore, more environmentally-friendly
compared to other commercially available types of cement. The other components
included crushed stone size 0, natural sand, reactive silica, and additives (superplasticizer
and multifunctional). Superplasticizer ADVA 753 and multifunctional Miraset 818 were

both provided by GCP Applied Technologies.

Table 5 - Concrete Mix

Material 1m3 of concrete
Cement 571
Silica 66.3
Sand 668
Aggregate 590
Water 300
Superplasticizer additive SP 2.47
Polyfunctional additive PL. 2.47
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3.2.2.3
Compressive Strength of Concrete

In order to obtain the strength of the concrete it was cast for each beam three
cylinders, each one with 10 cm of diameter and 20 cm of height. After a 28-day curing
process in the humid chamber, the cylinders were tested in the Controls machine (model
MCCS) with a load capacity of 2000 kN, at a rate of 0.45 MPa/s. The axial compression
tests resulted in strengths ranging from 29 MPa to 40 MPa, with a mean strength of 34.29

MPa. The results from the compression test are shown in Table 6.

Table 6 - Mechanical characterization of concrete in the compression test.

COMPRESSION STRENGTH (MPa)
BEAM | BEAM BEAM BEAM BEAM BEAM BEAM BEAM
01 02 03 04 05 06 07 08
CP1 - 27.3 34.6 31.9 33.0 30.9 39.4 39.9
CcP2 - 30.5 34.09 34.1 37.06 37.2 32.1 37.9
CP3 - 29.5 34.4 33.03 35.8 28.6 40.9 37.2
MEAN 29.1 34.4 33.03 35.3 322 37.5 38.3
3.2.2 Bamboo
3.2.2.1

Physical characterization of bamboo

To utilize the entire culm as reinforcement for concrete beams, the bamboo
species Phyllostachys aurea was carefully chosen due to its smaller diameter and high
strength. Originating from China and primarily employed in the furniture industry,
Phyllostachys aurea presents an interesting aspect regarding its workability when
bending into splints which facilitates the stirrup creation process. The specie belongs to
the monopodial bamboo group with creeping rhizomes that spread further in warm-
temperate and well-watered regions. Its culms feature between 2 and 10 (12) meters in
height and between 2 and 5 (7) centimeters in diameter [107]. The genera Phyllostachys
shows a wide industrial application and high value-added production, standing out from
bamboo panels for construction and house decoration to fiber extraction for paper-

making, agrotechnical shoot production, among other uses [108].
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In order to improve the material’s durability, the batch of bamboo was prior to the
purchase subjected to heat treatment in a chamber through direct flame. The physical
properties of bamboo were determined according to the Brazilian guideline NBR16828 —
Bamboo Structures - Part 2: Determination of physical and mechanical properties of
bamboo [109], which was written in accordance with the international guideline
[SO22157-1 Bamboo — determination of physical and mechanical properties — part 1:
requirements (ISO, 2004b). The bamboo characterization was performed for the bottom,
middle, and top parts of the culms, as recommended by the guideline. Six bamboo
samples from the internode were selected for each region of the culm. Table 7 presents

the values for moisture content and specific weight.

NBR16828-2 [109] establishes that the samples used for the moisture content tests
must be prismatic 25 mm large and 25 mm long with a width equal to the culm. However,
cylinder samples were adopted as suggested for the compression test. The height of the
cylindrical specimen was determined according to the bamboo's diameters: for an outer
diameter equal to or smaller than 20 mm, the height would be twice the outer diameter;
for larger diameters, the height of the sample should match the outer diameter. To

standardize the tests, a height-to-diameter ratio of 2:1 was adopted for all specimens.

The moisture content test concluded after reaching mass constancy, which
occurred 72 hours after the initial measurements. A precision scale with an accuracy of
0.01 g and a hot air chamber maintained at a temperature of (103+£2)°C were used.
Measurements were taken at intervals greater than 2 hours, 24 hours after the test began.
Mass constancy was determined when the difference between two successive

measurements was equal to or less than 0.01 g.

According to NBR16828-2 [109], the specific weight can be determined by
weighing (mass) and measuring the dimensions of the test specimen (volume). The
standard allows for other methods to obtain volume, such as immersion of the specimen.
Mass was determined using a scale with a precision of 0.01 g, and volume measurements
were taken using a digital caliper with a precision of 0.01 mm. Due to the irregular
geometry of the bamboo, three measurements were taken for the outer diameter and three
for the inner diameter. The average of the diameters was then calculated, and with the

height measurement, the volume of each sample was calculated.
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Table 7 - Physical properties of bamboo.

PHYSICAL CHARACTERIZATION
PROPERTY BOTTOM MIDDLE TOP
Moisture content (%) 13.7 13.3 12.6
Specific weight (kg/m3) 823 850 913

As observed in Table 7, the moisture content values decrease for sections closer
to the top part of the bamboo. This behavior can influence the material's mechanical
characteristics, as a lower moisture content leads to a reduction in culm volume, thereby
enhancing its mechanical properties. Several authors discuss the variation and influence
of bamboo's moisture content, indicating that it is higher in the internode region and the
inner part of the culms [5], [7]. Moreover, studies suggest that a moisture content range
of 10 to 15% is ideal for bamboo's use in construction [110], [7]. Overall, from Table 7,
an increase in the specific weight and a decrease in the moisture content can be observed

along the height of the bamboo.

3.2.2.2
Mechanical characterization of bamboo

In order to evaluate the mechanical properties of the bamboo, the procedures to
obtain the compression strength were adjusted based on NBR16828 [109]. As previously
mentioned, the Brazilian code specifies the dimensions of the samples, hence it was
adopted the ratio of 2:1 (height: diameter) for all the compression samples. The samples
were instrumented with strain-gauges along the fiber direction (longitudinal to the culm).
The maximum compressive stress supported by the bamboo samples was calculated using
expression 1.1, where Fiua 1s the maximum load supported by the sample and A is the

cross-sectional area. Figure 10 (a, b, c) shows the result of the compression test.

Fmax

Omax = (1.1)
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(b) (©
Figure 10 Compression samples from top, middle and bottom regions of the culm: (a) compression
samples prior to been tested (b) compression sample instrumented with strain-gauge (c) compression
sample after been tested.

The machine used to perform the compression test was EMiC Series 23 with a
30kN loading cell. NBR16828 [109] establishes the use of a device such as Teflon to
even out the surface of the samples. The procedure to obtain the samples consisted in
measuring and marking the required size followed by the application of tape onto the cut

section to protect the bamboo fibers during the cutting step.

Additionally, a new technique was developed for testing the tensile strength,
which involved using the entire culm of bamboo with its hollow and tapered geometry.
To prevent premature failure in tension tests, a technique similar to the one used by Sabbir
et al. [9] was employed. This involved spirally wringing the bamboo ends with galvanized
iron to ensure a secure grip and prevent slippage. While Sabbir et al. [9] conducted the
tests using splints, this research utilized the culm which is hollow, necessitating a strategy

to avoid local failure at grips. To do so, the inner part of the bamboo was filled with
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Sikadur. The procedures to prepare the samples for the tensile test can be seen in Figure

11.

(b)

Figure 11 - Sample preparation for tensile test.

The test was run in the MTS 311 machine at a displacement speed of 0.01mm/s,
the tensile strength was obtained from the hydraulic actuator, and the sample strain and
displacement were measured by the use of strain-gauges and displacement transducers
(LVDT), respectively. Figure 12 shows the tensile test set-up and a typical failure mode

for bamboo samples.
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(b)
Figure 12 - Tensile test set with displacement transducers: (a) Tensile test set-up. (b) Failure mode of the
bamboo sample in the tensile test.

By using this technique only 3 out of 8 specimens worked out. Typical results
were grip crush, node failure in the part reinforced with Sikadur, or node failure in the
internode of the sample (Figure 13). Previously to defining the method, different
procedures for the tensile testing of the bamboo samples were implemented, resulting in
unsuccessful outcomes or unfeasible procedures. Some of the techniques experimented
included the use of a steel pipe around the bamboo endings filled with Sikadur, for this
case a sliding of the pipe over the course of the test was reported (Figure 14). Also,
techniques using steel rebars inside bamboo endings filled with resin, and wrapped with

fiberglass or sisal fibers were investigated.
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(a)

Figure 13 - Failure modes for the technique employed: (a) node failure (b) node failure in the
grip part of the sample reinforced with Sikadur

(b)

(a)

Figure 14 - Techniques tried for tensile test: (a) slippage of the pipe in the grip (b) steel pipe for
protecting bamboo sample to be smashed by the grip of the machine.

As indicated by Table 8, for the mechanical properties, both the compression and
the tensile strengths were higher for the middle part. For the tensile tests, the failure
occurred as expected at the nodes of the bamboo, confirming the well-known weakness
of this region. To ensure a safe design for the beams, the strength of the bamboo to be
used must account for the nodes since the culm length used as reinforcement includes
their presence. Overall, bamboo presents a Young’s Modulus about 10 times smaller than
steel, which is confirmed by the data obtained in the tensile tests (Epamboo = 10.05 GPa).
The following graphs (Figure 15 — a, b) show the curves stress (MPa) versus displacement

(mm) for compression and tensile tests.
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Table 8 - Mechanical properties of bamboo.
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MECHANICAL CHARACTERIZATION

PROPERTY
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Figure 15 - Graphs obtained from compression and tensile tests: (a) stress (MPa) versus strain (mm/m)
graph for compression test (b) stress (MPa) versus strain (mm/mm) graph for tensile test.

Sisal fibers incorporated into beam 02 were sourced from the municipality of Valente

(Bahia), where they were gathered into bundles of long fibers. These fibers are derived

from the leaves of the Agave sisalana plant through a mechanical process known as

decortication [106]. As will be further explained, the fiber bundles underwent specific

procedures to render them suitable for their intended application. The mechanical

properties, as obtained from Castoldi [106], are presented in Table 9.

