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Abstract

The fast pace of development in many developing countries has led to an increased demand
for building and construction materials for housing and infrastructure projects. Reinforced
concrete is one of the most widely used building materials around the world. Unfortunately
the majority of developing countries lack the resources to produce their own steel. Steel is not
without alternatives. There is a material substitute that grows in the tropical zone of planet, an
area that coincides closely with the developing world: bamboo. Research that has been
conducted so far in the area of bamboo-reinforced structural concrete has demonstrated two
things. First, replacing steel with bamboo as a reinforcement system is technically feasible.
Second, up to now, no solution has been found for problems involving swelling, shrinking,

chemical and biological decomposition and thermal expansion of raw bamboo in concrete.

The primary aim of this pioneering research is to evaluate the suitability of a newly
developed bamboo-composite material for use as reinforcement for structural-concrete
elements. This thesis also focuses on novel methods to fabricate a bamboo-composite
material in an innovative way so that most of the inherent tensile capacity of the fibers is
retained. Furthermore, durability aspects such as water absorption, swelling, shrinking,
chemical resistance as well as challenges related to thermal expansion are studied and

evaluated experimentally through an extensive series of tests.

Bamboo Dendrocalamus asper from Indonesia has mechanical properties that are suitable for
composite fabrication. New relationships are proposed for estimation of mechanical
properties of bamboo Dendrocalamus asper through measuring only the culm diameter and
wall thickness after evaluating a total of 4,500 raw bamboo samples. These relationships are
useful tools for on-site estimation of the properties of bamboo culms without the need for
laboratory facilities. Of the two processing methods investigated in this research, the Bamboo
Veneer Composite (BVC) fabrication technique which offers higher mechanical properties
compared with the Bamboo Strand Composite (BSC) fabrication technique was chosen after
evaluating the mechanical properties of nearly 5,000 bamboo composite samples. The
ultimate tensile strength of longitudinal BVC reinforcement is found to be comparable to
ASTM A615 grade 60 with a minimum tensile strength of 420MPa, while the BVC stirrup
shows an average tensile strength comparable to ASTM A615 grade 40 reinforcing bar with a
minimum tensile strength of 280MPa. These values are obtained after investigating tensile

properties of close to 1,500 longitudinal and transverse BVC reinforcement samples.



Water-based epoxy coating and sand particles employed on the surface of around 500 BVC
reinforcements proved to be useful firstly, by protecting the BVC reinforcement against
potential chemical degradation in the alkaline environment of concrete and secondly, by
maintaining the bonding strength with the concrete matrix that is necessary for stress transfer
between the concrete matrix and the reinforcement. The longitudinal Coefficient of Thermal
Expansion (CTE) of BVC reinforcement and concrete are similar and thus no significant
longitudinal residual thermal stresses are developed within concrete beams during hardening.
The differential transverse thermal expansion of BVC reinforcement in concrete has been
mitigated by firstly providing a concrete cover of two times the thickness of BVC
reinforcement and secondly, by ensuring a good bond between the BVC reinforcement and
concrete. The transverse residual stresses developed at the interface of the concrete and
reinforcement caused by transverse expansion and retraction of the BVC reinforcement
during hardening do not result in observable tensile radial cracking around the reinforcement.
Therefore, the variation of transverse CTE values has no significant effect on the bonding
mechanism. Furthermore, exposures of nearly 500 BVC reinforcements to water and alkaline

environments do not show a significant change in physical and mechanical properties.

A total of 110 concrete beams are reinforced with BVC material as longitudinal and
transverse reinforcement. The BVC-reinforced concrete beams show ultimate failure loads
that are comparable to that of reinforced concrete beams with ASTM graded steel-
reinforcement bars. It is concluded that the newly developed BVC reinforcement system has
much potential for low-cost and low-rise concrete infrastructure where loading and

environmental conditions similar to those studied in this thesis are found.
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Zusammenfassung

Das unglaublich hohe Entwicklungstempo in vielen Landern des globalen Siidens hat zu einer
erhdhten Nachfrage nach Baustoffen fir Wohnungs- und Infrastrukturprojekte gefhrt.
Stahlbeton gilt als eines am weitesten verbreiteten Baumaterial der Welt. Den meisten
Entwicklungslandern fehlen jedoch die notwendigen Ressourcen und Infrastrukturen, um
ihren eigenen Stahl produzieren zu kdnnen. Stahl ist nicht alternativlos. Es gibt ein Material,
das in den tropischen Zonen unseres Planeten wéchst, eine Region, die deckungsgleich ist mit
vielen Entwicklungslandern - Bambus. Bisherige Forschungen, die den Einsatz von rohen
und unbehandelten Bambusteilen in Betonanwendungen angedacht haben, zeigen zwei
Dinge. Erstens ist der Einsatz von Bambus als Armierungssystem in Betonanwendungen
technisch maglich. Zweitens wurden bis dato keine Ldsungen gefunden im Umgang mit
Schwellen, Schrumpfen, chemischer und biologischer Zersetzung sowie der thermischen

Ausdehnung von rohem und unbehandeltem Bambus in Beton.

Das Hauptaugenmerk der vorliegenden Forschung ist die Nutzbarkeit von neuartig
entwickelten Bambus-Kompositmaterialien als Bewehrungssysteme in tragenden Betonteilen
zu evaluieren. Die Arbeit beschéaftigt sich ebenfalls mit Methoden der Herstellung eines
neuartigen Bambus-Kompositwerkstoffs unter besonderer Beobachtung und Erhaltung der
den Bambusfasern inherenten Materialeigenschaften, insbesondere der hohe Zugfestigkeit..
Desweiteren werden die Dauerhaftigkeit, insbesondere die Wasseraufnahme und das damit
verbundene Quellen und Schwinden sowie die chemische Widerstandsfahigkeit und

thermische Ausdehungen untersucht und experimentell evaluiert.

Fur die Herstellung des Komposits hat sich im Rahmen dieser Arbeit Bambus der Art
Dendrocalamus Asper aufgrund der guten mechanischen Eigenschaften als geeignet
erwiesen. Es werden neu entwickelte Zusammenhdnge vorgestellt mit denen eine
Abschétzung der mechanischen Eigenschaften von Bambushalmen der Art Dendrocalamus
Asper durch Messen von Halmdurchmesser und Wandstarken ermdglicht wird. Damit
koénnendie Materialeigenschaften auf einfache Weise und ohne Zugang zu Priiflaboren in situ
abgeschatzt werden. Im Hinblick auf die Kompositherstellung werden in dieser Arbeit zwei
Methoden untersucht und vorgestellt. Zum einen die Bambusfurnierkomposite (BVC) und
zum anderen Bambuskomposite aus gespaltenem Bambus (BSC), wobei die

Furnierkomposite deutlich hthere mechanische Eigenschaften besitzen. Die Zugfestigkeit
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von L&gsbewehrungsstdaben aus BVC ist vergleichbar mit Bewehrungsstahl A615-60 gemal
ASTM mit einer Mindestzugfestigkeit von 420 N/mm? und die Mindestzugfestigkeit der aus
BVC gefertigten Bligelbewehrung entspricht der von Bewehrungsstahl ASTM A615-40 und
betragt 280 N/mm?. Als Beschichtung der Bewehrung hat sich Epoxidharz auf Wasserbasis in
Kombination mit Sandpartikeln als geeignet erwiesen zum einen die Bewehrung vor
chemischer Zersetzung im alkalischen Milieu des Betons zu schiutzen und zum anderen um
einen dauerhaften Verbund zwischen Bewehrung und Beton sicher zu stellen. Weiterhin
konnte festgestellt werden, dass die thermischen Dehnungen in Lé&gsrichtung der
Bewehrungsstabe identisch mit der des umgebenden Betons ist, wodurch beim Karbonisieren
des Betons keine Zwangsspannungen bei  Temperaturdifferenzen  entstehen.
Temperaturdehnungen quer zur Faserrichtung der Bewehrung wurden im Rahmen dieser
Arbeit durch das Einhalten einer Mindestbetondeckung der Bewehrung von zwei
Stabdurchmessern und durch Sicherstellung eines guten Haftverbundes zwischen Bewehrung
und Beton eingeschréankt. Die aufgrund dieser Temperaturquerdehungen vorhandenen
Spannungen haben keinen signifikanten Einfluss auf das Verbundverhalten von Bewehrung
und Beton wéhrend des Karbonisieren und es konnten keinerlei radial verlaufende Risse an
entsprechenden Probekdrpern festgestellt werden. Versuche zur Bestimmung des Einflusses
von alkalischem Milieu und Wasserlagerung der Kompositbewehrung konnten zeigen, dass

beides keinen Einfluss auf die mechanischen Eignschaften hat.

Die hier gepriiften und mit Lags- und Bugelbewehrung bewherten Betonbalken zeigten im
Versuch eine deutlich hohere Steifigkeit und Tragfahigkeit als unbewehrte Betonbalken.
Dabei konnte festgestellt werden, dass Bewehrung aus dem hier neu entwickelten Bambus-
Kompositwerkstoff insbesondere fir den Einsatz in Kkostengiinstigen ein- bis
zweigeschossigen Gebéduden, wo die Lastannahmen und &usseren Einfllisse ahnlich sind wie
in der vorliegenden Arbeit beschrieben, den ublicherweise verwendeten Stahl als Bewehrung

ersetzen kann.
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1. Introduction

Newly developed bamboo composite materials as reinforcement systems in structural
concrete have the potential to revolutionize the concrete building sector, which has not
changed significantly over the past 100 years. Steel reinforced concrete has become the most
common construction material worldwide. This is because for decades, human beings have
developed the technology to gain unrestricted access to a wide range of resources, including
sand, limestone (cement), and iron ores. Today, we know that some of these resources are
finite. In addition, very few developing countries have the ability or resources to produce the
construction materials they need, forcing them into an exploitative import relationship with
the developed world. For example, out of 54 African nations, only two produce steel in
recognizable amounts (World Steel Association 2015). Most developing countries in the
world compete in the global marketplace for this increasingly expensive and seemingly

irreplaceable material.

Steel is not without alternatives. There is a substitute material that grows in the tropical zone
of our planet, an area that coincides with location of many developing countries — bamboo.
Bamboo belongs to the botanical family of grasses and is extremely resistant to tensile stress,
and is therefore one of nature’s most versatile plants. The research described in this thesis
focuses on developing an alternative for steel reinforcement in concrete applications. This
provides many advantages while addressing questions of social equity (value chains),

affordability, weight, corrosion and strength.

1.1. Background
Between 1950 and 2016, the world population tripled and stands momentarily at 7.5 billion
people. It is expected to increase further to 11 billion people by 2100, according to the United
Nations Population Division ((UNDP) 2015). Much of this increase will occur in countries in
the developing regions, mostly in Africa and Asia. According to the World Bank, developing
countries are classified based on Gross National Income (GNI) per capita per year (World
Bank 2016). Countries with a GNI of US$11,905 and less are defined as developing
countries. These countries face many challenges in meeting the demands of their growing
populations in the areas of housing, infrastructure, transportation and energy. Relying on
finite non-renewable resources based on traditional technologies and without forward
thinking do little to help governments tackle these challenges in the 215 century. To house

such an increase in the world population, it is now already clear that non-regenerative
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resources such as sand, gravel and metals cannot be the answer to address the challenge of

finding appropriate building materials for the future.

Iron can be used as an exemplary case study. By the end of the 19t century and the beginning
of the mass industrialization era in Europe and North America, iron became the most
valuable resource; steel was used to make machinery and infrastructural elements such as rail
systems, trains, ships, cars and housing (Offer 1993, Harrison 2005). Steel was produced
from iron by removing impurities and adding carbon to make it stronger and more durable
than cast iron (Zervas, McMullan et al. 1996). Steel replaced iron in almost all applications in
the early 20" century due to its cheap production price, abundant resources and rapid

development in a competitive global environment.

The fast pace of development during the industrial revolution led to excessive exploitation of
natural resources which continued and further increased by the mid-20t" century for the post
World War Il rebuilding of major cities worldwide. During this time, the demand for coal,
iron ore and steel was very high. Most of the countries with ample natural resources had to

increase supply to meet the booming demand.

Through technological innovations over the last decades, the production cost of steel has been
dramatically reduced. By the end of the 20" century, steel became the most widely used
metal on earth. It was extensively used in the construction of low- and high-rise buildings,
harbors, airports and railways; in production of new cars, trucks, ships, trains and airplanes;
and in the majority of household appliances such as fridges, washing machines, sinks and

ovens (Liang, Dong et al. 2016).

The World Steel Association (WSA) expected global steel consumption to grow by 1.4% in
2016 (World Steel Association 2015). It also indicated that the world’s steel consumption
would increase to 2,500 million tons per year by 2050. Considering such demand, its

environmental consequences and economic impact need to be evaluated.

In terms of environmental consequences, the high rate of exploitation of iron ore for steel
production in the long term will lead to the depletion of a natural resource which is finite and
limited in quantity. Furthermore, steel production is energy intensive and also responsible for
the emission of large amounts of greenhouse gases. Producing a ton of finished steel products

requires up to 16GJ energy, and the manufacturing process releases approximately 1.8 tons of



carbon dioxide into the atmosphere, according to the International Energy Agency (IEA)
((IEA) 2007).

Furthermore, mining the earth for large volumes of raw materials for the steel producing
industry may potentially result in widespread deforestation and loss of top-soil, which is
essential for agriculture and plant growth (Brown 1984). Deforestation and soil erosion
severely affect the environment by destroying landscapes, forests and wildlife; eventually this
changes the biodiversity of the surrounding flora and fauna (Kitula 2006, Sonter, Barrett et al.
2014).

The high demand for steel also poses short-term and long-term economic challenges for steel
exporters and importers worldwide. Coal and gas resources are finite and non-renewable.
Price fluctuations of steel and finished steel products affect major steel importers. For
instance, in 2015, China’s raw steel production slowed down for the first time in 35 years,
falling 2.3% due to a slowdown in the Chinese economy. This ultimately had a major impact

on global steel and iron ore prices (2016, Popescu, Nica et al. 2016).

Another example of economic challenges is the case of Anglo American, a multinational
mining company based in the United Kingdom and South Africa, which had to downsize its
business in 2015 by two-thirds and sell the majority of its assets due to the high cost of
production and increased competition for iron ore worldwide, as reported by The Guardian
(Farrell 2015).

The situation for most mining companies across the world is similar. They are exploring the
earth for non-renewable resources such as iron ore, coal and gas for steel and similar metal

production to meet the demand from the construction and manufacturing sectors.

Therefore, in the 21% century, there will be important changes in how construction materials
are produced. While industrialization has resulted in a conversion from regenerative to non-
regenerative material sources (from farming to mining), the next changes could involve the
reverse: a shift towards cultivating, breeding, raising, farming or growing future resources as
the mines are depleted. These renewable resources can be cultivated either within the
conventional soil-based agricultural framework or in breeding farms, using microorganisms
that so far have not been considered useful for the energy or building industries. A third
option is the industrialization of natural and bio-chemical processes to rebuild bio-materials

synthetically within a controlled environment.



When considering the use of natural and organic raw materials in the current framework of
digitalization, prefabrication and mass production, the imperfections of living materials
become a key aspect in material development. The underlying effort, alongside a continuous
interest in advancing material properties, is in the standardization of natural processes in
order to guarantee predictable and controllable properties (Hebel, Wisniewska et al. 2014).
This thesis provides an example of a scientific approach and shows a way forward for new
technologies to industrialize organic substances and ensure applications in the built

environment to be regulated, safe and certified systems.

A paradigm shift in the construction industry

Among the alternative renewable natural resources which could potentially support the
change described above are plant fibers. Many plants, including flax, cotton, jute, sisal, hemp
and bamboo might be used to obtain fibers that possibly could be used as an alternative
source for the production of sustainable construction materials, as well as becoming an

alternative to some of the conventional building materials.

Plant fibers have largely unidentified physical and mechanical properties that could be used
in the production of a new group of construction materials based on biologically activated
processes. Among plant fibers, bamboo is shown to have properties that are suitable for the
building and construction sector and thus for the development of a new class of sustainable

construction materials.

Mike Woolridge, a BBC reporter from Nicaragua, recently said that bamboo could be the
“super fiber of the 21% century”. He stated that with the help of new technologies and
industrial processing, bamboo has begun competing very effectively with building products
in western markets (Wooldridge 2012).

The extremely widespread natural habitat of bamboo along the equator belt (Fig.1) supports
the statement by Woolridge. The map in Fig. 1, showing the habitat of bamboo, aligns with
the location of countries facing high population growth in Fig. 2. Most of these countries in
Fig. 2 belong to the category of developing territories. According to the World Bank,
countries are classified based on their Gross National Income (GNI) per capita per year, and
those with a GNI of US$11,905 and less are defined as developing countries (World Bank
2016).



In these territories, the majority of the population usually has limited access to public services
such as education, healthcare and public housing, as well as far less employment
opportunities compared to developed and industrialized countries (Gylfason 2001). Most of
the developing countries have a population growth rate of higher than 1% compared to the
rest of the world, according to the data from the World Bank (World Bank 2015). The high
rate of population growth in developing countries poses challenges in building sufficient
housing, besides ensuring better infrastructure and improved living standards. Among the

challenges is meeting the demand for construction materials for the upcoming expansion of

housing and infrastructure, which will put tremendous pressure on local economies.

Fig. 1 Global natural habitat of bamboo



Fig. 2 Countries with population growth above 1%

Unfortunately, most of the developing countries mentioned above lack the resources to
produce their own building materials. Therefore they need to import the majority of the
construction materials they require from highly industrialized countries, following a
traditional Western model for development, which forces them into exploitive relationships.
For instance, the majority of African countries have to import steel reinforcements for their
construction needs from developed nations. According to an International Monetary Fund
(IMF) report in 2015, most African countries ran up trade deficits, including Ethiopia, where
a US$11.7 billion deficit was recorded in 2015; it was primarily due to imports of
construction materials to meet the demand for housing projects and to build new towns

resulting from high population growth (International Monetary Fund 2015).

A similar situation exists in Southeast Asia where countries such as Myanmar, Thailand and
Indonesia are facing high population growth and are meeting their construction demand by
importing the majority of their construction steel from more developed countries such as
Japan, South Korea and China. This situation pressurizes local governments to deal with the
increasing demand for materials. As a result of rapidly rising imports, many Southeast Asian
countries ran up trade deficits in recent years. According to IMF, Indonesia had a US$1.9
billion deficit in 2015 and Myanmar, US$752 million. These figures are expected to increase
over the next 10 years as the urban population grows and the demand for materials and

resources to support this growth continues to increase.

As described above, unfortunately, most countries in developing territories do not have the

capability and necessary resources to produce their own steel. Due to the high population
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growth rates expected over the coming decades, import surges are also expected which would
result in trade deficits, economic slow-downs, loss of jobs, increased poverty, and lack of
access to essential services such as healthcare and education. In view of this, local industries
in developing countries should be proactive in preventing the crisis by helping the building
sector meet the increasing demand for construction materials (Thompson 1938, Brennan
1993, Edwards 2016). One solution would be to provide the developing territories with novel
technologies to produce new building materials from locally available natural resources. This
would reduce their dependency on the world market and also confer socio-economic and

environmental benefits.

Among natural resources, bamboo has shown great potential to be developed into an
industrialized product by local industries in developing countries, and thus fulfill the demand
for new construction materials through new technologies as developed in this research.
Bamboo grows in the tropical zone of the planet, an area that largely coincides with the
developing territories as shown in Fig. 1 and Fig. 2. Bamboo belongs to the botanical family
of grasses and is extremely resistant to tensile stress; it is one of nature’s most versatile
plants. The ability of natural bamboo to withstand tensile forces makes it superior to timber
and steel. This makes bamboo a feasible alternative to the increasing demand for steel
reinforcement in the construction of reinforced-concrete buildings and infrastructure in
developing countries. As such, bamboo has the potential to grow local industries by creating
new jobs and by bringing new investments into developing countries in the research and
development sector as well as in the educational system (Renard and GRET 2009). Local
farmers could benefit from growing and harvesting bamboo; it is a good source of income,
helps improve cultivation skills, and also empowers local communities in developing

countries by enhancing their skills and knowledge in this field.

The ecological system may also benefit from the cultivation of bamboo plantations. They
help reduce landslides and soil erosion, while unproductive land can be converted into
productive land (Ben-Zhi, Mao-Yi et al. 2005). Degraded land and environments can be
protected by cultivating bamboo. In addition, food security is improved by intercropping
bamboo with other food plants and by using bamboo as an alternative biomass fuel for
cooking (Scurlock, Dayton et al. 2000, Guta 2012).

Another advantage of bamboo cultivation is that it requires low investment for propagation,

land and labor. The socio-economic benefits would be in the form of raw material cultivation



and product development, leading to the creation of long-lasting consumer goods and

contributing to the economies of developing territories.

In this context, bamboo offers much potential for the development and production of new
materials and technologies. These factors, together with its local availability, make bamboo

an affordable resource as a raw material with outstanding properties.

From an engineering point of view, this research focuses primarily on the tensile capacities of
bamboo. As mentioned earlier, bamboo is potentially superior to timber and construction
steel in terms of its live-load capacity to self-weight ratio; the key challenge is to make these
excellent mechanical properties available for the production of a new high-performance
material. This is achieved by the appropriate cultivation and industrial processing of raw

bamboo through the fabrication of a newly developed bamboo composite material.

Reinforced concrete is one of the most widely used building materials in the world; it
constitutes cement, water, aggregates, sand and steel reinforcement. The steel reinforcement
serves as an inseparable part of any reinforced concrete applications. It is estimated that over
10 billion tons of concrete are produced each year, and this is expected to double by 2050
(Meyer 2004). Moreover, the natural habitat of bamboo overlaps with the areas of high
population growth rates in developing territories; this fact, together with the demand for
reinforced concrete as a building material for housing and infrastructure, means there is much
potential for a newly developed bamboo composite material to serve as a reinforcement in

structural concrete.

This would help developing territories build up domestic supply channels and reduce
dependency on imported building materials, especially steel reinforcement. In addition, new
technologies for bamboo composite production have the potential to provide a new type of

building materials with applications similar to timber and construction steel.

The idea of employing bamboo for concrete applications is not entirely new. It was first
studied in 1914, when Chow, a PhD student from the Massachusetts Institute of Technology
(MIT) in Boston, tested small diameter raw bamboo and raw bamboo splits as reinforcement
materials for concrete beams and columns (Hidalgo-Lopez 2003). Following this early
application, in 1935, Datta and Graf from Technische Hochschule of Stuttgart studied

potential applications for raw bamboo, given the outstanding technical and mechanical



properties they found in raw bamboo samples from South America (Hidalgo-Lopez 2003).

However, they were not successful in implementing their ideas.

In 1950, after World War 11, Professor Glenn at the Clemson Agricultural College of South
Carolina began extensive studies into the use of natural bamboo for reinforcement in concrete
structures (Hidalgo-Lopez 2003). Using only small-diameter culms and bamboo splits, he
demonstrated that the application was feasible in principle; however, regarding the module of
elasticity, insect and fungus attacks, coefficients of thermal expansion, shrinkage and
swelling, this natural bamboo reinforcement had major drawbacks. Glenn based additional
research on minimising defects through, for example, coating the bamboo components with
various materials before adding concrete. The results showed that the solutions were either so
expensive that bamboo reinforcement could not compete with structural steel, or it was not a
long-term solution due to durability issues occurring during the life span of the building.
Unfortunately, most of the structures built during this period collapsed after being
constructed. Due to such disappointing results, research in the area of bamboo reinforcement

for structural concrete elements nearly came to an end.

Almost five decades later, in 1995, Professor Ghavami of the Pontificia Universidade
Catolica in Brazil embarked on a study in the field of bamboo for concrete reinforcement
(Khosrow 1995). He started a new series of mechanical tests on seven different species of
bamboo from Brazil in order to find the most appropriate species to be used as reinforcement
in lightweight concrete beams. The concrete beam with bamboo reinforcement displayed a
remarkable load-bearing behaviour compared to the non-reinforced beam as well as concrete
beam reinforced with steel reinforcement. This proved that in laboratory conditions, it is

possible to activate the load-bearing capacity of bamboo in a concrete application.

However, the long-term behavior of bamboo in concrete structures remained a problem.
Since bamboo is a natural material, its exposure to a concrete matrix can, through time, result
in water absorption from the concrete. This may lead to a progressive de-bonding of the
bamboo element from the concrete matrix due to the repetitive swelling and shrinking of the
natural bamboo embedded in a concrete matrix. The expansion of the bamboo elements and
the increase in its volume can create micro-cracks in the surrounding concrete matrix which,
in the long term, may cause structural integrity loss due to excessive cracking, as shown in

Fig. 3 by Ghavami (Ghavami 2005). The cracks would also be a source of moisture ingress,



which over the time allows for the biological degradation of the bamboo element (Kumar and
Prasad 2003, Lima Jr, Willrich et al. 2008).
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Fig. 3 Raw bamboo reinforcement swelling and the ultimate cracking in concrete beam (Ghavami 2005)

Therefore, so far it has been shown that it is generally possible to apply bamboo as a
reinforcement system for concrete applications, but only if the problems with water
absorption, swelling, shrinkage and thermal expansion can be solved and the inherent

mechanical capacity of bamboo fibers maintained.