Table 9 - Physical and mechanical properties of sisal fiber. [106]

Physical and Mechanical Properties Sisal Fiber
Diameter [mm] 0.19 +0.03
Linear density [g/m] 1.3-1.4
Tensile Strength [MPa] 383.88
Young’s Modulus [GPa] 8.77
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Sisal yarn was used as transverse reinforcement for beams 04 and 08. Additionally,
the yarn was employed for tying the endings of bamboo stirrups, and for lashings
connecting transverse reinforcement with longitudinal bars. For the sisal yarn, Santos and
Cardoso [111] performed a physical and mechanical characterization of the material as

shown in Table 10.

Table 10 - Physical and mechanical characterization of sisal yarn. [111]

Physical and Mechanical Properties Sisal Yarn

Diameter [mm] 1.40-2.00

Linear density [g/m] 1.80 £0.05

Tensile Strength [MPa] 112.849.2
Young’s Modulus [GPa] 5.4+0.3

3.24
Castor Oil

Beams 07 and 08 were coated with castor oil that is sourced from an annual
oilseed crop - Ricinus communis [112]. The material utilized is a plant-based
polyurethane waterproof resin fabricated by the brand IMPERVEG, and it was used in

proportions of 1 part component A to 2 parts of component B.

3.3 Material preparation

3.3.1
Bamboo Stirrups

Due to its natural and irregular nature, the development of bamboo stirrups often
adheres to artisanal production standards, potentially posing challenges for large-scale
manufacturing. Nevertheless, it is conceivable that methods could be enhanced to render
their production more standardized and efficient. The procedures for the creation of the
stirrups are explained below. Also, Figure 16 illustrates the bamboo stirrup and the
assembly of beam 03. Thickness and width measurements for each stirrup are presented

in Appendix A.1.



56

(a) (b)
Figure 16 — Longitudinal and shear reinforcement used for beam 03: (a) bamboo stirrup (b)
assembly of longitudinal reinforcement with bamboo stirrups.

Some tools were developed at the Laboratory of Materials and Structure (LEM-
DEC) of PUC-Rio for producing the stirrups. First, it was necessary to remove the
bamboo diaphragms for then be able to cut the bamboo into strips. Figure 17 shows the
device created to cut the bamboo strips. Also, in order to bend the strips, a wooden mold
was fabricated with the stirrups’ dimensions fixed by nails. The next step involved heating
the bending parts of the stirrups to set the geometry and, lastly, the tips were tied together

using sisal yarn. These steps are described as follows.

Figure 17 - Cutting tool developed for the production of bamboo stirrups.
1) Cutting of the culms with minimum length of Im to account for losses during
the process of cutting into strips.
2) Drilling of the culm’s diaphragm.
3) Cutting of the strips using the tool shown in Figure 12.
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4) Leveling the thickness into an approximate value of 1mm with the use of a
thickness planer.

5) Production of molds in predefined measures to guide the bamboo stirrups’
geometry.

6) Bending of the stirrups according to the molds.

7) Usage of hot air blower to fold the geometric shaping of the stirrups. The
internal parts of the folded regions were heated to result in low loss of strength
as the inner portion of the culm is richer in starch and the outer richer in fibers.
This procedure prevented the fibers from being damaged by the hot air blower.

8) Removal of the stirrups from the molds, cutting of the ends and tying with
sisal yarn.

9) Numbering the stirrups and measuring the width and thickness for calculating

the respective mean area.

3.3.2
Sisal Fibers

A content of 6 kg/m3 of discrete sisal fiber was used for beam 02, as an alternative to
the use of stirrup as for beam 03. Figure 18 illustrates the fibers before and after been
prepared. To prepare the fibers, the following steps were adopted, as recommended by

Castoldi [106]:

1) Weighting of the necessary fiber content considering 15% loss.

2) Immersion of the fibers in water, at a 70°C temperature for a total of two hours.
3) Drying of the fibers at room temperature.

4) Fiber alignment with a comb.

5) Cutting the fibers to a length of approximately 5 cm using scissors.

6) Saturation of the fibers.
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(a) (b)
Figure 18 - Preparation of sisal fibers for beam 02: (a) continuous sisal fiber before been
subjected to the procedure to obtain the discrete fiber (b) sisal discrete fiber 50 mm long.

As observed for bamboo, the sisal fibers also present a hydrophilic behavior. This
characteristic leads to high water consumption for the preparation of the concrete,
resulting in workability issues. For this reason, the fibers were subjected to previous
immersion in water for complete saturation before mixing with the rest of the concrete.
The fiber content was adopted according to the results obtained by Castoldi [106], to

assure residual stresses.

3.5
Assembly of the beams

Bamboo presents inherent characteristics of its nature that need to be taken into
consideration when using it as reinforcement in concrete structures. One important aspect
is the tapering of bamboo, resulting from the difference between the larger and smaller
diameter at the ends of the culm. Therefore, when selecting bamboo to be used as
reinforcement, one should seek the culms with greater linearity and cut the straighter
sections. For each beam, reinforcements were utilized from both the top and the base
portions of the bamboo. It is important that the top region is not disregarded, as it contains

the highest concentration of fibers and, consequently, elevated mechanical properties.

Another relevant criterion in the selection and arrangement of culms as longitudinal
reinforcement consists of the nodes distribution along the beam. As this region is weaker,
it is crucial to avoid aligning nodes in the same cross-section to prevent chain failure of
nodes and abrupt beam rupture. In addition to alternating the position of nodes, an

alternation between the base and top of each culm was also adopted during the
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reinforcement positioning inside the formwork to achieve balance in the reinforcement

area at each section along the beam's length.

For each beam, six culms were used as longitudinal reinforcement divided into two
layers, resulting in an average reinforcement ratio ranging from 2.5% to 3%. Out of the
six culms, five originated from the bottom of the bamboo, while one was sourced from
the top. Additionally, two culms from the upper part of the bamboo were utilized for
construction purposes. For each culm, the maximum and minimum measurements of both
the inner and outer diameters were acquired across four distinct sections in order to derive

the nominal area of bamboo reinforcement (Appendix A.2).

For the assembly of beams 02, 04, 06, 07, and 08, construction stirrups made from
bamboo were employed. These stirrups were positioned at the beam's ends to maintain
the geometric conformation of the longitudinal reinforcement (Figure 19). The
components were crafted using the top portion of the bamboo selected due to its smaller
diameters and high fiber content. Holes were drilled at the bamboo segments for the
execution of the connections which were made with sisal yarn using the square lashing
technique [113]. The stirrup was tied to the longitudinal reinforcement using sisal yarn as

well.

(b)
Figure 19 — Construction stirrup used for beams 02, 04, 06, 07, and 08: (a) bamboo construction
stirrup (b) bamboo connection tied with sisal yarn.

For the beams produced with sisal yarn as shear reinforcement, the manufacturing process

was simplified by just wrapping tightly the yarn around the culms after they were placed
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in the right position. The tips of the sisal yarn were tied in a knot at the bamboo endings.
After the reinforcement assembly and material weighing, the concrete pouring process
followed. The casting was carried out in layers, and compacted using a rubber hammer
and a mechanical vibrator. Clamps were used at the edges of the formwork to ensure the
correct width dimension of the beam as they were casted. As discussed in section 2.3.1,
it is important for the bamboo to undergo treatment to enhance its adhesion to the matrix.
To further investigate this matter, Masson [114] conducted four-point bending tests on
beams and pull-out tests on concrete blocks using the following coating methods: (1)
sikadur-32 with sand, (2) castor oil with sand, and (3) no coating. The concrete had the
same mixture ratio as adopted in this research, and the bamboo used was of the
Phyllostachys aurea species, from the same batch as the material used in the present work.
Considering the results obtained from Masson [114] and prioritizing the development of

an ecological and feasible structure, it was chosen to use uncoated bamboo.

3.5.1
Coated beams

For beams 07 and 08, a coating using castor oil and sand was applied to enhance the
bond between the longitudinal reinforcement and the matrix. Initially, the outer surface
of the bamboo was manually sanded to remove the waxy layer that lowers the adhesion
of the coating. Special attention was taken to avoid the removal of the external fibers.
After sanding the culms, the resin was applied with a brush, followed by manual sand
spraying onto the culm's surface (Figure 20). As shown in Figure 20.b, the external
lubricant layer was removed from the bamboo through sandpapering. This is evident from
the contrast between the shiny outer surface on the right and the opaque surface on the
left. Similar to the previous models, an alternation between the base and top of the culms

was carried out as they were placed as longitudinal reinforcement.



61

(b) (©)

Figure 20 — Preparation of culms for use as longitudinal reinforcement: (a) Sanding the culm's surface to
create a rough texture (b) Removal of the external lubricant layer by sandpapering it, evidenced by the
contrast between a shiny outer surface on the right and an opaque surface on the left (c) Application of

castor oil and sprinkled sand around the culm.

After the application of the coating, a reduction in the free horizontal spacing
between the bamboo culms within the cross-section was observed, as the beam width,
reinforcement cover, and number of layers remained unchanged. To ensure that the
concrete penetrated the voids between the bamboo, a vibrating table was used, and the

concrete pouring was done in layers, gradually adding concrete from the sides. Clamps
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were also used to maintain the beam's dimensions. Figures 21.a and 21.b represent the

reinforcement with coated bamboo used for beams 07 and 08.