This PhD research focuses on developing a new methodology to use raw bamboo for the
fabrication of a new bamboo-reinforced composite material, such that the cellulose structure
of natural bamboo is retained and its mechanical properties are preserved. The methodology
developed within this PhD research involves processing natural bamboo culms into a network
of fibers. Together with an adhesive matrix, this network forms a water-resistant, non-
swelling and high-strength composite material. Careful optimization of the processing of
natural bamboo and the composite fabrication method comprise part of this research in
developing a new bamboo-based high-performance composite material. The research also
focuses on the application of the new bamboo composite material as reinforcement in
structural concrete beams, while avoiding the negative side effects that were seen in previous

work with raw bamboo in concrete.

1.2.  Motivation
The motivation for this research relies on the observation that all related research conducted

thus far in the area of bamboo-reinforced structural concrete applications shows two things.
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First, replacing steel with bamboo as a reinforcement system has potential, given the superior
mechanical properties of bamboo and its non-corrosive behavior compared to steel. Earlier
research on some species of bamboo has shown that the tensile strength of the fiber bundle of
some bamboo species is comparable to that of normal steel reinforcement with characteristic
tensile strength of 400MPa. For some species of bamboo, the tensile strength of the single
fiber reaches 1,500Mpa, which is close to that of carbon fiber, according to the literature (F.
Ramirez 2011, Zhou, Huang et al. 2012). The application of high tensile strength bamboo
elements in structural concrete can result in similar load-bearing behavior as that of structural
concrete members reinforced with steel reinforcement (Khosrow 1995, Ghavami 2005).
Besides the load-bearing behavior, bamboo has a big advantage over steel reinforcement.
Unlike steel reinforcement, bamboo does not corrode. Corrosion of steel reinforcement is one
of the major causes of deterioration of reinforced concrete structures worldwide; it was
reported that in 2005 alone, in the US, the direct annual costs of corrosion of reinforced

concrete structures were nearly $45 billion (Thompson, Dunmire et al. 2005).

Second, up till now, no solution has been found for problems with the swelling, shrinking,
chemical and biological decomposition, and thermal expansion of raw bamboo. Also, durability
and the methods required to ensure it has sufficient durability related properties over the long-
term perspective are not addressed yet. Raw and untreated bamboo material has durability related

challenges that must be addressed and controlled to prevent structural failure as explained.

Bamboo is a natural material. When it is used in concrete, it will draw moisture and water from
the surrounding matrix and subsequently increases in volume and swells. Once the surrounding
concrete matrix dries, the moisture absorbed by the bamboo element will dissipate and,
consequently, the bamboo shrinks. Frequent shrinking and swelling of raw bamboo elements in

concrete will result in loss of bonding with the concrete matrix as shown in Fig. 4.

Fig. 4 Swelling, shrinking and volume change of raw bamboo elements in concrete (Heisel 2015)

11



In addition to the problems associated with the shrinking and swelling of raw bamboo, the
alkaline environment of concrete can also adversely affect the integrity of natural bamboo and its
tensile capacity, and may result in the loss of the load-bearing capacity of concrete reinforced

with raw bamboo.

Therefore, this research focuses on the investigations of methods to employ bamboo in the
fabrication of a new bamboo composite material in a way such that the inherent tensile capacity
of the fibers are retained, and the durability issues, specifically water absorption, swelling,
shrinking and chemical resistance, of the composite could be enhanced for application in
structural concrete.

1.3. Goals
The goal of this research is to develop a new composite material made of natural bamboo
fiber and an adhesive agent (epoxy-resin based) through a new technology to replace
conventional steel reinforcement in structural concrete applications. The research includes
improving the long-term durability of the bamboo composite materials while placed in the
concrete matrix, and maintaining the superb mechanical properties of the bamboo fiber in a
novel way without having adverse impacts on the structural performance of the newly

developed bamboo composite reinforcement.

The main objectives that drive the research for this PhD work are listed here:

e The development of a new class of composite materials with natural bamboo fiber
that possess the necessary mechanical and physical properties in terms of tension,
compression and flexural capacity, thermal expansion, water absorption, and
durability in order to be used for reinforcement in structural concrete applications.

e Provision of scientific knowledge to develop an alternative to steel reinforcement in
structural concrete applications with a natural fiber-based composite material that

adheres to international standards.
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2. Research methodology

2.1.  Summary
This chapter develops the research methodology, starting from the research hypothesis. The
hypothesis of this research is that it is possible to develop a new bamboo composite material
which can be employed as a reinforcement system in structural concrete applications. Seven
research objectives are formulated to support this hypothesis. The seven objectives are related
to the raw bamboo processing and properties, composite reinforcement production and its
application in concrete beams. The chapter also discusses the methodology and tools
employed within this thesis to evaluate the hypothesis and objectives of the research.
Quantitative research methods used in this thesis, including sample collection techniques,
design of the experiments and variables involved in sampling and testing, limitations and

restrictions encountered during the experiments are described.

2.2. Primary research concept
There is a need for scientific research in the field of bamboo composite material and its
application for structural concrete. The potential of using composite bamboo as a building
material is often dismissed. The hypothesis of this research aims to address this issue through
developing a novel bamboo composite material and exploring its potential through careful

experiments in structural concrete.

2.3. Research hypothesis

The hypothesis of this research is:

It is possible to develop a new bamboo composite material designed to have the necessary
mechanical and physical properties and which can be applied as a reinforcement system in

structural concrete.

2.4. Research objectives

To support the research hypothesis of this research, the main objectives are set as follows:

e Determination of the physical and mechanical properties of raw bamboo

e Development of a standard procedure for the processing of raw bamboo into various
shapes and thicknesses for composite production

e Optimization of the composite fabrication method using a range of epoxy-resin

systems
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e Enhancement of the physical and mechanical properties of bamboo composite
materials through optimization of the composite fabrication technology for use in
structural concrete

e Determination of the mechanical properties of structural concrete reinforced with
bamboo composite reinforcement

e Investigation of the effects of water and alkaline environments on bamboo composite
reinforcement for use in structural concrete

e Recommendation for the new designs for newly developed bamboo composite

material as reinforcement in structural concrete

2.5. Research methodology and tools

To achieve the objectives of this research, a scientific quantitative research methodology is
undertaken by dividing the research into three sections. The first section of the research is
focused on a literature review of the studies carried out by various researchers on the
development of common reinforcement systems for structural concrete applications,
including steel and Fiber Reinforcement Polymer (FRP) materials as well as the use of
natural bamboo in reinforced concrete buildings around the world. The literature review aims
to provide sufficient evidence for the lack of scientific research in the field of bamboo
composite material as reinforcement for structural concrete applications. The second phase of
this research focuses on the characterization of raw bamboo culms, their physical and
mechanical properties, as well as developing a processing technique to obtain bamboo fibers
from the culms. The third phase of this research is concentrated largely on the development
of a new bamboo composite material and optimizing its physical and mechanical properties.
Finally, the fourth section of the research focuses on investigating the application of the
newly developed bamboo composite material in concrete element as reinforcement, and
studying the interaction between the concrete matrix and the bamboo composite material. The
methods and tools applied to this research are discussed briefly in this section. Further details
on literature review, testing methods and analytical tools used in this research are given in
chapters 3, 4, 5 and 6.

2.5.1. Literature review
An extensive review of the literature on the development of different reinforcement systems
for structural concrete applications was carried out. Reinforced concrete applications were

reviewed as part of the literature survey as concrete is considered one of the most widely used
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building materials in history. Steel reinforcement production, as the most common method of
reinforcing materials in concrete construction since the beginning of the 18" century, was
reviewed. The many theories of the design and computation of reinforced concrete members,
including Koenen’s theory of flexure, were described to cover the latest developments in the
code of design for concrete structures. The limit state design, known as Load and Resistance
Factor Design (LRFD), based on strength and serviceability design criteria was investigated.
The pioneer works carried out by Professor Jain and Professor Punmia on various aspects of
LRFD concepts were comprehensively investigated as part of the literature review. The
American Concrete Institute (ACI) design code’s strength and serviceability limit states were
covered in the literature review process, as this design code was the basis for the analysis and

design of newly developed bamboo composite reinforced concrete members in this thesis.

Corrosion of steel remained as the major challenge faced by the construction sector around
the world for the wide application of steel reinforcement in concrete members. Therefore
steel corrosion and the process involved were comprehensively reviewed in the literature
review. Significant efforts have been made by researchers around the world to mitigate the
problems associated with corrosion of steel in concrete, including the application of different
types of coatings to prevent or delay the onset of corrosion. The works of Alberto Sagués,
Rodney Powers, Richard Kessler and several other pioneer researchers were thoroughly
investigated, and the advantages and disadvantages of their applied methods were explained

and a comparison was made with the properties of non-coated steel reinforcement bars.

Given the many disadvantages that steel reinforcement with and without coating had and as
explained by many pioneer researchers in the literature, in the past 15 years, there was great
interest in using alternative reinforcement, especially non-metallic reinforcement, for
structural concrete to eliminate the corrosion problems. Many researchers started to work on
new types of reinforcement consisting of two parts, a fiber and a resin, in which aligned
continuous fibers were embedded in a resin matrix and then formed into a new class of
composite materials called Fiber Reinforced Polymer (FRP) composites. Glass Fiber
Reinforced Polymer (GFRP), Carbon Fiber Reinforced Polymer (CFRP), Basalt Fiber
Reinforced Polymer (BFRP) composites and Aramid Fiber Reinforced Polymer (AFRP) are
all described in the literature review chapter of this thesis, and their advantages and
disadvantages in comparison with steel and natural fiber reinforced polymer composite
reinforcement are comprehensively covered in the literature survey of this thesis. The works

of Pankaj Mallick as well as Andrzej Bledzki and Jochen Gassan were among the pioneers
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who investigated the various aspects of synthetic and natural fiber reinforced polymer

composite reinforcement systems.

The literature review chapter aims to determine the originality of the objectives of this thesis
based on the fact that, so far, no investigation has been carried out on utilizing bamboo for
the fabrication of composites with applications in the construction and building sector as a
structural and load-bearing element similar to what this thesis tries to explore and prove.
Therefore, first of all, the state of art research on various aspects of bamboo as a plant, its
taxonomy, ecology, mechanical and physical morphologies, the long- and short-term
durability issues, application of bamboo in traditional ways, fabrication technology of
modern materials from bamboo and bamboo construction technologies were investigated
based on the pioneer works of Oscar Hidalgo-Lopez, a Colombian architect and one of the
world’s most knowledgeable bamboo experts, as well as Walter Liese, a German professor of
forestry and wood biology. The most common bamboo species in Asia, Africa and America

and their physical and mechanical properties are reviewed in the literature review chapter.

To further investigate the potential of using bamboo as reinforcement in concrete, the
application of bamboo as reinforcing elements since it was first tested by Hou-kun Chow, a
Bachelor of Science student at the department of Naval Architecture and Marine Engineering
at the Massachusetts Institute of Technology (MIT) in 1914, is reviewed in detail. The
pioneer works of Howard Glenn, Otto Graf, Kramadiswar Datta, Francis Brink, Paul Rush,
Helmut Geymayer, David Cook and several other researchers are reviewed in the literature
review chapter. The most recent comprehensive studies on the application of natural bamboo
as reinforcement for concrete beams and columns were carried out by Professor Khosrow
Ghavami at the Civil Engineering Department of Pontificia Universidade Catélica do Rio de
Janeiro between 1995 and 2005, which is covered in the literature review chapter. Several
other studies on the investigation of employing natural bamboo as reinforcement in concrete
members carried out in the early 215t century are investigated as part of the literature review

process.

The literature review studies show that bond strength, water absorption, thermal expansion,
as well as swelling and shrinking related issues concerning the use of natural bamboo
reinforcement in concrete remain major barriers to bamboo’s widespread application.
Therefore new ideas and production methods which were not studied in the past need to be

investigated to address these shortcomings to improve the durability related problems and to
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control the swelling, shrinking and thermal expansion of the material. These findings are the

main motivations for this PhD research thesis

2.5.2. Characterization and processing of raw bamboo
For the development of a new bamboo composite material, the mechanical and physical
properties of raw bamboo must be investigated prior to any processing or fabrication.
Therefore a detailed study of bamboo plants was carried out. Selected species of bamboo
were investigated for their physical and mechanical properties, but only species from
Indonesia were selected for the experimental part of the research. The reasons are: the
widespread availability of this species (Dendrocalamus asper) in Southeast Asia, especially
in Indonesia, and its easy accessibility due to its proximity to Singapore where this research

was carried out.

Tensile, flexural and compressive strength as well as modulus of elasticity in tension and
flexure of Dendrocalamus asper bamboo were evaluated according to the American Society
for Testing and Materials (ASTM) standards and International Organization for
Standardization (1SO) standards. However, when deemed necessary, adjustments were made
to the sample sizes, shapes and numbers required for the tests. A Shimadzu 100kN Universal
Testing Machine (UTM) was employed for the mechanical testing done at the Advanced

Fiber Composite Laboratory (AFCL) in Singapore.

Among the physical properties, the moisture content, water absorption and density of raw
bamboo samples were measured. The moisture content was measured with a Shimadzu
moisture balance, while the geometrical properties, water absorption and density were
evaluated according to methods specified by ASTM relevant standards. Further details of

both physical and mechanical property tests of the raw bamboo are given in chapter 4.

A scientific statistical analysis was used by the PhD candidate to relate the physical and
mechanical properties of the raw bamboo to its geometrical properties, e.g. culm diameter
and wall thickness which could be helpful in estimating, for instance, the tensile and flexural
strength of raw bamboo culms without the need for lab tests in nurseries and farms with
limited access to testing facilities. The model and the respective analysis are discussed in

chapter 4.

After the properties of the selected bamboo species were investigated, two methods of

stranding and peeling were used to process the raw bamboo culms into suitable fibers with
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specific size and shape for composite fabrication. Each method has its advantages and
disadvantages, discussed in more detail in chapter 4. Once the necessary fibers were obtained
from the processing methods, certain chemical and mechanical treatments were carried out on
the raw bamboo fibers to improve their strength and enhance their quality, and to further

improve the subsequent bonding with the epoxy-resin system in composite fabrication.

2.5.3. Development of bamboo composite material
First of all, a literature review on the state of the art of the current application of Fiber
Reinforced Polymer (FRP) composite materials, such as Glass Fiber Reinforced Polymer
composite materials as reinforcement systems in structural concrete applications, was carried
out. The state of the art report helped the PhD candidate to evaluate the use of alternative
FRP composite reinforcement in concrete and get to know their respective advantages and

disadvantages concerning their applications in concrete.

A hand lay-up and hot-press compression molding technology were used throughout this
research for the fabrication of the bamboo composite reinforcement. This method was chosen
given the minimal investment required for the machineries, molds and other necessary
equipment. Furthermore, the fibers obtained from the raw bamboo in the form of either
strands or sheets could easily be compressed together with the epoxy-resin system under the
pressure of the hot-press compression molding machine and quickly be cured with the help of

hot-press molding machine used in the fabrication process at AFCL in Singapore.

The hand lay-up and hot-press compression molding method resulted in high-performance
composite products specifically designed to have desirable shape, size, mechanical and
physical properties. The hand lay-up process allowed the quality control of the whole
composite manufacturing process to be carried out in a simple yet comprehensive manner

without the need for high-tech machineries.

It should be emphasized here that a given epoxy-resin system for the bamboo composite
material was used for this PhD thesis which proved to be the most adequate. This system was
not an invention and the development of its composition was not part of the PhD thesis work.
In the chemical realm, the PhD candidate worked closely with the industrial partner (Rehau)
and senior chemists in the team to identify the most appropriate epoxy-resin system for the

final production during the course of this research.
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Once the final bamboo composite material came out of the hot-press compression molding
machine, it went through comprehensive physical and mechanical properties tests to optimize
the properties of the final reinforcement for application in concrete. The tests were carried out
according to international standards approved by the American Society for Testing and
Materials (ASTM) to make sure repeatable and comparable results could be obtained.
Samples for each test were prepared according to the standard guidelines defined by ASTM

and tested at the Advance Fiber Composite Laboratory (AFCL) in Singapore.

The mechanical property tests included tensile strength, flexural strength, modulus of
elasticity in tension parallel to the fiber direction, and modulus of elasticity in flexure parallel
to fiber direction, and finally compressive strength along the fiber direction. All the
mechanical property tests were carried out with a Shimadzu 100kN Universal Testing
Machine (UTM).

The physical property tests carried out in this research included moisture content, density,
water absorption and coefficient of thermal expansion of final bamboo composite
reinforcement. The moisture content was measured with a Shimadzu moisture balance, while
the geometrical properties and density were evaluated according to methods mentioned in
relevant ASTM standards. Further details of both physical and mechanical property tests of
bamboo composite materials and bamboo reinforced concrete elements are given in chapters

4,5 and 6 respectively.

The physical and mechanical properties tests are an essential part of this research, and
designed to assess the quality of bamboo composite reinforcement produced as well as of the
raw bamboo used to produce the bamboo composite reinforcement. The tensile capacity of
any applied reinforcement system in concrete structures and its bond behavior are
determining factors for the ultimate load-bearing behavior of the concrete element. As a
result, testing the tensile properties of the new bamboo composite material before its use with
concrete was one of the most crucial tests that had to be carried out during this research.
Tensile strength tests carried out on raw bamboo were compared with those of the final
bamboo composite material to understand the behavior of the bamboo fiber matrix before and

after production into a composite form.

The modulus of elasticity of bamboo composite samples along the fiber direction gives an
indication of the deflection behavior of the samples while under tensile or flexural loading. It

is important in the design of structural reinforced concrete members to evaluate this property
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using a scientific approach, since the modulus of elasticity could potentially affect the
concrete member size, the number of reinforcement, as well as their arrangement to prevent

excessive cracking and premature failure while in use.

Similar to tensile properties and their importance in the development of bamboo composite
reinforcement in this research, the flexural strength and modulus of elasticity in flexure have
essential importance and are a fundamental part of the research. The flexural strength and its
respective modulus of elasticity will provide great insights into bamboo composite
reinforcement behavior when it is used in a concrete beam application, specifically when the
member is under flexural loading. For the purpose of flexural strength measurement, the four-

point bending test was used according to ASTM standards throughout this research.

As mentioned earlier, among the physical properties that should be measured and controlled
is the coefficient of thermal expansion. This property is of interest to the proposed research
since the bamboo composite material will be used in concrete. Similar coefficients of thermal
expansion between concrete and bamboo composites will help to prevent de-bonding of the
reinforcement from the concrete mixture which is due to exposure to excessive heat or cold in
different environmental conditions. To achieve a comparable coefficient of thermal
expansion as concrete matrix, the epoxy-resin system and the bamboo fibers play important
roles. Therefore, a series of tests was designed to investigate the effect of treatment with
normal water and an alkaline solution on bamboo fiber adhesion to the epoxy-resin system as
well as to the concrete matrix. In addition to thermal expansion tests, water absorption tests
were carried out on the final bamboo composite reinforcement to investigate the materials’
durability in the moist environment of the concrete matrix. A comparison between water
absorption of raw bamboo and bamboo composite samples was carried out to prove the
suitability of pre-treating the bamboo fibers and the epoxy-resin system used in the

production of bamboo composite samples.

The series of tests and the results obtained helped to track the changes in the properties of the
new bamboo composite material according to changes in the material and production
variables; this would lead to regular improvements in the final bamboo composite

reinforcement.

2.5.4. Bamboo composite reinforcement in concrete application
Besides developing the knowledge for the production of a new class of composite

reinforcement, as part of this research, the properties of concrete reinforced with the new type
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of bamboo composite reinforcement are investigated in the last section of this thesis. In order
to understand the behavior of the new bamboo composite material when it is used in concrete,
several physical and mechanical tests were conducted during the course of this research.
Comparisons between steel reinforced concrete beams and bamboo-composite reinforced

concrete beams were made according to several performance criteria.

A series of durability tests on bamboo composite reinforcement, such as water absorption and
alkaline environment exposure tests was carried out to ensure that the new bamboo composite
reinforcement was able to resist primary durability related issues when used in concrete. It
should be mentioned here that there is no specific standard on testing bamboo composite
reinforced concrete beams, although for the purpose of this research, the American Concrete
Institute (ACI) standard “Building Code Requirements for Structural Concrete and
Commentary” was used as the primary guide, besides the relevant ASTM standards for
polymer composite materials. However the necessary changes were made to test set-ups and
sample shape or size accordingly to suit the new bamboo composite reinforcement during the

course of this research.

Normal-strength concrete mix design with compressive strength of 20MPa was employed in
this work. Lab-scale beams and concrete cylinders were prepared with bamboo composite
reinforcement. To investigate the bonding of the new bamboo composite reinforcement with
concrete, a series of pull-out tests were designed with various types of coating and different
embedment lengths. The coatings and embedment length were the main factors in improving
the bonding between the concrete matrix and the bamboo composite reinforcement. The pull-
out tests were carried out according to ASTM and ACI standards with some adjustments
according to the sample properties used in this research. The coatings and their respective
properties, together with the number of tests and details of test set-ups, are described in
chapter 6.

The pull-out tests would identify the appropriate type of coating and treatment as well as the
adequate embedment length for bamboo composite reinforcement. Following the results from
the pull-out test series, lab-scale concrete beams were prepared with bamboo composite
reinforcement. The bamboo composite reinforced concrete beams were tested under the four-
point bending test with the UTM machine at AFCL in Singapore. Both the longitudinal and

shear reinforcement were evaluated during the bending tests, and the results of the tests were
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then compared with the results obtained through the methods described by the ACI 440.1R-

15 guide for the design and construction of structural concrete reinforced with FRP bars.

ACI 440.1R was found to be the most relevant international standard for the application of
bamboo FRP composite in structural concrete. Further details are given in chapter 6 on the
design of the concrete beams and the analytical methods used in this research. The ultimate
flexural strength of the beams, or the so-called ultimate load-bearing capacity of the beams
with bamboo composite reinforcement, was evaluated according to ACI 440.1R-15, and the
results were compared with non-reinforced concrete beams and steel reinforced concrete
beams of similar sizes. All these tests helped the PhD candidate to fully understand the
behavior of this newly developed bamboo composite reinforcement and to evaluate its

capacity when used in structural concrete.

2.5.5. Data analysis
The analysis of the data obtained through this research was carried out with Microsoft Excel
and IBM SPSS statistical software. The data series obtained in this PhD work was divided

into three main categories;

- Data obtained from the investigation of the raw bamboo and the processing methods,
including the physical and mechanical property tests that were conducted on raw
bamboo samples to provide the PhD candidate with a better understanding of the
behavior of bamboo fibers before composite manufacturing

- Data obtained from the evaluation of mechanical and physical properties of bamboo
FRP composite reinforcement as well as the data obtained through optimization of
manufacturing parameters, including the hot-press compression molding machine’s
temperature and pressure

- Data obtained from the assessment of concrete beams reinforced with bamboo
composite reinforcement through four-point bending tests with varying numbers of

longitudinal and shear reinforcement

Multiple regression analysis and t-test statistical analysis for evaluating the level of
significance of the data and the respective confidence intervals, as well as variance analysis,
were carried out as part of the data analysis to interpret the data obtained in each test series.
These methods were used to predict and simulate the behavior of the raw bamboo samples
with varying geometrical parameters under physical and mechanical tests. They were also

used to evaluate the data with respect to the literature review. Further details are provided in
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chapters 4, 5 and 6 following the presentation of the results of each series of experiments

carried out in this work.
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3. Literature review

3.1.  Summary
This chapter contains the description of the extensive literature studies, the first of its kind
with respect to the objectives of the thesis as described in chapter 2. Reinforced concrete
applications are reviewed in this chapter since reinforced concrete remains one of the most
widely used building materials in history. Steel reinforcement production processes have
been the most common methods of reinforcing materials in concrete construction since the
beginning of the 18" century. Significant efforts have been made by researchers around the
world to replace steel with alternative reinforcing materials, including Fiber Reinforced
Polymer (FRP) composites. The disadvantages of steel reinforcement are mainly related to
the costs of the material, the amount of energy required by the production of steel, and the
sensitivity of steel to corrosion, which, if not repaired, can lead to structural failure within the
life span of the building. This chapter also contains comprehensive reviews of natural and
synthetic materials used for reinforcing concrete structures. The chapter describes
comprehensively the literature on relevant bamboo species found in bamboo resources of
Latin America, Africa, and Asia, and explains, for the very first time within the scientific
world, their respective physical and mechanical properties. No detailed study of the physical
and mechanical properties of bamboo species with respect to culm geometry, including culm
diameter, culm height and wall thickness, is available. Furthermore, the works carried out by
Ghavami and Oscar Hidalgo-Lopez only show the suitability of bamboo as a natural material
for replacing steel in structural concrete elements. However, the use of raw bamboo for
reinforcing concrete members has disadvantages related to the durability of the material; this
has not been addressed through systematic studies yet. So far, no studies related to the
processing of the raw bamboo culms for fabrication of composite bamboo materials to obtain
mechanical properties that are suitable for structural applications have been found. The
chapter highlights the need for a comprehensive and unique study of bamboo composite
fabrication and the enhancement of their main physical and mechanical properties to produce
high-performance composite materials based on natural bamboo fibers. Other studies on
alternative reinforcement materials, mainly Fiber Reinforced Polymer (FRP) composite
reinforcement, are thoroughly reviewed in this chapter to show the originality of the
objectives of this thesis related to the application of composite materials as reinforcement in
concrete. Work on durability challenges, such as exposure to water and alkaline solutions, is

included in this chapter. The advantages and drawbacks of the production processes of
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common FRP reinforcement, including GFRP, CFRP, AFRP and BFRP, are discussed in
detail in this chapter. This review provides all the necessary background for evaluating the
objectives of this research related to the composite fabrication using epoxy and resin as
matrix properties. At present, no other investigation has been carried out on the fabrication of
bamboo composite reinforcement with high tensile and flexural strength. The literature in this
chapter also indicates that, so far, no studies have investigated the process in which bamboo
fibers in the form of thin veneer layers are used as the main fibers in an epoxy-resin system to
create high-performance composite materials. Finally, this chapter includes a call for state-of-

the-art designs to be developed for the new class of composite reinforcement systems.