(b)

Figure 21 - Coated culms used as longitudinal reinforcement for beams: (a) 08 (b) 07

For the coated beams, the reinforcement was secured to the bottom of the
formwork to prevent it from floating during the concrete pouring process and to maintain
its original position. To achieve this, holes were drilled into the bottom of the formwork
at three positions along the length of the reinforcement. Wire hooks were used to secure
the reinforcements to the formwork. Figures 22.a and 22.b illustrate the process of

fastening the stirrup to the formwork.
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(b)
Figure 22 — Fastening of the reinforcement to the bottom of the formwork: (a) shear reinforcement tied to
the bottom of the formwork (b) formwork configuration to prevent bamboo from floating

3.6
Three-point bending test

The beams were set for a three-point bending test in a MTS machine with a 500
kN load capacity hydraulic actuator. The support plates were placed on rollers allowing
for rotation and longitudinal displacements as well. The tests were conducted in
displacement control at a rate of 1 mm/min. The shear span was analyzed through digital
image correlation (DIC), and a displacement transducer (LVDT) was also used to
measure the displacement at the load application section. The test started as the camera
was synchronized with the actuator, and it was concluded when no significant increase in
load-bearing capacity was registered. The results from DIC were used to investigate the

crack kinematics and the shear mechanisms.

The length of the beam is 1300 mm with a cross-section of 150 mm width and 250
mm height. To ensure the beam exhibits slender behavior and to avoid the arch effect, the
shear span was calculated to keep the ratio of a/d greater than or equal to 2.5; in which
‘a’ 1s the span between the load application section and the supports and ‘d’ is the
effective depth of the beam [102]. This assumption resulted in a shear span of 500 mm.
To force shear failure to occur on one side of the beam, the other span, which was 600
mm long, was reinforced with 6.3 mm diameter steel stirrups spaced 6 cm apart. A

schematic representation of the beam and the test set-up can be seen in Figure 23.
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Figure 23 - Set-up for three-point bending test and cross-section of the beam (dimensions in
mm): (a) beam reinforced with bamboo stirrup (b) general case.

f).i6g.i1tal Image Correlation (DIC) instrumentation

The displacement and cracking data of the beams were obtained using digital
image correlation (DIC). The specimens were prepared by first selecting the analysis
span, applying a white painting, and then marking the investigation points using a roller.
The criteria employed for determining the analysis point size were based on both the
camera's resolution and the specific region of interest on the beam. The camera utilized
had a resolution of 5 megapixels, and each analysis point needed to cover 4 to 6 pixels in
the images. As a result, the analysis was conducted using a red roller with a point size of
1.27 mm, corresponding to an analysis span ranging from 39 cm to 103 cm. After
preparing the beams, the camera was carefully positioned and calibrated to ensure proper
brightness and image sharpness for subsequent data analysis. Vic-Snap software was

utilized to capture images at 2-second intervals throughout the test duration.
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4. RESULTS AND DISCUSSION

4.1
Failure Modes and Crack Pattern

After performing the three-point bending tests in the beams with untreated
bamboo, it was observed that a dominant crack emerged vertically in the load application
section characterizing a failure mode by bending, as can be seen in Figures 24c, 24d, 24e
and 24f, respectively referring to beam reinforced with bamboo stirrups, sisal yarn, steel
stirrup and unreinforced. For specimen 02 though it was noticed the appearance of a shear
cracking. The vertical crack demonstrates the occurrence of the arch effect which can be

caused, among other factors, by the lack of proper bonding between bamboo and concrete.
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Figure 24 - Failure modes for tested beams: (a) 01 (b) 02 (c) 03 (d) 04 (e) 05 (f) 06.

In order to obtain the shear failure of the beams, the culms were then treated with
castor oil and sand to improve the bonding and allow for beam action to prevail. The
treatment resulted in shear failure modes, thus confirming the importance of treating the
bamboo to guarantee an efficient load distribution between the constituents. Figures 25a
and 25b correspond, respectively, to beams reinforced with sisal yarn and without

transverse reinforcement, both longitudinally reinforced with coated bamboo culms.

(a) (b)

Figure 25 - Failure mode and crack pattern for beams 07 and 08.

The beam inspections conducted after testing provided a deeper understanding of
the behavior of bamboo culms and other reinforcements employed. Figure 26 shows the
result for specimen 03, indicating a node failure at the inclined cracking, along with the
stirrup failure. This result is related to the stress concentration in the region of the nodes,
known for its comparatively lower mechanical strength, which leads to failure in that
particular area. Moreover, as previously mentioned, a displacement of the longitudinal
reinforcement was observed for the beams 04, 05, and 06 causing a concrete cover greater
than the value initially established (Figure 27). For beam 04, a horizontal displacement

was also noticed.
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(a) (b)

Figure 27 — Horizontal and vertical displacement on specimens 04 and 06, respectively: (a) 04 (b) 06.

DIC instrumentation allowed to measure the crack opening values, as well as the
cracking inclination (angle o) and the beams displacement. Moreover, other parameters
were obtained for the shear mechanism calculation, such as the sliding between faces and
the length of the critical shear crack. Figure 28 shows the use of DIC to measure the major
principal strain acting on beams 03 and 07, corresponding to the testing time t=980s
(V/Vmax = 0.91, after beam failure) and t=800s (V/Vmax = 0.74, after beam failure),
respectively. For the specimen 07, one observes the development of several small crack

opening in the vertical direction, obtained from DIC strain measurements.
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(a) (b)
Figure 28 - Strain measurements el [Lagrange] using digital image correlation (DIC): (a) beam 03 -
picture 490: V/Vmax = 0.91 (b) 07 - picture 400: V/Vmax = 0.91.

4.1
Load vs Displacement Curves

For untreated bamboo, the use of bamboo stirrups increased the load capacity of
the beams by 15.85%, the sisal yarn by 12.30% and the discrete sisal fiber by 1.32%. The
use of discrete fibers did not show an effective improvement in the load capacity, but
allowed for a better crack control. For treated bamboo, the improvement in the load
capacity for sisal yarn compared to the beam with no shear reinforcement was 17.90%.
The load versus displacement curves for all the beams tested can be seen in Figure 29.a,
while a comparison between the beams with sisal yarn reinforced with treated and

untreated culms is shown in Figure 29.b.

Load (kN)
Load (kN)

1 BEAMS ]
— 02 —— 04 —— 07

03 06 —— 08

1 l 1 l 1 1 1 1

0 4 8 12 16 20 24 ) 8 12 16 20
Displacement (mm) Displacement (mm)
(a) (b)

Figure 29 — Graphs of ‘Load’ versus ‘Displacement’ obtained from the three-point bending test: (a) graph
Load vs Displacement for all the tested beams (b) graph Load vs Displacement comparing the effect of
treatment (beams 04 and 08)
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As evidenced by the aforementioned graphs, despite bamboo demonstrating a
linear behavior under tension, the beams exhibit a pseudo-ductile behavior due to the
gradual rupture of the nodes induced by incremental loading. Additionally, another factor
potentially contributing to the peaks in the graphs is the slippage of longitudinal
reinforcement, leading to a reduction in load, followed by stress redistribution, and
ultimately an increase in load-bearing capacity. The drops in the curves are noticeable as

the culms slip along the concrete matrix.

For the treated beams, it was observed that the maximum load occurred at smaller
displacements compared to the untreated beams. As a hypothesis for this observation, the
application of a castor oil coating was found to contribute to safeguarding the bamboo
against water absorption and preserving its initial stiffness. This protective effect likely
assists in maintaining the integrity of the fibers, whereas untreated culms may be subject

to deterioration and possibly anatomical alterations.

;‘;(?ad Bearing Capacity

As detailed in preceding sections, the beam design adhered to the GFRP guideline
ACICODE-440.11-22 [71], with a shear strength set at 70% of the load required to induce
bending failure. However, despite this consideration, arch action predominated, resulting
in failure by bending. For beam 04, the consideration of the sisal yarn was analogous to
the bamboo stirrups, but considering mechanical and physical properties mentioned in
Table 7, section 3.2.3. The sisal yarn was transversely grouped into three bundles and
spaced at each 20 mm. Table 11 provides a comparative analysis of the theoretical and
experimental outcomes for each respective beam.

Table 11 - Ultimate load from three-point bending tests, expected loads calculated from design codes

NBR6118 (beam 01), RILEM TC 162-TDF (beam 02), and ACI CODE-440.11-22 (beams 03, 04, 05, 06, 07,
08) and failure modes.

BEAM Pultimate test [KN] |Pultimate expected [KN] - shear | Puitimate expected [kN] - bending Failure Mode
01 129.4 136.64 - SHEAR
02 52.96 59.6 96.0 SHEAR
03 62.10 35.55 92.55 BENDING-SHEAR
04 59.59 28.8 93.0 BENDING
05 56.36 65.55 90.0 BENDING
06 52.26 19.20 81.75 BENDING
07 49.11 23.40 108.6 SHEAR
08 59.82 31.80 118.5 SHEAR
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Significant differences between the expected and the actual ultimate load were
observed for specimens 03, 07 and 08 indicating a conservative bias present in the GFRP
guidelines that leads to an underestimation of beam shear capacity. The correlation V/Vey,
ranged from 0.48 to 0.57. However, for beams with failure mode by bending (SYB, 05,
06), Vi/ Ve was slightly improved: 0.62 — 0.64.

For the 01 specimen, comprised of conventional reinforced concrete where steel
was employed for both longitudinal and transverse reinforcement, the load prediction
followed the NBR6118? standards. As expected, the percentual difference between
expected and test result were noticeable low (V/Ve,= 0.95).

In the case of concrete reinforced with sisal fiber, it was found that the utilization
of the RILEM TC 162-TDF [105] method was applicable for load prediction (V/ Ve =
1.13), despite being tailored for steel fiber use . Additionally, the utilization of separate
portions, V. and Vi, considering ACI CODE-440.11-22 [71] was deemed inadequate for

estimating beam strength.

4.4
Shear Mechanisms

The following sections describe the methods used for calculating the shear
mechanisms acting on the beams. The analysis was performed for specimens 02, 07, and
08, since these beams presented the critical crack diagonally inclined, allowing for the
investigation of the shear mechanisms. Aggregate interlock, dowel effect, residual
strength, compression chord, arching action, and stirrup contribution were calculated
according to the script attached at the end of the thesis. The prediction theories adopted
assume characteristic values for the shear strength. Similarly to Cavagnis [83], in order
to discretize the shear critical crack in the DIC analysis, the shape of the crack was
represented by a polyline with points spaced at a maximal distance corresponding to 10

mm (aggregate size).