3.2. Common reinforcement systems for structural concrete
Pier Luigi Nervi, an engineer and contractor and one of the greatest 20™"-century structural
designers in reinforced concrete, described reinforced concrete as the “most fruitful and
generous of all building materials” (Nervi 1956). Over the last century, reinforced concrete
has changed the built environment greatly. It has a long history, beginning with the usage of
mass concrete by adding sand, aggregate and a binder, and later, the addition of metal

reinforcement.

Concrete is great in compression but weak in tension, which makes it relatively brittle when it
is loaded under tension. Therefore reinforcement is added to concrete member to provide the
necessary tensile capacity. The reinforcement element normally has superior tensile strength
compared to concrete and can distribute the tensile forces in a way that the ultimate concrete

cracking is delayed and the member reaches its maximum load-bearing capacity.

In 1848, in France, Joseph-Louis Lambot fabricated the first reinforced concrete application
by building a boat out of iron rods and hydraulic cement (Kirby and Laurson 1932). Lambot
exhibited his boat at the Paris Fair in 1855 and, in the same year, he applied for a patent in
Brussels covering “iron cement as a substitute for timber” for application in structures
exposed to moisture such as water tanks and boats. Unfortunately, his patents went no further
and were superseded by patents of Joseph Monier (Collins 2004).

The first-ever patent for a system of reinforcing elements in a concrete application, where
iron bars were used within the concrete, was made by William Boutland Wilkinson of
Newcastle in England in 1854 (Wilkinson 1911). Wilkinson had a clear appreciation of the
structural action of the reinforced concrete and used his idea in a small building in Newcastle

in 1865, which had its structural elements designed based on his patent. The building, which
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survived till 1955, had 6.5-inch-deep beams 26 inches apart and spanning 14 to 16 feet. But
Wilkinson was not able to market this system successfully and the patent did not interest

engineers and designers (Sutherland, Humm et al. 2001).

According to Frank Newby (Newby 2001), the first system of reinforced concrete to progress
from a simple idea to a viable system of construction was developed by Joseph Monier.
Monier, a French gardener, became famous in 1849 for using iron wire mesh and mortar to
produce flower pots in a similar way to Lambot (Collins 2004). Monier patented this method
in 1867 and, in the following year, he added reinforced concrete tanks to the patent. Monier’s
first patent for application of reinforced concrete in civil engineering came in 1873, which
covered arched bridges and footbridges. Later in 1877, he took out another patent which
covered concrete beams with iron bars, but it lacked the scientific background and necessary

design concepts to go further (Langmead and Garnaut 2001).

The development of Monier’s design into a successful building system only came in after
1884 when Conrad Freytag, a German contractor, bought the patent rights for South
Germany. In 1887, Freytag, together with his partners Wayss and Heidschuch, carried out fire
tests, pull-out tests and some bending tests to prove the feasibility of Monier’s method to the

authorities and to develop the idea for the building industry (Gdssel and Leuth&user 2001).

Almost during the same period, in 1879, a building contractor named Francois Hennebique
used reinforced concrete for the first time for a private building in Brussels; instead of timber
joist, he used precast concrete beams with round iron bars (Sozen, Ichinose et al. 2014). His
main intention was to make the building fireproof. He continued his research on reinforced
concrete design, and finally in 1892, patented his frame construction system consisting of
concrete beams, columns and slabs. In his frame construction system, Hennebique provided a
detailed design of stirrups and anchorage of longitudinal bars for the first time, showing he
had a clear understanding of the practical problems and function of reinforcement (Slaton
2003, Collins 2004). Hennebique’s design was essential in developing the conceptual
framework for what is today called ‘reinforced concrete design’ and which has been widely

used since the beginning of the 19t century.

The development of reinforced concrete concept was not limited only to Europe. In the USA,
engineers and contractors were looking into concrete construction with iron bars at almost the
same time (Collins 2004). In 1875, when Monier was developing his system of reinforced

concrete in Europe, Thaddeus Hyatt, an American inventor, was promoting his new system of
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construction blocks with iron bars in the USA. He carried out several tests to confirm the fact
that iron, steel and concrete had compatible coefficient of expansion, so they would not
disintegrate under heat and there would not be any de-bonding between the two elements in a

reinforced concrete member (Newlon 1976, Slaton 2003).

The first major reinforced concrete builder in the USA was Ernest Ransome, according to
Frank Newby. He patented the first-ever twisted square reinforcing bar in 1884, as shown in
Fig. 5 (Newby 2001). Following Ransome’s revolutionary work, by the early 19t century in
the USA, reinforced concrete was well established as an architectural and industrial building

material which was widely used for industrial and residential applications.

{(No Model,) n
E. L. RANSOME. ‘ ’
BUILDING CONSTRUCTION. '
No. 306,226. ‘ Patented SBept. 16, 1884,
2761 FIG. 2
B

Fig. 5 Ransome’s patented twisted bar used to reinforce concrete (Ransome 1884)
Wilkinson, Monier, Freytag, Hennebique and Ransome were all pioneers of reinforced
concrete in their times. They showed that using iron bars in a concrete mix is practically
possible. However, over the years, the major drawbacks of steel reinforcement became

apparent to engineers and architects, and led to the development of alternative reinforcing
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elements in concrete application, especially in the form of Fiber Reinforced Polymer (FRP)
composites. Since the 18" century when the first patent for the design of concrete elements
reinforced with steel reinforcement was published, the design concept of steel reinforced

concrete has changed in many ways.

In the next section, the normal steel reinforcement system, its design concept, and the
theories established to support the conceptual design for concrete beam applications are

reviewed and discussed.

3.2.1. Normal steel reinforcement systems, theories, and designs
Much of the experimentation and use of reinforced concrete had been performed on a trial-
and-error basis. Mathias Koenen, in Berlin, Germany, was the first experimenter to gather
methods of computation for load tests, publishing his analysis of tests conducted in Germany
in 1886 (Singer and Williams 1954, Gori 1999, Kurrer and Ramm 2012). Koenen’s theory
was based on deriving the neutral axis of the beam as a function of the height, and
determining the internal stresses by assuming an elastic behavior for the concrete, and that
plane sections remain plane. This theory was essential in developing design guides for

reinforced concrete.
Koenen’s theory of flexure is generally accepted today and is based on four assumptions:

1

Plane sections perpendicular to the neutral axis prior to bending remain so following

bending;

N
1

Stress is proportional to strain;
3
4

There is a perfect bond between the concrete and steel;

Tension stresses in the concrete are not considered in the design.

Today’s code of design for concrete structures is based on Limit State Design (LSD) known
as Load and Resistance Factor Design (LRFD) which requires a structure to satisfy design

requirements concerning both strength and serviceability.

The limit state method was originally developed in the Soviet Union in the period 1935 to
1955, and later was introduced in concrete codes in Eastern Europe in the 1950s (Jain 1993,
Kotsovos and Pavlovic 1999, Varghese 2008).

According to LSD, a structure could become unfit for service in many ways, for instance,

through complete or partial failure, or by excessive deflection, or even through large
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cracking. When either of these failure modes happens, the structure enters into a limit state.
Generally, there are two main categories, which correspond to the strength limit state and the

serviceability limit state (Hughes 1976, Kotsovos and Pavlovic 1999, Varghese 2008).

In the strength limit state design, the ultimate strength of the structure or a member of the
structure should allow an overload. Therefore, the structure should be designed via ultimate
load theory to carry the required overload. The specific load could be the flexure,
compression, shear, torsion or tension (Hughes 1976). Hence, strength limit state ensures that
the structural elements of a building will neither become unstable nor collapse under any

arrangement of overloads.

In the serviceability limit state, the structure should be fit for durability, deflection, cracking
or overall stability (Punmia, Jain et al. 2007). In durability state, the structure should be fit for
the environment, for instance, by achieving the minimum concrete cover for steel
reinforcement in beams or columns to prevent any corrosion-induced failure or by following
certain cement content in the concrete mix to satisfy the permeability limits specified in

international code of practice (VVarghese 2008).

As Ashok Jain, professor of civil engineering at the Indian Institute of Technology, described
in his book titled “Reinforced Concrete: Limit State Design”, in deflection limit state, the
structure under service load conditions should not deflect more than the allowable limits set
in international codes to prevent any unnecessary deflection that might significantly change
the appearance of the structure or the finishes and partitions installed in the building. The
deflection limit state could normally be reached by optimizing the size of any structural

section or by adjusting the reinforcement ratio to prevent excessive deflection (Jain 1993).

Professor Punmia from MBM Engineering College in India explained, in his book on
concrete limit state, that when cracking limit state design is practiced, the structure must not
develop large cracks which are wider than the allowable crack width stated in international
design codes. Similar to deflection, extreme cracking of concrete element can negatively

affect the appearance or long-term durability of the structure (Punmia, Jain et al. 2007).

Finally, the overall stability should be achieved by following the specific design criteria set
by international building codes for vertical, horizontal and internal ties in the structure to
avoid or limit the effect of overturning or swaying of the substructure and foundation.

Normally the tow limit states are considered in the design; that is, the strength limit state and
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the serviceability limit state of deflection and cracking under service loads. Usually, the
structure is designed for ultimate strength limit state, and then is checked for other limit state

conditions such as deflection, cracking and stability limit state.

Limit state design philosophy uses the concept of probability and stochastic analysis. It is
based on the fact that one cannot be certain about the strength of concrete or steel
reinforcement due to manufacturing conditions or design limitations. Also, the loads applied
to a structure might not be the precise values considered in the design due to errors in
construction, or errors in calculations, or due to environmental effects. Therefore, the load
might be greater than originally considered by the designer in designing the structure. To

account for these limitations, in limit state design characteristic values are often used.

The maximum working load that any structural element of a building has to withstand and
should be designed for is called characteristic load. The strength materials such as concrete
and steel reinforcement are required to possess is called characteristic strength (Sinha 1996,
Hartsuijker and Welleman 2007, Krishna 2007, Varghese 2008).

It is assumed by international standards in Europe and the USA that loads and strengths
follow a normal distribution curve for the purpose of limit state design (Hughes 1976, Jain
1993, Kotsovos and Pavlovic 1999, Punmia, Jain et al. 2007, Varghese 2008). A normal

distribution curve is shown in Fig. 6.

Area = probability
Of having a value of z

Area under or more

the curve =1

Normal deviate z

Fig. 6 Normal distribution curve for variations of load and strength (Punmia, Jain et al. 2007)

Fig. 7 shows a normal distribution curve that covers 95% reliability. From Fig.7, the value of
K, which corresponds to 5% of the area of the curve, is 1.645. Fig. 8 shows the normal
distribution curve for material strength where f¢ is the characteristic strength and fy is the

mean strength of the material.

30



Characteristic strength is defined by Eq. 1:
fi=fmn -K(Sa ) (Eq.1)
where Sq is standard deviation for the series of test results.

Similar to characteristic strength, characteristic design load is defined as the value of load,
which has a 95% probability of not being exceeded during the life span of the building. Fig. 9
shows the characteristic load distribution curve.
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Fig. 7 Normal distribution curve for 95% reliability (Jain 1993)
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Fig. 8 Distribution curve for material strength (Jain 1993)
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Fig. 9 Distribution curve for design load (Jain 1993)

The characteristic load should be calculated from the mean and standard deviation
with a statistical method similar to strength values, but since there is a lack of
sufficient statistical data for loads applied to a structure, it is not possible to express
loads in statistical forms. Therefore, international building codes come with specific
values based on research and experiments for the characteristic loads. These
characteristic loads are often defined as live load, dead load, wind load and some

other partial loads.

Structures normally are designed according to international building codes where
characteristic loads are multiplied with appropriate factors of safety based on the
type of loads applied to them, and based on the Ilimit state of design being
considered. Therefore the so-called design load in limit state design concept is
calculated by applying a safety factor to the characteristic load. Egq. 2 shows the
design load calculation in the limit state design concept according to the American

Concrete Institute (ACI) design guide (American Concrete Institute 2008).
Design load = y¢ X characteristic load (Eqg. 2)

In Eq. 2, y¢ is the load safety factor to cover the variation in loading, design and in
construction as described earlier about the concept of limit state design. Similar to design
load, design strength is also calculated by applying a strength safety factor according to the

ACI design guide, which is shown in Eq. 3.

Design strength = Y/yy, X characteristic strength (Eq. 3)
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In Eq. 3, ym is the strength safety factor which depends on the material strength and the limit

state design being considered. In the ACI design guide, strength safety factor (Y/ym) is known
as the strength reduction factor (®) (American Concrete Institute 2008). Therefore, the

design strength can be calculated as shown in Eq. 4.
Design Strength = & Xcharacteristic strength (Eq. 4)

With safety factors for loads and reduction factors for strength, the ACI design code has
considered several load combinations to be used for limit state design calculations. In load
combinations defined by the ACI design guide, there are two main categories of load which
are applied to a structure: Dead Load (DL) and Live Load (LL).

Dead load usually refers to the weight of the elements of a building which are normally made
of concrete or steel. In addition to the weight of the structure, there are permanent loads such
as floor finishes, cladding and service equipment which are considered as dead loads in the

structural design of the building elements.

Unlike dead loads, which are permanent in nature, live loads are of a transient nature. They
may change during the life span of the structure, for instance by relocating the partitions over
time in the buildings. Therefore, the majority of unfixed articles in a house — for example,
people who are living in a building, or furniture which could be easily moved or relocated —

will result in live load on the structure.

Besides dead load and live load, there are other types of loads, such as rain load, snow load,
soil lateral load, flood load, wind load and earthquake load, which need to be considered in
the design of reinforced concrete structures (Ambrose and Tripeny 2007). Each category of
load mentioned have its own set of design guidelines which need careful planning and

investigation during the early design stage of the structure.

According to the ACI design guide for reinforced concrete, the basic requirement for strength

design is described in terms of design strength and required strength as shown in Eq. 5.
Design strength > Required strength  (EQ. 5)

In this design approach which was described earlier, the ACI design guide recommends

considering the strength reduction factor ® and nominal strength, which is shown in Eq. 6.
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® (nominal strength) > U (Eq. 6)

As can be seen from both Eq. 5 and Eq. 6, the design strength of a member that is equal to the
applicable strength reduction factor @ times the nominal strength of that member must be
equal to or greater than the required strength U. The required strength U is calculated by
multiplying load effects by load factors. The ACI design guide recommends different load
combinations for strength design methods, which are based on three main parameters

(American Concrete Institute 2008):

1- The level of accuracy in calculation:
For instance, in the case of dead loads, there might be some variations arising from
assumptions made in the design stage due to errors made at the construction site when
casting concrete elements. The concrete member might not be accurately sized
according to the specifications in the design stage, or its properties (such as density or
weight) could differ from design requirements — these would affect the dead load
calculations.

2- The variations during the life span of the structure:
For example, in terms of live loads, they can vary in magnitude over time very
frequently. The fixtures of the house can be relocated, or replaced with heavier or
lighter materials, during the life span of the building.

3- The probability of the worst-case loading:
For instance, the possibility of having all different load types applied simultaneously

on the structure is relatively low.

Based on these factors, load combinations are designed by adding to the dead load, other
loads such as live load, wind load, snow load or earthquake load with their respective load
factors. The following equations are the most commonly used load combinations for the
design of reinforced concrete structures according to ACI 318 section 9.2, which considers
the most common type of loading on a building, including the dead load (DL) and live load
(LL).

U=1.4DL (Eq. 7)

U=12DL+16LL (Eq.8)
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To design a structural member, all of the load combinations must be checked, and the worst
possible load combination should be used to determine the member size and required

reinforcement in the reinforced concrete design.

As discussed earlier, the design strength of a member is calculated by multiplying the
nominal strength by a strength reduction factor @ according to Eq. 6. The & factors are

determined based on the following criteria (Williams 2003, McCormac and Brown 2013):

- To allow for inaccuracies in design equations where assumptions are made for
oversimplifications for material strengths or properties.

- To take into consideration the variations in material strengths, such as the concrete
strength resulting from different type of cement or aggregates on site.

- To consider the importance of a member in which failure of that member in a
structure is more crucial compared to other members. For instance, the failure of a

column in a structure is more crucial than the failure of a beam.

The strength reduction factor & for a beam is 0.90 and for a column 0.75, according to the
ACI design guide (American Concrete Institute 2008). The strength reduction factor ® for
columns is lower compared to that for beams; the reason is that column failures are more
crucial compared to beam failures. A column supports a much greater area compared to a

beam; therefore it should be designed with greater safety measures.

Once the load combinations are determined, the basic theories on the strength design of
reinforced concrete elements will be used to evaluate the nominal strength of a section

subjected to flexure, axial and shear forces, or a combination of all loads together.

As mentioned earlier in this chapter, many theories on the strength design of reinforced
concrete structures emerged in the late 18" century and early 19 century. Much of the
experimentation and use of reinforced concrete were on a trial-and-error basis. Mathias
Koenen, in Berlin, Germany, was the first experimenter to deduce methods of computation
for load tests, and published his analysis of tests conducted in 1886 in Germany. Koenen’s

theory of flexure for reinforced concrete beams was based on the following premises:

1- Plane sections perpendicular to the neutral axis prior to bending remain so following
bending;
2- Stress is proportional to strain;

3- There is a perfect bond between the concrete and steel; and
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4- Tension stresses in the concrete are not considered.

As the reinforced concrete element reaches its ultimate strength, both concrete and
reinforcing steel behave rigidly. Therefore, the design theories should consider this behavior.
Unlike steel, concrete is a strongly heterogeneous material which shows several inelastic
behaviors such as shrinkage, creep and micro crack growth. As such, it is easier to
analytically define the inelastic behavior of reinforcing steel than that of concrete. The

strength design method is based on two important conditions:

1- Static equilibrium

2- Compatibility of strains

In static equilibrium, the compressive and tensile forces acting on any cross section of a
member are in equilibrium. This condition is used in determining the nominal strengths of

reinforced concrete elements.

In compatibility of strains condition, the strain in a reinforcing bar that is embedded in
concrete is equal to the strain in concrete at that level. This condition is in line with Koenen’s
flexural theory that there is a perfect bond between the concrete and reinforcing steel bar, and

both materials act together when undergoing any external loading (Williams 2003).

The ACI design guide recommends four major assumptions in the strength design method for
members subjected to flexure or axial loads or both. These assumptions, which have
developed over the years, are necessary to determine the nominal strength of a reinforced

concrete member and are listed here (American Concrete Institute 2008):

1- Strains in the reinforcement bars and concrete are proportional to the distance from

the neutral axis.

This is, in fact, one of the main assumptions in the strength design theory, and simply
translates to the fact that plane sections perpendicular to the axis of bending prior to bending
remain plane after bending. In other words, this assumption shows that reinforcing bars and
concrete act together against any external force, as mentioned earlier in the compatibility of
strains and in Koenen’s theory of flexure. Therefore this assumption indicates that a perfect

bonding between concrete and steel reinforcement exists.

Hognestad, Hanson, McHenry and Rusch have all shown that the distribution of strain is

linear across a reinforced concrete element cross section (Hognestad, Hanson et al. 1955,

36



Rusch 1960, Mattock, Kriz et al. 1961). Fig. 10 shows the strain distribution over the depth

(d) of a rectangular reinforced concrete element in the strength design method.

The depth of a concrete section (d) is measured from the extreme compressive fiber to the
center of the steel reinforcement in the tension zone (Punmia, Jain et al. 2007). The strain in
concrete (g¢) and strain in reinforcing steel bar (gs) are directly proportional to the distance
from the Neutral Axis (NA), which is located at distance ¢ from the compression zone of the
element. It is assumed in Fig. 10 that strains above the NA are compressive and strains below
the NA are tensile. This assumption will help the engineers to determine the stress and strain
in the reinforcement bars, and to estimate the required number of reinforcement bars to

sustain the load and corresponding moment without premature failure.
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Fig. 10 Distribution of strain over the depth of a rectangular reinforced concrete beam section

2- The tensile strength of concrete is neglected in calculations for axial and flexural

strength and in estimating the member size.

The tensile strength of concrete is generally between 10 to 15 percent of compressive strength
(Krishna 2007). This assumption makes the flexural calculations of the beam simple and
straightforward, since the contribution of tensile strength of the concrete to the ultimate
flexural capacity of the beam is rather small and negligible. However for serviceability
calculations, the tensile strength of concrete may be considered for crack and deflection

control when necessary (American Concrete Institute 2008).
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3- Maximum concrete working strain is assumed to be equal to 0.003.

In other words, this assumption indicates that the concrete member will fail if the maximum
compressive strain in that member reaches 0.003, according to the ACI design guide. This
value was obtained from tests of several concrete beams and columns over the past 50 years
of research on reinforced concrete design (Rusch 1960, Desayi and Krishnan 1964, Popovics
1970, Wang, Shah et al. 1978, Nataraja, Dhang et al. 1999).

4- The compressive stress-strain distribution for concrete is assumed to be rectangular,
trapezoidal, parabolic, or any shape that results in calculation of strength in substantial

agreement with results from comprehensive laboratory tests.

This assumption implies simplicity in design computations of concrete stress-strain. The
stress-strain relationship for concrete in compression is not a straight line but a curve similar

to that shown in Fig. 11.
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Fig. 11 Stress-strain curve for concrete in compression
The ACI design guide recommends using a comparable rectangular compressive stress
distribution, or the so-called Whitney’s stress block, to replace the stress-strain curve shown
in Fig. 12 (Kong and Evans 2013). In the equivalent rectangular stress block, an average
stress of 0.85f'c is used where f'c is the concrete compressive strength. The stress block has a
depth of a, which is a function of the Neutral Axis depth, ¢ and is measured from the edge of

the concrete with the maximum compressive strain. The ACI design guide recommends that
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B1 shall be taken as 0.85 for concrete with compressive strength up to and including 30MPa

and for concrete with f'c > 30MPa, Eq. 9 should be followed to calculate B1.
B1=0.85-0.008 (f'c-30MPa) >0.65 (Eq.9)

By assuming a rectangular stress block for the reinforced concrete section, the calculation of
resultants forces becomes relatively simple. Fig. 12 demonstrates the compressive stress
block together with the compressive force in concrete (C) and the ensile force (T) in steel

reinforcement.
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Fig. 12 Concrete stress block with compressive force in concrete (C) and tensile force (T) in steel reinforcement

The concrete compressive force as shown in Fig. 12 can be calculated using Eq. 10:
C=wafcab (Eqg.10)

Where a is the depth of compressive stress block, b is the width of the concrete section and a1
is a load factor which takes into account variations in concrete compressive strength for
which the ACI design guide suggests a value of 0.85 (American Concrete Institute 2008).
Several laboratory tests carried out on beams under flexural load have shown comparable
results with the analytical compressive stress block and the calculations of compressive and
tensile forces based on the ACI stress block model (Popovics 1970, Kent and Park 1971,
Mander, Priestley et al. 1988, Oztekin, Pul et al. 2003, Ozbakkaloglu and Saatcioglu 2004).

The tensile force in steel reinforcement in Fig. 12 can be calculated using Eq. 11:

T=Afy (Eq. 11)
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Where As is the area of steel reinforcement in the tension zone of the concrete member and fy
is their yield strength. The ACI design guide assumes that the steel reinforcement in the
tension zone of the concrete member yields before the concrete section crushes (American
Concrete Institute 2008). Yield strength is defined as the strength of steel at a certain point
where steel starts to have plastic deformation which is irreversible once the applied stress is
released (Clifford, Simmons et al. 2012).

The nominal moment capacity (M) of any beam cross-section can be calculated from Fig. 13
by considering two requirements according to the ACI design guide (American Concrete
Institute 2008):

1- Stress and strain compatibility, where stress at any section of a member should
correspond to the strain at that section or, as stated earlier, strain in reinforcement and
concrete is assumed to be proportional to the distance from the neutral axis.

2- Equilibrium, where there should be a balance between internal forces (Fig. 13) and

the loadings applied to the member.

Eqg. 12 shows the equilibrium condition and consequently the nominal moment capacity of

the section can be calculated using Eq. 13.
T:CZalf'cab:Asfy (quZ)
M=C(d-a/2)=T(d-—a/2) (Eq.13)

However, the assumption that was made regarding the yielding of steel reinforcement in
Eg. 11 has to be checked and verified. To do so, the stress and strain compatibility condition
should be applied to calculate the resulting strain in steel reinforcement (&s) and comparing

that with the steel yield strain (&sy).

To control if the member size and amount of reinforcement for the applied load are adequate,

the design equation for flexure has to be checked using Eqg. 14.
® Mn>Mu (Eq. 14)
Where @ is the strength reduction factor and is defined by Eq. 4.

The ACI design guide defines four modes of failure for a beam under flexural load which

include (American Concrete Institute 2008):
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1- Balanced failure mode; where the strains in the concrete and steel reach their
maximum limit. Concrete reaches the limiting strain of 0.003 and steel reinforcement
in the tension zone of the member reaches its yield strain.