4.1.1
Aggregate Interlock

The model used for calculating the aggregate interlock is based on the contact density

model from Li and Maekawa [90] and takes into account the parameters u (friction

2 Brazilian guideline that specifies the requirements for the design and construction of conventional
reinforced concrete structures.
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coefficient) and k’ (constant related to the maximum compression stress borne by the
concrete in the direction o), which are derived from push-off tests. As a reference, the
results obtained by Resende [84] u = 0,6 and k’ = 12 MPa are utilized due to the use of
similar aggregate (gravel size 0) with comparable concrete compression strength (around

34 MPa). Moreover, the ratio r corresponding to the sliding divided by the crack opening

is calculated for each discretized segment (r = A/ w)-

The shear (7,,) and normal (0;.) stresses at the cracking surfaces are represented by the

expressions 2.1 and 2.2 below.

T

o, =792k far/czi_bg(l/r){cos@24 cos|0 + arctg(u)]}do 2.1
™

7, =792k far/cztg(l/r){cosez‘* sen[0 + arctg(u)]}do (2.2)

Solving the integral and applying the integration limits, one derives:

1024724

1/r2+1
o, = 95,04 x (r? + 1)12 % (63112 — 420) * (3.1)

L=+ D) B« 202+ D2 3r2«(r2 + 1)2 —4472(r?* + 1) + 231(r2 + 4)] =
(1-1/ ;) —1048576(r% + 1)™*  atan(1/,) + 1048576(r2 + 1)'* «

atan ( Vr? + 1/7~)} 20,04 (3.2)

4194304

. A
The normal and shear stresses (o,,7,-) are calculated according to the constant r = > of

each discretized segment and by using Equation 4, the aggregate portion Vg of the shear

strength is calculated.
Vag = b [ [ 7, sin(@) dl - [[ 0, cos(a) dz] o

With the width of rectangular cross section being = 150 mm .

For each segment along the crack length ranging from O to l.; , where w > we,, the shear
and normal stresses are calculated as well as the angle a. Subsequently, these values are

summed up to derive the total aggregate contribution V.
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Vag = by [( lim ¥, 7., sin(a) li) - (nlirlrgr Yi=o0r; cos(a) li)] (5)

n-ler

4.1.2
Concrete residual strength

The residual strength is a mechanism activated by the shear crack development in
concrete structures. Despite being disregarded by some researchers [102], [115], [116],
[117], in the present study, the residual capacity will be computed for crack segments
with w < wer. The method adopted for beams 07 and 08 follows Resende [84] approach,
where the assessment of residual strength of concrete Vi relies on the relationship

between normal residual stress and crack opening, as proposed by Hordijk [118].

From FIB Model Code 2010 [119], one derives the fracture energy Geracture, Wq
and w,,, allowing the calculation of the residual tensile stress g,.s of concrete. By
applying Equations 6.1 and 6.2 to each discretized segment of the critical crack, the

residual strength Vs is determined according to Equation 7.

for <1 ~08 <K>> Jif w< wy (6.1)
Wy
Ores = w
fet- (0.25 —0.05 <W—>>,if Wi S w S w, (6.2)
1
ler
Vies = by IO Ores- €OS (a) dl (7

For the concrete beam reinforced with discrete sisal fibers (SFB), residual strength
was computed according to the crack opening width of the discretized segment. A graph
of crack opening w versus residual stress 6res (Figure 30) shows the position of w, from
which it should be taken into account the residual strength from fibers (w > w,). Before
the intersection of the curves (fo < fris ), only the residual strength for plain concrete is

accounted.
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Figure 30 - Crack opening w versus residual stress s for plain concrete and fiber reinforced concrete.
[120]

Fib Model Code 2010 [119] was adopted in order to obtain the post-cracking
residual strength ( fzr, ). For linear model, fzr,, can be calculated using equation 8, where
fr1 1s the stress for crack opening of 0.5 mm (SLS) and fg5 is the stress for crack opening
equal to 2.5 mm (ULS). Figure 31 illustrates crack opening versus stress for a softening

material submitted to a bending test and the correspondent post-cracking model.

Wy

fFTu = fFTs - M(fFTs - O;SfR3 + O,Zle) >0 (8)
A A
oy c
fa ,
| £,
A .
E : O-kas'o-zflu
E i CMOD [mm] " i i R
CMOD,=0.5 CMOD,=2.5 —
(a) (b)

Figure 31 - Stress-crack opening graphs for fiber reinforced concrete (FRC): (a) typical results from a
bending test on a softening material (b) linear post-cracking constitutive law. [119]

In the aforementioned equation, the service residual strength is calculated as frrs=

0,45.fr1; fr1 and fg3 are defined based on graphs obtained in the three-point bending test
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of a notched prism and the crack opening w varies according to the discretized cracking
segment. Residual strength accounted with fiber contribution was calculated based on the
results presented by Castoldi [106], since the author utilized the same content of sisal
fiber used in the present research. CMOD of 0.5 mm resulted in fz;= 0,80 MPa and
CMOD of 2.5 mm led to fz3 = 0,54 MPa.

frru = 0,45.0,80 — 2% (0,45.0,80 — 0,5.0,80 + 0,2.0,54) > 0 (9.1)

frru = 0,36 — 0,0272w,, =2 0 9.2)

Given the post-cracking residual strength frr,, and the angle a of each discretized crack

segment, the contribution of fibers Vy;,can be computed as follows:

Veip = by fol” o cos(a) dl (9.3)

4.1.3
Dowel action

The dowel action was assessed using two distinct methods based on DIC analysis
of crack patterns. When a dowel crack was identified in the images, the Cavagnis et al.
[95] approach was applied. However, this method proved unsuitable for analyzing beams
without dowel cracks, leading to unrealistic and significantly larger results. In such cases,
the Cavagnis et al. [98] approach, which incorporates an equation proposed by Ruiz et al.
[121], was utilized. Furthermore, when dowel cracks were present, both methods
provided similar results. For beam 02 with discrete fibers, the model proposed by Resende
[84] was employed since Cavagnis et al. [95], [98] developed their methodology for

structures without shear reinforcement or fibers.

Cavagnis et al. [95] considers the mechanical behavior of the longitudinal bar as
a beam on an elastic foundation (concrete), with free span l¢a = la + dp where 1q is the
cracking due dowel action and dy is the bar diameter. This mechanism is activated by the
transverse displacement of the bending reinforcement that is quantified through the crack
developed along the longitudinal direction. An average of the culm diameters was used
to obtain dp values, resulting in dp = 19.5 mm, and 14 was measured by DIC for each image.
The beam deflection is approximated by a third order polynomial, using the vertical
displacement and rotations in the l4. edges (Figure 32). The polynomial constants were

determined by solving a linear system using the values of v(x) obtained through digital



75

image correlation (DIC) for positions x located at a distance xq = dp/ 2 outside the length

laa. Expression 10 is used to calculate the shear force carried by dowelling action.

crack D'
v

V.

—
=
—

D, rens

vix) = axi+bx’+ex+d

Figure 32 — Deflection of the longitudinal reinforcement in the proximity of the dowelling
action. [83]

_ 6..Epamboo-1 lga I I
Vdowel - lad® Vo — v t+ T(V otv 1) (10)
a

Where 7 is the number of bars and I is moment of inertia of the longitudinal bars
4 _p#

calculated as I = % for bamboo.

To calculate the embedded length of the bar in an elastic foundation, the Hetényi
[122] solution for the proportionality equation between the reaction (p) and the vertical
displacement (y) of the bar was employed, based on material characterization test results.
By considering a semi-infinite bar length and p = k®y, the following graph was generated.
The vertical axis is represented by the reaction force p per unit length along the semi-
infinite bar and the horizontal axis refers to the longitudinal position x along the bamboo

length divided by its outer diameter @ (Figure 33).
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Figure 33 - Graph of reaction force versus x/® considering a semi-infinite bar length generated for beam
08: (a) Distribution of force per length unit along the bamboo reinforcement subjected to Vd = 26 kN at
one edge (b) Length where tensile force acts: 1d = 1.10.

As indicated in Figure 33, the length (lg) for which the tensile force acts
corresponds to 1.1®. This length is used to calculate the dowel effect for the methods of
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Vintzeleou and Tassios [93] and Cavagnis [98]. Equation 11 recommended by Cavagnis
[98] allows the computation of the shear force Var, with fcier equals to (ky . fer). In this
expression, fcis the tensile strength of the concrete and ky is the smaller between the two

d—c

0.25
values 0,063, - 025 < 1 and 0.063( ) 0.25 < 1 , in which & is the flexural

We
reinforcement strain (bamboo strain) and w. is the opening of the critical shear crack

developed along the longitudinal reinforcement direction.
VdR = l’l.bef .fct,ef .ld (1 1)

The method proposed by Vintzeleou and Tassios [93] assumes a finite length for the bar,
with Vaowel Obtained by equating the total concrete compressive force Fcc (expression
12.1) to the tensile force F., resisted by the net width of the section b, at the reinforcement
level (expression 12.2). The appropriate dowel length for the bar was determined using a
similar approach as previously described, but with the consideration of finite length. In
this case, Equation 12.3 can be utilized, resulting in the same value as for semi-infinite

length 1a = 1.1D (Figure 34).
Fe = [,%pdx = 1208V, (12.1)

For = fctbnld (12.2)

_ 2V4B[sen(BL) cosh(Bx) cos(Bx’)—senh(BL) cos(Bx)cosh (Bx")]
p= senh2(BL)-sen?(BL)

(12.3)

with x* = (L-x).
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Figure 34 - Distribution of force per length unit along the bamboo longitudinal reinforcement using
methods proposed by Vintzeleou and Tassios [93] and Cavagnis [98].