2- Tension-controlled failure mode; where the strain in the extreme layer of steel
reinforcement in tension zone is equal to or greater than 0.005. This mode of failure is
achieved by the yielding of steel reinforcement in the tension zone before the crushing
of the concrete in the compression zone of the section.

3- Compression-controlled failure mode; where the crushing of the concrete in the
compression zone of the section occurs before the yielding of the steel reinforcement.
This is a brittle and sudden failure which the ACI design guide recommends to be
avoided. This happens as a result of the application of too many steel reinforcement in
the tension zone of the concrete member. Therefore the strain in the steel
reinforcement is less than or equal to the compression-controlled strain limit set by
the ACI design guide.

4- Transition-failure mode; which refers to a concrete section that is not either tension-

controlled or compression-controlled.

The ACI design guide recommends a concrete beam which is designed for tension-controlled
mode of failure, where the steel reinforcement in the tension zone yields before the crushing
of the concrete in the compression zone. This failure mode ensures sufficient ductility and
adequate warning before the final failure of the beam by displaying large deflections along

the concrete beam length (Chen and Lui 2005).

In addition to the reinforcement used along the length of the concrete beam and in the tension
zone of the section to resist the tensile stress developed by the external loading, there must be
another group of reinforcement to resist the shear forces developed by the action of external

loads. This group of reinforcement is called stirrup.

The shear stress is developed as a result of the internal actions of the concrete beam, and it
affects the concrete member in both tension and compression; consequently it will be
followed by diagonal tension and compression stresses. Fig. 13 shows the internal forces on a
section of a concrete beam, and Fig. 14 displays the typical diagonal forces produced by the

shear stress in the beam.
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Fig. 13 Internal forces acting on a section of a concrete beam displaying the moment (M) and Shear force (V)
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Fig. 14 Diagonal tension and compression stresses acting on a section of a beam as a result of internal shear stress
(Varghese 2008)

The subsequent tension stresses developed by the shear stresses in the concrete beam can
result in the cracking of the concrete beam, given the low tensile strength of concrete.
Therefore vertical reinforcement or stirrups should be provided to resist the diagonal stresses
and close any diagonal cracks which might occur during the life span of the beam. The

diagonal shear cracks in a beam under external loads are displayed in Fig. 15.

The shear stress distribution for a concrete beam is shown in Fig. 16. In the calculations, the
ACI design guide recommends an average shear stress across the cross section. The shear
stress (v) is obtained by dividing the shear force by the area of the cross section according to
Eq. 15.

v=V/bd (Eg. 15)

42



Internal diagonal Shear cracks

\ !

1

Fig. 15 The diagonal shear cracks in beam under external loads (Davies and Neal 2014)
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Fig. 16 Shear stress distribution in a concrete beam section

According to the ACI design guide, Eqg. 16 is used to check the shear capacity of concrete
beams. In this design equation, V, is the nominal shear resistance of the concrete beam and
V, is the shear force from the loads acting on the beam. Unlike Eq. 14 for flexural capacity of
the beam where & is equal to 0.90, in Eq. 16 for shear capacity control of the beam, @ is

taken as equal to 0.75 according to the ACI design guide and after numerous laboratory tests.
® V>V, (Eq. 16)

The nominal shear resistance in a concrete beam is provided by the concrete and stirrups. Eq.

17 is used to calculate the nominal shear resistance of the reinforced concrete beam.
Va=Ve+ Vs (Eq.17)

In this equation, V. is the shear strength provided by the concrete and Vs is the shear
resistance developed by the stirrups. V¢ for beams is calculated using Eq. 18 where several

laboratory tests have shown that the concrete shear strength is in accordance with this
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equation (Sarsam and Al-Musawi 1992, Tompos and Frosch 2002, American Concrete
Institute 2008).

/A ‘/?fibd (Eq.18)
The shear resistance of the stirrups can be calculated by the cross-sectional area of stirrups
(Av), the yield strength of the stirrups (fy) and knowing the spacing between the stirrups (s), as

shown in Fig. 17.

Eq. 19 is used to calculate the shear strength of the stirrups according to the ACI design guide
(Angelakos, Bentz et al. 2001, Tompos and Frosch 2002, American Concrete Institute 2008).

[ Afyd
S N

(Eq. 19)
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Fig. 17 Stirrups in a concrete beam section spaced regularly at intervals (s)

By combining Eq. 19 and Eq. 16, the spacing of the stirrups (s) can be estimated from Eq. 20.

_ Avfyd

= (Eq. 20)
Vu/gb_Vc

Generally, in design calculations for the shear resistance of a concrete beam, the factored
shear forces acting on the beam are computed according to the procedures for structural
analysis stated in the design guides. Once the factored shear forces are known, Eq. 18 is used
to calculate the concrete shear resistance, followed by Eq. 20 where the spacing of the
stirrups can be estimated by assuming a nominal size for the stirrups. The whole procedure

should be repeated till the optimal size and spacing of the stirrups are selected.

Once the axial and shear reinforcement are designed according to the limit state criteria, the

ACI design guide recommends checking the serviceability limit states for deflection and
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cracking. The limits are defined according to specific applications e.g. beams, columns or
slabs in ACI 318-08.

3.3. Alternative reinforcement systems for structural concrete
Concrete is one of the most widely used building materials worldwide. As explained in the
introduction, concrete has one major drawback; it has a very low tensile strength. Concrete
performs well in compression but when is used in applications where it has to sustain tensile

forces, for instance, in concrete beams, large cracks and premature failure are inevitable.

To overcome this problem and be able to use concrete widely for the construction sector in
diverse applications, reinforcing bars with high tensile strength are used in structural
concrete. The most common type of reinforcing bars is steel reinforcement. Steel
reinforcement has been used in a variety of structural concrete buildings and infrastructure in
the past decades. However, the major challenge of using steel reinforcement in concrete is the

corrosion and the corrosion-induced problems.

Corrosion of the steel reinforcement in concrete is often initiated by either concrete
carbonation or exposure of the concrete element to chloride ions as discussed in various
works (Bentur, Berke et al. 1997, Broomfield 2002). Concrete itself provides a protection
layer around the reinforcement bars. It provides an alkaline environment with a pH level of
12 to 13, where a thin oxide layer forms on the steel rebar and prevents iron atoms from
dissolving; therefore steel reinforcement remains in a passive state and the corrosion is
prevented or reduced (Bertolini, Elsener et al. 2013). However, the major challenge for steel
reinforced concrete is when this protective layer around the steel reinforcement is damaged,
which leads to the initiation of the corrosion process. The damage to the passive layer is

caused by carbonation or exposure to chloride ions.

Carbonation is a process in which carbon dioxide (CO2) from the air penetrates the concrete
and reacts with hydroxides (OH), such as calcium hydroxide Ca(OH),, to form carbonates
(CaCO:s) (Bertolini, Elsener et al. 2013). This reaction reduces the pH of the concrete pore
solution to as low as 8.5, causing damage to the passive layer around the steel bars and

initiating corrosion. Eq. 21 shows the carbonation process.
Ca(OH); + CO, — CaCOs + H,O  (Eqg. 21)

The carbonation process can only take place in the presence of water, in order for the CO> to

dissolve. Therefore, if the concrete environment is dry, the CO will not be able to react with
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the hydroxides (OH?) groups in the concrete matrix and carbonation will not occur
(Broomfield 2002).

As explained by Professor Arnon Bentur from the Israel Institute of Technology, Neal Berke
from Grace Construction Products in the USA and Professor Sidney Diamond from Purdue
University in the USA in their book “Steel Corrosion in Concrete: Fundamentals and civil
engineering practice”, chloride-induced corrosion typically occurs when the reinforced
concrete is exposed to de-icing salts, seawater or to the marine environment. Chloride ions
penetrate through the concrete, reach the oxide film around the steel reinforcement bars and
damage the protective layer around the bars (Bentur, Berke et al. 1997, Glass and Buenfeld
2000). Therefore, in the presence of oxygen and moisture, the corrosion of rebar can occur.
With a continuous supply of oxygen and moisture, iron is dissolved in the form of ferrous
hydroxide (Fe(OH2)) and forms a layer of rust around the steel bars. The rust occupies a
volume larger than the reinforcement bars, which induces extensive forces in the concrete in
the form of tensile stress. Given the weak nature of concrete in tension, these forces initiate
the cracking of the concrete layers around the steel reinforcement bars in the form of concrete
delamination, or the debonding of the reinforcement bars from the concrete matrix (Bentur,
Berke et al. 1997, Yoon, Wang et al. 2000).

Furthermore, these initial cracks will lead to more water and oxygen reaching the surface of
the steel bars, increasing the corrosion rate, resulting in spalling of the concrete layer and
ultimately exposing the reinforcement bars to severe corrosion as shown in Fig. 18 (Lee,
Noguchi et al. 2002).

The corrosion will also lead to a reduction in the cross-sectional area of the reinforcement
bars as a result of the dissolving of the iron from the reinforcement surface in the concrete
matrix in the form of ferrous hydroxide, which reduces the load-bearing capacity of the
reinforcement bars (Almusallam 2001). Fig. 19 displays the corroded reinforcement in a

section of a reinforced concrete beam.
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Fig. 18 Corrosion of reinforcement bars in concrete

Fig. 19 Corroded reinforcements in a section of concrete beam
(Bertolini, Elsener et al. 2013)

As mentioned earlier, the major challenge in the use of steel reinforcement in structural
concrete is corrosion and corrosion-related damages. To reduce the corrosion of the

embedded steel reinforcement in concrete, different approaches can be undertaken:

1- Improving the quality of concrete:
By controlling the workmanship during the casting and placement of the concrete, or
by adding admixtures which can improve the durability and reduce the porosity of
concrete, and applying water repellent coating to the surface of the concrete, the

ingress of chloride ions or diffusion of CO: into the concrete matrix can be prevented
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or delayed substantially, as explained in various scientific research works carried out
previously (Tripler and White 1966, Rasheeduzzafar, Al-Saadoun et al. 1992, Virmani
and Clemena 1998).
2- Applying coating on reinforcement bars:
As described by Cheng, Huang, Wu, and Chen as well as Clifton, Beeghly and
Mathey, the epoxy coating can be used to protect the reinforcement bar in a severely
corrosive environment, especially for the concrete application in a marine
environment or when the concrete member is exposed to de-icing salts. However, the
quality of the coating applied on the surface of the reinforcement bars could affect the
long-term resistance of the bars to corrosion (Clifton, Beeghly et al. 1974, Cheng,
Huang et al. 2005). Therefore, it is necessary to take precautions in the handling and
transportation of the bars or when placing the concrete to prevent any damage to the
coated surface of the bar: if not, its corrosion rate will be similar to that of normal
steel reinforcement bars (Venkatesan, Palaniswamy et al. 2006).
3- Application of a non-ferrous and non-metallic reinforcement material :

The problem of steel reinforcement corrosion has led many engineers and researchers
to look for alternative reinforcement materials that do not corrode and have
comparable mechanical properties to steel reinforcement, and which could potentially
replace steel reinforcement in different applications. Among the alternative materials,
Fiber Reinforced Polymer (FRP) materials have gained popularity in recent years due

to the advantages they offer over metallic or ferrous reinforcement materials.

The first approach towards concrete quality control is not within the scope of this thesis and
is covered extensively in the literature on concrete over the past fifty years. The second
approach on coated reinforcement is reviewed briefly in this section. More emphasis has been

given to the third approach on FRP reinforcement as it is more relevant to this research.

3.3.1. Coated reinforcement systems
Extensive research was carried out by James Clifton, Hugh Beeghly and Robert Mathey from
the Materials and Composites Section Center for Building Technology of the National
Bureau of Standards in Washington in 1974 to determine the feasibility of using organic
coatings, especially epoxies, to protect the steel reinforcing bars embedded in concrete from
accelerated corrosion at the Center for Building Technology in Washington. The findings of
the research proved that coating of the reinforcement prevented corrosion beyond the

concrete cover.
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The coating could be a metallic or non-metallic material which acts as a protective layer
around the steel bar. The coating provides an insulating layer around the steel reinforcement
bar to prevent the ingress of CO, or chloride ions — the presence of which would cause
corrosion to occur. The protection level is largely dependent on the type of coating, the
adhesion between the coating and the steel bar, and also the type of environment to which it

is exposed in the long term (Clifton, Beeghly et al. 1974, Lee, Krauss et al. 2004).

James Clifton, Hugh Beeghly and Robert Mathey further described that the common type of
non-metallic coating could be the epoxy coating. Their study of more than 40 coatings
indicated that Epoxy Coated Reinforcement (ECR) could provide improved corrosion

resistance against carbonation and chloride ions (Clifton, Beeghly et al. 1974).

Kazusuke Kobayashi and Koji Takewaka at the Institute of Industrial Science, University of
Tokyo, in 1984 showed that ECR could be produced via a continuous process in a plant
where the steel bar was shot blasted to remove unnecessary particles and impurities and
which also provided a surface finish required for the epoxy to bond. Subsequently, the bar
was heated and passed through a spray area where the epoxy powder was sprayed onto the
surface of the bar (Clifton, Beeghly et al. 1974, Kobayashi and Takewaka 1984). Fig. 20

shows steel reinforcement bars which have been coated with epoxy.