The proximity between the methods proposed by Vintzeleou and Tassios [93] and
Cavagnis [98] is evident, yet the calculation proceeded using the approach outlined by
Cavagnis [98]. In summary, Resende [84] was employed for specimen 02, given its
application for fiber-reinforced concrete. As for the beams 07 and 08, methods developed

by Cavagnis [95] and Cavagnis [98] were applied, depending on the observed crack

pattern.

4.14
Compression chord and arching action

The compression chord or arching action was computed following expressions
stated by Cavagnis [83]. Segments with lengths up to 6 mm were discretized in the section
located above the tip of the critical shear crack. By using digital image correlation (DIC),
principal strains e; (major) and e2 (minor) were obtained along these segments from which
one derived the principal stresses 61 and 62. The following expressions (15.1, 15.2, 16)

were employed.
o, =E.&g (15.1)

6, =0,5¢ Ep&y > for (15.2)
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02 — E..&g) _ (16)

With: g, = _Weerr — anda = 0.5 + Leers + Teers”
EC.(a_l)(l—a) 20 1500
Two different models were proposed by Cavagnis [83] to calculate the parameter
fcetr. Considering post-cracked concrete, Cavagnis [83] recommends the use of
expression 17 shown below, while for uncracked concrete it can be adopted Kupfer’s
failure criterion (Figure 35). Kupfer’s failure criterion was adjusted to the strength
obtained from compression tests and the arching action was calculated for both methods
providing similar results. Finally, according to the cracking pattern it was chosen the
method that best fitted in the shear prediction (fcerr < fcx), represented by the bolded

values in Table 13.

1
feerr = fe-ggiiron, = Je o))

o)

fct = 3.36
fct = 3.36

fct = 3.36

|
i

¥

s

i
Afct = 13.01

9

-fc =37.5

-fc =37.5

\—[>01=0

Figure 35 - Kupfer’s failure criterion used to determine fc,eff for uncracked concrete.

After calculating the principal stresses with their respective orientations (6, and
60,), o1 and 62 were decomposed into the vertical direction (shear direction). The equation

provided below (18) was utilized to calculate the arching effect. Table 12 summarizes the
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results of arching action based on the two different methods of fcefr calculation for beams

02, 07 and 08.

VaIChing: Z 0'1561’19 * bv * lsegment + Z 0_ZCOSG * bv * lsegment (18)

Table 12 - Arching effect calculated for beam 02, 07 and 08 using Kupfer’s failure criterion and

expression (17), developed for fc st .

Arching Effect [KN]
Time (s) Kg,lftzl i :Za(nll;re N foarr 2 Veatcutatea (KN) Vexperimenta

pression (2) (1 ) (kN)

BEAM 02
540 9.01 7.55 22.94 21.48 28.27
620 3.74 3.28 25.29 24.83 29.54
680 - - - - 23.73
740 - - - - 20.97

BEAM 07
404 6.72 6.73 16.28 16.29 26.34
434 5.99 7.02 17.25 18.28 27.40
464 5.77 5.54 35.34 35.11 25.63
494 5.7 1.74 2411 20.15 26.11

BEAM 08
384 18.08 17.66 37.58 37.16 28.35
404 12.14 10.81 28.54 27.21 28.58
444 8.00 6.64 20.11 19.37 30.24
484 7.82 7.45 19.93 19.56 31.72
544 7.19 6.62 37.37 36.80 33.24

Furthermore, from VIC-2D, the direction of the experimentally measured

principal compressive strains at V/Vmax = 0.91 (picture number 222) were obtained for

beam 08 — Figure 36.a. Minor directions indicate the contribution of the direct strut to the

shear force transferring. Also, the major direction (stress strain) is represented for the

concerned beam at about 90% of the maximum load — Figure 36.b.
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(b)
Figure 36 - Strain field acting in beam 08 (picture 222: V/Vmax = 0.91) indicating the development of
tensile stress perpendicular to the crack formation and compression stress parallel to a direct strut: (a)
Minor Direction (b) Major Direction.

4.1.5
Stirrups

For beam 08, stirrup contribution was computed by using sisal yarn physical and
mechanical properties previously informed (section 3.5) and its bonding capacity was
estimated from Silva et al. [123]. Pull-out tests conducted for twisted arch fiber type were

used as reference, for curing age of 21 days considering that bond strength reaches its
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maximum capacity at 14 days with no further increment on strength for ages of 21 and

28 days. The diameter of the twisted sisal fibers used by Silva er al. [123] was

approximately 600 pm and the results shown an interfacial shear strength of about 0.70

MPa with corresponding slip of 0.83 mm.

The results obtained for all the mechanisms previously explained are presented in

figures 37, 38 and 39 with each mechanism indicated in Tables 13, 14 and 15 for beams

02, 07 and 08 respectively. As one can observe, the methods employed for beam 02

appear to accurately represent the experimental behavior of the beam — V/V., ranging

from 0.81 to 1.05 - whereas specimens 07 and 08 did not demonstrate a strong

approximation — V/V, ranging from 0.62 to 1.34.

LOAD vs DISPLACEMENT
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0 4
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(a)
Figure 37 — Behavior of beam 02 specimen in a 3-point bending test: (a) load versus displacement for
beam reinforced with sisal fiber (b) shear mechanisms acting on beam 02.
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SHEAR MECHANISMS - BEAM 07
EXPERIMENTAL AGGREGATE DOWEL

LOAD vs DISPLACEMENT PREDICTED RESIDUAL ARCHING
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Figure 38 — Behavior of beam 07 in a 3-point bending test: (a) load versus displacement for beam 07 (b)
shear mechanisms acting on beam 07.
SHEAR MECHANISMS - BEAM 08
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Figure 39 — Behavior of beam 08 in a 3-point bending test: (a) Load versus displacement for beam
08 (b) shear mechanisms acting on beam 08.
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Table 13 - Mechanism acting in specimen 02 with correspondent experimental shear load (kN).

BEAM 02
Time (s) | Vage | Vs VD tens Ve | XVengrespinoarcokN) | Vexperimental (KN) | Vi/Vexp
540 0.25 8.10 5.58 9.01 22.94 28.27 0.81
620 0.39 | 13.06 | 8.10 3.74 25.29 29.54 0.86
680 1.40 | 12.77 | 6.69 - 20.86 23.73 0.88
740 6.12 | 12.16 | 3.77 - 22.05 20.97 1.05

Table 14 - Mechanism acting in specimen 07 with correspondent experimental shear load (kN).

BEAM 07
Time (s) | Vaage Vrs | VDiens | Ve | XVengrespinoarcokN) | Vexperimenat (KN) | Vi/Vexp
404 0.086 | 472 | 476 | 6.72 16.28 26.34 0.62
434 0.382 | 2.04 | 8.84 | 599 17.25 27.40 0.63
464 10.56 | 2.19 | 16.82 | 5.77 35.34 25.63 1.34
494 0.114 | 0.098 | 18.20 | 5.70 24.11 26.11 0.92

Table 15 - Mechanism acting in specimen 08 with correspondent experimental shear load (kN).

BEAM 08
Time () | Vage | VRS | VDitens Ve | Vstimup 2 Veaicuwatea kN) | Vexperimental (KN)
384 0.14 2.35 16.88 18.08 0.13 37.58 28.35
404 0.81 4.69 10.37 10.81 0.53 27.21 28.58
444 1.59 0.92 8.62 6.64 0.98 19.37 30.24
484 2.2 0.69 7.85 7.45 1.37 19.56 31.72
544 19.15 0.63 7.38 6.62 3.02 36.80 33.24

As anticipated, the arching action gradually decreases as the load increases.

Notably, while beam 02 exhibited an increase in residual strength attributed to fiber
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contributions with the load increment, specimens 07 and 08 experienced a reduction in
residual strength and an increase in aggregate interlock. This phenomenon can be

explained by the development of larger-sized cracks.

The dowell effect is significantly influenced by the location of the critical crack,
as outlined by Cavagnis [83]. This research affirms that dowelling action is more
constrained when the crack develops farther from the end support, like for beam 02
(24.3% - 32.0%). Conversely, it becomes more pronounced when the critical crack is in

close proximity to it, as observed for beams 07 and 08 (29.2% — 75.5%).

Finally, due to the relatively low stiffness of sisal yarn, its contribution as a Viirrup
was limited. Nevertheless, as the crack widened, Vgimup increased, as expected. For an
accurate determination of the shear strength contribution from the transverse
reinforcement, a deeper understanding of its bond with the concrete matrix is essential,

thus requiring the execution of pull-out tests.
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6.
FINAL REMARKS

The present work formulated strategies for using bamboo in reinforced concrete,
particularly for low-rising buildings, focusing on the study of the shear behavior of the
structures. Among all the options tested, the use of sisal yarn has shown greater feasibility
as a building technique. The sisal yarn not only enhances strength but also offers the

advantage of being a less time-consuming procedure compared to bamboo stirrups.

Furthermore, coating the bamboo has shown to be mandatory in order to improve
its bonding with concrete, ensure an efficient load distribution and protect it from aging.
Nevertheless, proper care should be taken into preparing the bamboo before applying the
coating. It is suggested the use of castor oil since it is a more eco-friendly technique

compared to the use of Sikadur.

In addition to the challenges in quality control, bamboo is a non-dimensional
material. The irregular shape and varying sizes of unprocessed bamboo make it harder to
establish standardized design codes. However, it is urgent to develop guidelines that
address the utilization of non-conventional composite materials in the construction
industry. Although the use of ACI CODE-440.11-22 [71] can effectively estimate the
bending strength of beams, it has demonstrated a notably conservative tendency in shear

design, which is consistent with the findings reported in the literature review [124].

Regarding the shear mechanisms, a distinct dominant mechanism was observed
for each beam at the point of rupture. For beam 02 the residual strength was the major
mechanism acting on the structure, while for beam 08, aggregate interlock prevailed and
for 07 dowel action was the main contributor to resistant capacity of the beams. The sisal
yarn contribution, calculated as stirrup mechanism, increased as the applied load neared
the point of rupture. Nevertheless, due to its relatively lower rigidity, the sisal yarn's

impact on the beam's strength did not emerge as the prevailing mechanism.

In all cases, the compression chord or arching effect decreased during the process
of loading, playing an important role at load levels significantly lower than the maximum
load. Furthermore, a decrease in the residual strength was observed for beams 07 and 08,

correlating with the enlargement of cracks. Notably, specimen 02 exhibited a contrary
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trend, with an increase in the residual strength attributed to the activation of fiber
contributions in the post-cracking stage. Aggregate interlock relies strongly on kinematic

of the critical crack, being mobilized for higher crack opening and sliding.

The models derived from shear mechanisms, aimed at representing the structural
behavior, proved to be well-suited for beam 02. However, for specimens 07 and 08, a
deviation (V/Ve, ranging from 0.62 to 1.34) was observed between the expected and
experimental results. In general, the predictive constitutive models must be refined to
accurately capture bamboo's behavior and encompass the effects of shear-transfer actions,

thus accounting for minor variations when compared to the experimental results.

Finally, it is demonstrated the potential of bamboo for utilization in the AEC
(Architecture, Engineering, and Construction) industry. Bamboo culms can serve as a
sustainable alternative to steel for structural applications in low-rise buildings, with the
potential to support the local economy, reduce CO> emissions and address housing
challenges through feasible solutions. However, it is noteworthy that many bamboo-
related processes still rely heavily on manual craftsmanship. Therefore, there is a critical
need to automate and standardize the procedures involved in working with bamboo.

Suggestions for further work include:

- The use of a greener matrix such as utilizing recycled aggregates or replacing
the Portland cement with a geopolymer cement with lower (or zero) clinker content

should be considered.

- The interface and bonding between sisal yarn and concrete must be deeper

investigated through execution of pull-out tests, for instance.

- Techniques to improve frictional adherence of bamboo in concrete could be

explored, as well as ways to enhance strength at the nodes.

- Constitutive models adapted to bamboo's specific attributes, such as its tapered

geometry and hollow structure, must be considered in calculations.
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Appendix A:

In Appendix A.1, the width, thickness, and nominal area (Anominal) Of each stirrup
created are provided. Appendix A.2 presents the inner and outer diameters at the bottom
of the bamboo (D in, bottom and D; out, bottom), the outer diameters along two different
cross sections of the culm (D2 and Ds), the inner and outer diameters at the top of the
bamboo (D4 in, bottom and D4 out, bottom), as well as the mean inner and outer diameters
(Mean Diy and Mean Dour). Additionally, the average thickness (Average Thickness) and
the approximated area (S approximated) of the bamboo cross-section are specified. The
second row in the tables of Appendix A.2 indicates the measured culm, with "B" referring

to the bottom, "M" to the middle, and "T" to the top sections.

A.1 Bamboo stirrups characteristics

STIRRUPS
.N ’ Width (mm) Thickness (mm) Anominal mm?
stirrup
6.75 1.33
5.5 1.31
1 53 5.71 1.91 1.4875 8.49
6 14
5 _
5.7 2.26
4.2 1.5
2 53 5.14 1.49 1.705 8.76
5 1.57
5.5 -
7.2 1.24
6.2 2.06
3 7.24 6.7925 1.78 1.635 11.106
6.53 1.46
52 1.26
4.93 1.5
4 491 5.09 1.28 1.454 7.401
5.32 1.37
- 1.86
6.5 1.31
5.6 2.07
5 7.05 5.7725 1.6 1.624 9.37
3.94 14
- 1.74
4.3 1.06
4.08 2.11
6 513 4.604 136 1.528 7.035
4.02 1.08




5.49 2.03
6.76 1.27
6.94 1.68
7 6.09 6.2375 1.3 1.53 9.54
5.16 1.5
- 1.9
6.3 1.35
7 1.87
8 5.29 5.7325 1.96 1.81 10.38
4.34 1.75
- 2.12
6.69 1.17
7 2
9 5.95 6.484 1.1 1.49 9.66
6.25 1.05
6.53 2.13
6.1 1.17
5.15 1.6
10 5.85 6.26 1.49 1.415 8.86
7.2 14
7 -
7.76 0.89
5.9 2.12
11 7.61 7.126 1.75 1.386 9.88
7.36 1.18
7 0.99
6.05 1.6
6.91 1.3
12 5.76 6.455 0.9 1.475 9.52
7.1 2.1
7.78 1.27
8.68 2.2
13 7.45 7.8575 1.16 1.552 12.19
7.52 1.67
- 1.46
6.8 1.2
6 1.6
14 5.04 6.038 2.06 1.5425 9.31
6.9 1.31
5.45 -
6 1.33
4.66 1.7
15 4.8 5.656 1.14 1.352 7.65
7.06 1.24
5.76 1.35
5.96 0.75
6.75 2
16 5.94 6.472 1.3 1.47 9.51
6.5 1.19
7.21 2.11
5.1 1.15
17 59 5.668 02 1.222 6.93
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5.77 0.87
6 0.82
5.57 1.25
9.88 1.46
9.14 1.6
18 9 9.994 2.24 1.696 16.95
10.57 1.8
11.38 1.38
5.03 1.41
5.51 1.22
19 4.96 5.206 1.57 1.486 7.74
4.8 1.15
5.73 2.08
5.13 1.1
53 1.82
20 4.47 5.078 1.41 1.486 7.55
4.72 0.96
5.77 2.14
4.35 1.01
6.1 1.31
21 5.73 5.53 1.2 1.214 6.71
5.27 14
6.2 1.15
7 1.26
7.24 2.29
22 6.54 6.602 1.2 1.568 10.35
5.33 1.71
6.9 1.38
55 1.15
53 1.23
23 44 5.504 1.18 1.13 6.22
6.6 1.08
5.72 1.01
3.6 1.3
4.68 1.65
24 6.24 5.052 1.38 1.406 7.103
4.97 1.5
5.77 1.2
5.69 0.78
59 1.08
25 5.35 5.61 1.41 1.252 7.024
6.6 1.16
4.51 1.83
Total
Width (mm) Thickness (mm) Arominal mm?
Mean 6.067 1.48 8.96
Stirrups Used
Width (mm) Thickness(mm) Anoninal mm?
Mean 6.15 1.47 9.026




A.2 Bamboo Longitudinal Reinforcement
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BEAM 02
1B IIB 1B IVB IT IIT T IVT
Number of 7 7 6 3 6 7 7 7
nodes
D1 in, bottom | 14.61 14.53 13.17 8.97 11.68 1259 | 12.66 | 1392 | 1346 | 11.53
14.255 14.725 12.83 9.175 11.635 : 11.095
13.9 14.92 12.49 9.38 11.59 12.73 13 10.66
D1 out, bottom | 20.3 21.15 22.33 17.05 17.89 17.96 | 18.145| 1793 | 1886 | 15.34
20.025 20.975 215 17.53 18.28 : : 15.72
19.75 20.8 20.67 18.01 18.67 18.33 19.79 16.1
D2 18.71 19.75 21.14 16.48 15.6 16.84 15.57 13.77
19.03 20.075 20.515 16.78 16.125 17.295 16.185 14.04
19.35 20.4 19.89 17.08 16.65 17.75 16.8 14.31
D3 in, top 12.58 12.77 13.99 11.34 7.68 932 | 9572 9 939 | 8.09
12.25 12.875 14.035 11.48 8.425 : : 8.235
11.92 12.98 14.08 11.62 9.17 9.72 9.78 8.38
D3 out,top |17.48 18.82 19.7 15.08 12.24 143 | 1594 | 139 | 146 [1123] 116
18.175 18.935 18.9 15.67 12.795 : :
18.87 19.05 18.1 16.26 13.35 15.98 15.3 11.97
Mean Din 13.253 13.8 13.433 10.328 10.03 11.09 11.425 9.665
Mean Dout 19.077 19.995 20.305 16.66 15.73 16.86 16.55 13.79
S
approximated 0.000148 0.000164 0.000182 0.000134 0.000115 0.000127 0.000113 7.59165E-05
(m?)
S
approximated 147.883 164.431 182.103 134.223 115.404 126.662 112.561 75917
(mm?)
Average 5.824 6.195 6.873 6.333 5.703 5.77 5.123 4.122
Thickness
BEAM 03
24B 25T 20B 26B 21B 27B 27T 26T
Number of 8 8 6 1 7 9 9 8
nodes
D1 in, bottom | 1126 12.36 11.71 11.17 13.17 11.76 10.87 11.01
1225 11.755|13.32 | 12.84 | 12.1 | 11.905 | 12.61 | 11.89 |12.68]12.925] 12.82 | 12.29 | 1131 | 11.09 | 10.67 | 10.84
D1 out, bottom | 16.23 18.97 19.07 18.01 19.16 19.37 16.03 15.05
18.0217.125[17.93 | 18.45 [17.93| 18.5 |19.92] 18.965 | 18.96| 19.06 | 17.76 | 18.565 | 14.98 | 15.505 | 16.1 | 15.575
D2 17.34 17.77 18.12 18.49 19.29 18.04 12.97 14.8
19 | 18.17 [ 1697 | 17.37 | 16.81 | 17.465 | 17.55| 18.02 | 18.5 | 18.895| 169 | 17.47 | 1421 | 13.59 | 13.28 | 14.04
D3 19.65 15.61 17.56 16.61 17.87 16.36 12.44 13.08
18.83 | 19.24 | 14.76 | 15.185| 16.12 | 16.84 |17.42| 17.015 | 18.8 | 18.335] 16.91 | 16.635| 11.51 | 11.975| 11.5 | 12.29
D4 in, top 12.52 7.11 11.56 9.92 12.68 11.35 6.37 6.11
13.26 | 12.89 | 9.53 | 832 [10.62] 11.09 |11.22] 1057 |[11.97]|12.325] 10.8 |11.075| 6.64 | 6.505 | 6.5 | 6.305
D4 out,top | 20.11 13.63 15.05 15.65 17.41 15.17 9.36 9.48 | 9.94
19.81 | 19.96 | 153 | 14.465] 16.9 | 15.975 | 16.48 | 16.065 | 16.7 | 17.055] 16.05 | 15.61 | 9.85 | 9.605 | 104
Mean Din 12.3225 10.58 11.4975 11.23 12.625 11.6825 8.7975 8.5725
Mean Dout 18.62375 16.3675 17.195 17.51625 18.33625 17.07 12.66875 12.96125
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S
approximated
(m?) 0.000153153 | 0.00012249 | 0.000128393 | 0.000141926 | 0.00013888 | 0.000121661 | 6.52675E-05 | 7.4225E-05
S
approximated
(mm?) 153.1526873 | 122.4896422 | 128.3933722 | 141.9262501 | 138.8799459 | 121.6613907 | 65.26754581 | 74.2250315
Average
Thickness 6.30125 5.7875 5.6975 6.28625 5.71125 5.3875 3.87125 4.38875
BEAM 04
29B 22B 28B 23B 21T 25B 20T 24T
Number of 3 8
nodes
D1 in, bottom | 12.33 12.96 13.23 12.06 11.97 14.27 10.69 11.16
12.52 13.12 12.47 12.81 12.245 13.785 11.21 11.645
12.71 13.28 11.71 13.56 12.52 13.3 11.73 12.13
D1 out, bottom | 18.97 19.54 20.09 20.35 17.53 20.66 15.08 16.11
18.695 19.145 19.25 19.075 17.225 20.515 16.02 16.955
18.42 18.75 18.41 17.8 16.92 20.37 16.96 17.8
D2 19.2 19.45 18.88 16.27 16.53 20.22 15.89 16.2
18.76 18.795 18.2 17.44 15.97 19.975 14.89 15.535
18.32 18.14 17.52 18.61 15.41 19.73 13.89 14.87
D3 18.56 18.5 18.42 14.88 13.95 19.67 12.79 14.26
17.81 18.13 17.755 15.72 13.63 19.305 13.32 13.85
17.06 17.76 17.09 16.56 13.31 18.94 13.85 13.44
D4 in, top 11.24 12.46 10.91 9.96 8.42 13.39 7.49 8.14
11.655 12.095 11.41 10.6 7.95 12.74 7.965 8.65
12.07 11.73 11.91 11.24 7.48 12.09 8.44 9.16
D4 out,top | 17.52 17.71 15.85 14.1 12.16 19 10.97 12 |12.845
16.715 17.185 16.36 14.91 11.95 18.51 11.535
15.91 16.66 16.87 15.72 11.74 18.02 12.1 13.69
Mean Din 12.0875 12.6075 11.94 11.705 10.0975 13.2625 9.5875 10.1475
Mean Dout 17.995 18.31375 17.89125 16.78625 14.69375 19.57625 13.94125 14.79625
S
approximated | 0.000139575 | 0.000138579 | 0.000139434 | 0.000113703 | 8.94936E-05 | 0.000162841 | 8.04548E-05 | 9.10726E-05
(m?)
S
approximated | 139.574968 | 138.5790942 | 139.4342701 | 113.7030064 | 89.49359395 | 162.8410449 80.454849 91.07261732
(mm?)
Average 5.9075 570625 595125 5.08125 4.59625 6.31375 4.35375 4.64875
Thickness
BEAM 05
30B 32T 36B 37B 39B 31B 30T 31T
Number of
nodes 7 6 7 5 7 6 8 6
D1 in, bottom | 1459 12.04 11.76 10.85 14.16 10.67 12.81 10.8
1379 | 14.19 | 11.3 | 11.67 | 10.65| 11.205 | 9.95 | 10.4 |14.93|14.545| 11.51 | 11.09 | 12.24 | 12.525| 9.82 | 10.31
D1 out, bottom | 207 16.13 18.42 18.03 2091 17.96 17.28 14.41
19.71 [20.205| 15.07| 156 | 17.8 | 18.11 | 17.26 | 17.645 | 19.7 |20.305| 16.89 | 17.425| 1626 | 16.77 | 15.77| 15.09
D2 19.79 15.52 19.66 17.95 20.82 17.69 14.55 14.8
18.83 | 19.31 | 14.07 | 14.795 [ 20.71 | 20.185 | 17.01 | 17.48 | 19.3 | 20.06 | 16.41 | 17.05 | 15.71 | 15.13 | 13.39 | 14.095
D3 18.21 | 17.81 [ 13.91]12.985|17.32| 18.055 | 17.01 | 16.395 | 19.9 | 19.125] 16.88 | 16.175 | 13.42 | 13.045 | 13.21 | 12.54
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17.41 12.06 18.79 15.78 18.35 15.47 12.67 11.87
D4 in, top 12.58 8.72 10.29 9.87 13.36 9.98 7.18 7.42
11.86| 12.22 | 7.28 8 1136 ] 10.825 | 9.03 | 9.45 |12.31]12.835] 10.81 [10.395| 6.25 | 6.715 | 6.6 | 7.01
D4 out,top | 17.23 12.43 16.56 16.35 18.69 15.83 9.47 11.54| 10.85
1623 | 16.73 [10.85] 11.64 | 17.91| 17.235 | 1531 | 15.83 | 17.21| 17.95 | 1447 | 15.15 | 1039 | 9.93 |10.16
Mean Din 13.205 9.835 11.015 9.925 13.69 10.7425 9.62 8.66
Mean Dout 18.51375 13.755 18.39625 16.8375 19.36 16.45 13.71875 13.14375
S
approximated
(m?) 0.000132251 | 7.2628E-05 | 0.000170503 | 0.000145295 | 0.000147179 | 0.000121895 7.5131E-05 | 7.67825E-05
S
approximated
(mm?) 132.250773 | 72.62796728 | 170.5034924 | 1452953468 | 147.1785107 | 121.8947325 | 75.13095392 | 76.78253826
Average
Thickness 5.30875 3.92 7.38125 6.9125 5.67 5.7075 4.09875 4.48375
BEAM 06
35B 38B 32B 34B 36T 33B 34T 35T
Number of
nodes 7 7 7 9 7 7 8 5
D1 in, bottom | 95 12.73 14.04 11.96 10.54 11.63 9.92 10.32
9.39 | 9.445 | 14.48 | 13.605 | 13.23 | 13.635 | 10.7 | 11.33 | 11.11|10.825] 12.56 | 12.095 | 10.81 | 10.365| 9.35 | 9.835
D1 out, bottom | 16.25 20.96 19.54 18.06 1591 18.61 15.81 15.21
16.87 | 16.56 | 18.58 | 19.77 | 18.64| 19.09 | 16.35| 17.205 | 17.5 | 16.705| 17.42 | 18.015| 14.16 | 14.985| 14.02 | 14.615
D2 15.94 20.06 16.94 17.75 15.1 18.2 14.46 13.92
16.56 | 16.25 | 18.03]19.045| 18.14| 17.54 |15.98 | 16.865 | 16.6 | 15.85 | 16.78 | 17.49 | 12.87 | 13.665 | 11.97 | 12.945
D3 15.5 19.15 17.25 17.1 13.69 17.09 11.01 13.35
16.34 | 15.92 [17.68 | 18.415]15.98 | 16.615 | 14.74 | 15.92 | 1525 | 14.47 | 1541 | 16.25 | 11.75 | 11.38 | 11.94 | 12.645
D4 in, top 8.45 12.3 12.05 10.82 8.54 11.17 7.1 7.29
9.29 | 8.87 [11.02] 11.66 |11.33] 11.69 | 9.99 | 10.405 | 9.06 | 8.8 9.86 |10.515] 5.64 | 6.37 7 | 7.145
D4 out,top 14.4 17.8 15.1 15.36 12.15 16.13 8.98 11.8 | 11.19
15.25 | 14.825 [ 16.45| 17.125| 16.13 | 15.615 | 14.59 | 14975 | 13.25| 127 | 142 |15.165]| 1044 | 971 |10.58
Mean Din 9.1575 12.6325 12.6625 10.8675 9.8125 11.305 8.3675 8.49
Mean Dout 15.88875 18.58875 17.215 16.24125 14.93125 16.73 12.435 12.84875
S
approximated
(m?) 0.000132412 | 0.000146054 | 0.000106828 | 0.000114413 | 9.94762E-05 | 0.000119451 | 6.64558E-05 | 7.30501E-05
S
approximated
(mm?) 132.4122951 | 146.0538758 | 106.8277523 | 114.4133843 | 99.4762304 | 119.4511085 | 66.45581273 | 73.05010039
Average
Thickness 6.73125 5.95625 4.5525 5.37375 5.11875 5.425 4.0675 4.35875
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BEAM 07
40B 41B 42B 43B 44B 51T 52T 53T
Number of
nodes 7+1 7+2 6 8 8+1 7 6+1 6
D1 in, bottom | 1] 27 12.45 11.01 14.3 15.73 12.93 10.62 6.91
12.96 | 12.09 |13.89| 13.17 [11.92| 11.465 [13.37 | 13.835 [ 14.13 | 14.93 | 12.08 | 12.505| 10.15 | 10.385 | 7.64 | 7.275
D1 out, bottom | 13 08 20.11 19.78 21.87 22.67 18.76 16.38 16.32
19.81]18.945]18.74 | 19.425 [ 18.01 | 18.895 [ 20.58 | 21.225 [24.33 | 23.5 | 17.53 | 18.145| 1537 | 15.875| 15.14| 15.73
D2 19.51 19.27 19.66 20.81 21.56 17.23 14.82 14.74
17.83 | 18.67 | 18.05] 18.66 | 17.9 | 18.78 [21.86] 21.335 [20.74 | 21.15 | 16.16 | 16.695| 13.7 | 14.26 | 13.17]13.955
D3 19.63 16.94 19.52 21.78 19.81 15.14 3.35 12.91
17.56 | 18.59517.96 | 17.45 [18.28| 189 [20.58| 21.18 [21.03 ] 2042 | 16.16 | 15.65 | 122 | 7.775 | 11.43| 12.17
D4 in, top 12.8 11.3 13.23 14.29 14.64 9.4 6.81 10.45
11.09 | 11.945]12.17 [ 11.735| 12.4 | 12.815 [ 13.32] 13.805 [ 13.55 | 14.095| 8.54 | 897 | 7.89 | 7.35 | 11.25] 10.85
D4 out,top | 19.43 15.88 19.22 18.79 20.34 13.46 11.89 16.36 | 15.765
18.14 | 18.785]16.91 [ 16.395| 17.6 | 18.41 [20.28] 19.535 [ 19.03 | 19.685] 12.86 | 13.16 | 1071 | 11.3 |15.17
Mean Din 12.0175 12.453 12.14 13.82 14.513 10.738 8.868 9.0625
Mean Dout 18.749 17.983 18.746 20.819 21.189 15.913 12.3025 14.405
approxsimated
(m?) 0.000163 0.000132 0.000160 0.000190 0.000187 0.000108 5.71133E-05 | 9.84694E-05
approxsimated
(mm>) 162.6522842 132.187 160.254 190.402 187.200 108.317 57.113 98.469
Average
Thickness 6.73125 5.53 6.6063 6.999 6.676 5.175 3.435 5.343
BEAM 08
45T 46B 47B 48B 49B 50B 46T 47T
Number of
nodes 6 7 9 8 8 9 7 8
D1 in, bottom | 1343 14.06 15.09 13.6 14.3 12.24 11.59 12.9
12.59 | 13.01 | 13.79]13.925[13.89| 1449 [12.29] 12.945 [13.32| 13.81 | 13.34 | 12.79 [ 12.87 | 12.23 | 12.47 | 12.685
D1 out, bottom | 19 22 21.02 22.64 21.85 21.46 21.64 17.92 17.93
17.6 | 18.41 | 20.5 | 20.76 | 21.65| 22.145 | 20.25 | 21.05 | 20.23 | 20.845| 20.31 | 20.975| 16.29 | 17.105|17.16 | 17.545
D2 17.89 21.15 21.04 21.38 20.77 21.07 16.32 15.84
16.25 | 17.07 |20.18 | 20.665 | 20.67 | 20.855 | 19.83 | 20.605 | 19.49 | 20.13 | 20.17 | 20.62 | 14.53 | 15425 16.58 | 16.21
D3 16.4 20.36 19.67 21.04 20.05 19.82 13.49 13.86
14.84 | 15.62 |19.05]19.705 [ 19.34] 19.505 [ 19.22 | 20.13 [ 18.7 | 19.375] 18.98 | 194 [ 12.61 | 13.05 | 12.94] 134
D4in,top | 10.62 12.31 13.23 14.45 14.37 3.39 7.36 7.93
8.86 | 9.74 |13.57] 12.94 |12.98] 13.105 | 13.23 | 13.84 |13.07| 13.72 | 12.14 | 7.765 | 8.06 | 7.71 | 8.8 | 8.365
D4 out,top | 14.34 17.78 19.31 18.11 19.97 20.03 12.37 11.16 | 11.715
15.61]14.975]19.71 | 18.745| 18.4 | 18.855 | 20.2 | 19.155 [ 18.99 | 19.48 | 18.91 | 19.47 | 1046 | 11.415] 12.27
Mean Din 11.375 13.4325 13.7975 13.3925 13.765 10.278 9.97 10.525
Mean Dout 16.519 19.969 20.34 20.235 19.9575 20.116 14.249 14.718
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S
approximated
(m?) 0.000113 0.0001715 0.0001754 0.0001807 0.00016401 0.000235 8.13877E-05 8.3118E-05
S
approximated
(mm?) 112.688 171.467 175.414 180.717 164.012 234.863 81.388 83.118
Average
Thickness 5.144 6.536 6.543 6.843 6.193 9.839 4.279 4.193
Appendix B:

In Appendix B, to calculate the effective depth (d), the nominal area (A), and the
outer diameter (Dou) of each culm were utilized. Each area (A;), along with its respective
vertical coordinate y; (with respect to the axis at the bottom of the beam), was multiplied
and subsequently summed. This procedure enables the determination of the center of

gravity (C.G.) and, consequently, the effective depth (d).

Furthermore, for bending design the longitudinal reinforcement area (Ag),
longitudinal reinforcement ratio (pr), distance from the extreme compression fiber to
neutral axis at balanced strain condition (c») and nominal moment capacity (M,) are
calculated to obtain the ultimate load Pup. In the case of shear design, the ratio of depth
of neutral axis to reinforcement depth (k) and ratio of modulus of elasticity of Bamboo
bars to modulus of elasticity of concrete (nf) are employed to derive the nominal shear
strength provided by concrete (V) and shear resistance provided by the stirrups (V¢). The

sum of these values represents the total shear strength (Viotar).

Beam’s Design

Effective Depth (d) - Beam 03

Total Area: 806.503 mm? z Ay
A 153.1 122.4 128.
(1st layer) 23.15 2 8.39 16178.74
D out 18.62 16.37 17.20
A 141. 138. 121.
(2nd layer) 23 38.88 66 35228.86
D out 17.52 18.34 17.07
C.G.=63.74 mm d=186.26 mm
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BEAM 03
Bending:
£ B Load for
=l —ald| mo=af | d-PC
Ar e | [l: ‘e, ] Mo =4I n [" 2 J M,=17.48 | 0% O0fPus
806.503 mm? 2.89 % 40.49 mm 17.301 KN.m 86.38 kKN 23.98 kN
(design)
Shear:
I el 2= o A f,.d Load for V =
k=2 n +(,m) —p, ns v, 75\/@1\_(&{:) v = - Vioul 13,56 KN
0.124 0.306 815298 N 5407.72 N 13.56 kN 33'18. kN
(nominal)
BEAM 04
Bending:
3 B, Load for
=l —ald| mo=af | d-PC
Ar pr | [l: ‘e, ] Mo =4I n [" 2 J M,=1748 | 0% 0fPup
783.626 24.10 kN
mm? 2.70% 42.1035 17.478 kN.m 86.8 kN (design)
mm
Shear:
5 2 A f.d Load for V =
k =y 2png+(ppngy —pon, nr V. :g-\/?b\(kd) Vf =L ‘jh Vtotal (ialogli(N
0.122 0.312 8122.477 N 293772 N 11.06 kN 26'88. kN
(nominal)
BEAM 05
Bending:
£ B Load for
=l —ald| mo=af | d-PC
Ar pr | [l: ‘e, ] Mo =4I n [" 2 J M,=1748 | 27 0fPus
789.751 mm? 285% | 4022 mm 16.827 kN.m 84 kN 25.00 kN

(design)
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Shear:
A —_ L2 = A Sd Load for V =
k=2 +(pn, Y —pn, ng V. _Sﬁb"[kd) v, :T Viotal 24.50 kKN
0.123 0.301 7450.742 N 17047.094 N 24.50 kN 61.18 kN
(nominal)
BEAM 06
Bending:
£ B.c Load for
= —2—d| M, =A4,f, [dfﬂJ 3
A o s [l: +E, J =4 2 M,=17.48 70% of Puy
718.635 mm? 2.58% 40.430 mm 15.391 kN.m 76.30 kKN 21'34} kN
(design)
Shear:
- 2 —= A f.d Load for V =
k= flplnl +(pfnf. )" —p,n, nr I’L :g\/fb\(kd) V; _ A j‘f\ Vtotal 758 kN
0.120 0.316 7583.786 N 0 7.58 kN 17.64 kN
(nominal)
BEAM 07
Bending:
£ B Load for
= ——d| M, =4 f, |d-"Ct
Af pf c, [Em +£m ] M ff.fu [ 3 J Mn=1748 70% Of Pu,b
941.0133 mm? 3.36 % 40.573 mm 20.225 kN.m 101.36 kN 28'07. kN
(design)
Shear:
- 2 —= A f.d Load for V =
"(:\IZP:": +(pf"f' )" —pn; n¢ IVL. :g\/fb\(kd) Vf =_4 jf‘ Vtotal 914 kN
0.129 0.283 9139.33 N 0 9.14 kN 21.84 kN
(nominal)
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BEAM 08
Bending:
3 B Load for
¢, =| —=2—1d| M, =4rf, [dfﬂJ )
N o f [ e ] L =A,f : Mooi7as | 70%of Puy
1039.16 mm? 3.76% 40.017 mm 22.0287 kKN.m 110.6 kKN 3(353;1;1
Shear:
Load f/ V=12.17 kN
o 2= A fd
I S e Ve 7§\/Zb'*'(kd) V,= ISI Voot P(L—a) | GL
L 2
0.137 0.290 9382.50 N 2792.13 N 12.17 kN éifnf fg)
BEAM 02

Shear — Fiber Contribution (Rilem TC 162-TDF):

1600—d
kf ki= 1000 Tf b,, d Ve =0.7.kp. ky. 1. by d
1 1.414 0.0756 150 186.5 2093.34 N

Shear — Concrete Contribution (Rilem TC 162-TDF, ACI 440.1R-15):

k=1+ \/@ Ocp 1A n k=\pn,+(n,) —p,m, V.= %Jﬂ (kd)
2.04 0 31047.64N | 0333 0.134 12110.11 N
Viou (RILEM): 33.14 kN Vo (ACI 440.1R-15): 14.20 kN
LOAD (kN) 59.6 kN LOAD (kN) 24.9 kN