Epoxy coated reinforcing bars were used for the first time in the construction of a highway
bridge over the Schuylkill River in Pennsylvania, USA, in 1973. Since then, it has become a
predominant type of non-corrosive reinforcement in the USA and Canada, being mostly used

in bridge deck construction (Erdogdu and Bremner 1993).
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Fig. 20 Epoxy Coated Reinforcement (ECR) bars (National Precast Concrete Association 2015)

It was only in 1992 when several premature failures happened to a few bridges in Florida,
USA, after being exposed to the severe marine environment, that the use of ECR was stopped
by the authorities, according to several reports (Smith, Kessler et al. 1993, Manning 1996). A
comprehensive investigation by Alberto Sagués, Rodney Powers and Richard Kessler from
the University of South Florida and the Florida Department of Transportation in 1994 showed
that, within a few years, the epoxy coating started to de-bond from the steel reinforcement
bar; due to the exposure to the marine environment, the corrosion process accelerated in the
presence of chloride ions (Sagués, Lee et al. 1994). The de-bonding process was likely
initiated from damage to the surface of ECR during the handling or placing of the

reinforcement in concrete.

Due to the vulnerable nature of epoxy coated reinforcement, researchers looked into
alternative coating materials which could perform better than epoxy. Professor Stephen
Yeomans from the University of New South Wales, Australia, explored alternative coatings
for reinforcement, which were mainly metallic coatings due to their hardness and superior
bonding to the base steel in reinforcement bar compared to epoxy coatings. Yeomans studied
various metals for coatings for steel reinforcement bars, including zinc, copper and nickel.
Among these, zinc coating in the form of galvanized coating was considered the most
common type of metal coating which was effective in protecting the steel reinforcement from

corrosion (Yeomans 2004).
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In the process of galvanizing, the steel bar was cleaned to remove unnecessary particles or
impurities, and then submerged into a bath of molten zinc at a temperature of around 450°C.
This temperature was necessary in the process to ensure a chemical reaction between zinc and

steel, and produced a coating on the surface of the steel bar (Clifton, Beeghly et al. 1974).

The main advantage of galvanized steel rebar over the ECR is that the coating in the former is
chemically bonded to the steel bar. Therefore, a tough and abrasion resistant coating is
produced with good strength and acceptable behavior for bending and formwork preparation.
Unlike ECR where the epoxy coating does not allow for bending due to the weak nature of
the epoxy, galvanized coated reinforcement can be bent on site before placement in concrete
(Yeomans 2004, Bellezze, Malavolta et al. 2006).

Another advantage of galvanized steel reinforcement as shown by Montemor, Cabral,
Zheludkevich, and Ferreira in 2006, Poursaee and Hansson in 2009, and Tan and Hansson in
2008, is that the galvanized coating increases the time required to initiate corrosion compared
to conventional steel reinforcement without coating (Montemor, Cabral et al. 2006, Tan and
Hansson 2008, Poursaee and Hansson 2009). The zinc layer, when it is in contact with
concrete, starts to dissolve in the alkaline environment of concrete matrix and provides a
protective atmosphere for the reinforcement bars. Furthermore, the corrosion products are in
the form of powders: unlike uncoated steel reinforcement bars, they will not increase the
volume of the steel reinforcement bars but will disperse consistently in concrete, and could
help to fill in the porous area of the concrete matrix, as explained by Stephen Yeoman in his
book “Galvanized Steel Reinforcement in Concrete” as well as in the research project carried
out by a team of researchers from Marche Polytechnic University in Ancona, Italy (Yeomans
2004, Bellezze, Malavolta et al. 2006). This eventually could reduce the rate of chloride ion
penetration by reducing the porosity of the concrete. Consequently, there will be no
additional tensile stresses introduced into the concrete from the corrosion products, nor
increase in the volume of the reinforcement bar which could potentially produce internal

cracks.

However, a few cases of corrosion of galvanized steel reinforcement in severe marine
environments were reported by Macias and Andrade in 1987, Saraswathy and Song in 2005,
and Sistonen, Cwirzen, and Puttonen in 2008. When the pH level was as high as 13, the
corrosion started a few years after placement of the reinforcement and continued until the

protective layer of zinc was dissolved completely in concrete.
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Hence, it is obvious that in poor quality concrete or in a concrete with a water-to-cement ratio
(WIC) of higher than 0.50, porosity and permeability are greater than for high-performance
concrete with a low water-to-cement ratio. Therefore, the rate of chloride ions or carbon
dioxide ingress into the concrete will be much higher and as a result, corrosion can be
initiated earlier and can damage the zinc and iron layers on the surface of the galvanized steel
bar more rapidly (Macias and Andrade 1987, Saraswathy and Song 2005, Sistonen, Cwirzen
et al. 2008).

When comparing the two common types of coatings for steel reinforcement, one has to
consider not only the cons and pros in terms of corrosion, but also the cost of producing
either type of coating and the long-term repair cost. The initial cost of epoxy coating on
average can add up to 30% to the cost of the reinforcement, while in the galvanizing process,
it can add up to 50% to the cost (El-Salakawy, Benmokrane et al. 2005, Berg, Bank et al.
2006).

Besides the initial investment required for the coating of the steel reinforcement, treatments
are necessary over the lifetime of the coated reinforcement given the fact that in severe
conditions, the coatings could also be damaged and corrosion might be initiated. Once
corrosion occurs, the cost of repair and rehabilitation will be another major expense, which
will be added to the initial cost; together, these can add up to more than 100% of the steel
reinforcement cost and up to a 50% increase in the overall building cost (Slater 1983,

Thompson, Yunovich et al. 2007).

All these problems rising from the corrosion of metallic reinforcement in concrete have put
tremendous pressure on the building industry. As a result, in the past 15 years, there have
been great interest in using alternative reinforcement, especially non-metallic reinforcement
for structural concrete to eliminate the corrosion problems. Many researchers have started to
work on new types of reinforcement consisting of two parts, a fiber and a resin, in which
aligned continuous fibers are embedded in a resin matrix and then formed into different

shapes.

There have been significant research on using aramid, glass, basalt and carbon fibers, and
more recently, natural fibers to produce non-metallic composite reinforcement that is usually
referred to as Fiber Reinforced Polymer (FRP) reinforcement. In the next section, some of the
FRP reinforcement currently used in structural concrete applications are reviewed and

discussed.
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3.3.2. Fiber Reinforced Polymer (FRP) reinforcement systems
Fiber Reinforced Polymer (FRP) reinforcement made with synthetic or natural fibers have
gained special interest in recent years given the superior properties they offer compared to
conventional steel reinforcement. In general, they do not have the typical problems of
corrosion of steel reinforcement, have high tensile strength and are non-magnetic. There are
different types of fibers that can be used to produce FRP, including glass, carbon, basalt and
aramid fibers. Recent advances in FRP technology have also allowed the use of some natural

fibers such as cotton, kenaf, sisal and bamboo for production of FRP reinforcement.

Among the most common synthetic fibers used in FRP fabrications, Carbon Fiber (CF) and
Glass Fiber (GF) are preferred by manufacturers and engineers, given their superior
mechanical properties over traditional metals such as steel and aluminum. Carbon Fiber
Reinforced Polymer (CFRP) composites and Glass Fiber Reinforced Polymer (GFRP)

composites are the most popular FRP composites used as reinforcement.

CFRP composites have the highest mechanical properties, specifically tensile strength and
elastic modulus, and are the lightest FRP composites used in construction. However, low-cost
raw carbon fiber for the production of CFRP composites is hardly available globally.

Therefore, the usage of CFRP composites is rather limited in structural concrete applications.

The Glass Fiber Reinforced Polymer (GFRP) composites are the most common type of
reinforcement materials among all FRP composites and are used widely in concrete
construction. GFRP composites have relatively lower cost compared to CFRP composites,
and have shown fairly good performance in terms of strength and durability in applications

where the use of steel reinforcement is prohibited.

Besides the CFRP and GFRP composites, Basalt Fiber Reinforced Polymer (BFRP)
composites and Aramid Fiber Reinforced Polymer (AFRP) are the other types of FRP
composites that are, in practice, seldom used for reinforcement application in structural
concrete, even though they have shown relatively good mechanical properties compared to

GFRP composites.

In this section, CFRP and GFRP composites, as the most common FRP composites
reinforcement, are reviewed more in detail. In addition, reviews of the production and

properties of BFRP and AFRP composites have been made.
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Furthermore, in recent years, there has been tremendous interest in the application of natural
fibers in the production of FRP composites to replace synthetic fibers such as glass, carbon,
basalt and aramid fibers. Some natural fibers such as bamboo, flax and sisal have great
mechanical properties comparable to glass or carbon fibers. They are renewable, widely
available globally, and are several times cheaper than synthetic fibers. In this section, some of

the most common types of natural fibers used in fabrication of FRP composites are reviewed.

Glass Fiber Reinforced Polymer (GFRP) reinforcement systems
Among the various types of synthetic fibers used to produce FRP materials, Glass Fibers

(GF) are one of the most common and are widely used in the building and construction
sector. The manufacturing process for GF has been explained by many researchers, among
them Professor Pankaj Mallick at the University of Michigan in Dearborn who carried out

one of the most comprehensive investigations with regard to the GF production process.

The process involves several steps. The various ingredients in glass formulation such as clay
and silica are first dry mixed and then melted in a refractory furnace at about 1,370°C. The
molten glass is extruded through a number of openings contained in a platinum bushing, with
a large number of small nozzles or tips on their underside, and rapidly drawn into filaments
of approximately 10um in diameter. A protective coating is then applied on individual
filaments before they are gathered together into strands. Finally a blend of lubricants will be
added to the mixture to prevent abrasion between the filaments, alongside the antistatic
agents which reduce static friction between the filaments, and a binder to pack the filaments
together into a strand. Some GF may also contain small percentages of a coupling agent that
promotes adhesion between the fibers and the specific matrix for which it is formulated
(Mallick 2007).

There are several advantages of GF, including high mechanical properties, good chemical
resistance, great thermal insulation, being corrosion-free, magnetic free, lighter than
traditional steel bars and having lower carbon footprint compared to steel production (Kliger,
Christian et al. 2012, Hensher 2013). E-glass and S-glass are the types of glass fibers more
commonly used in the fiber-reinforced plastic industry. E-glass fibers have the lowest cost of
all commercially available reinforcing GFs, which is the reason for their widespread use in
the fiber-reinforced plastic industry. S-glass, originally developed for aircraft components
and missile casings, has the highest tensile strength among all fibers in use (Mallick 2007).

However, the compositional difference and higher manufacturing cost make it more
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expensive than E-glass. The tensile strength of GF is in the range of 500MPa to 1,500MPa,
and modulus of elasticity is in the range of 30GPa to 50GPa depending on the production
process and additives used during manufacturing (Fu, Lauke et al. 2000, Kocaoz,

Samaranayake et al. 2005).

There are two varieties of structural performance GFRP reinforcement for concrete
applications, namely the short reinforcement and long reinforcement. Short glass fibers used
in concrete applications are mostly for the prevention of shrinkage cracking and to improve
the flexural failure behavior in concrete, rather than for improving the tensile or compressive
strength of concrete, as explained in the work of Nayan Swamy and Harry Stavrides in 1979
(Swamy and Stavrides 1979).

As mentioned earlier, GF has high tensile strength which is higher than that of steel, but the
modulus of elasticity is typically lower compared to steel reinforcement. Therefore, a low
modulus of elasticity of dispersed short glass fibers in a concrete matrix allows the concrete
to crack first. When the concrete cracks, the strong glass fibers do not allow the crack to
propagate and lead to appearances of a new crack in a different position. This mechanism will
help to minimize any failure due to premature shrinkage cracking, and postpone the onset of
failure under different external loading patterns (Toutanji and Saafi 2000, Reis and Ferreira
2003).

However, recent advances in GF production technology have allowed companies to produce
long GFRP bars similar to steel reinforcement bars for structural concrete applications
(Kodur and Bisby 2005, Wambeke and Shield 2006, Lee, Kim et al. 2008). The long GFRP
bars are widely used in applications in which the use of conventional steel reinforcement is
prohibited or restricted. They are used in reinforced concrete bridge decks and roads where
long-term exposure to de-icing salt can initiate the corrosion of steel reinforcement. GFRP
reinforcement are currently being used as an alternative to steel reinforcement for structures
built near sea water, such as offshore platforms and piers where corrosion of steel is the main
cause of concrete degradation. Given their non-ferrous, non-magnetic properties, GFRP
reinforcement are replacing steel reinforcement in structures exposed to high voltages and
electromagnetic fields where metallic reinforcement cannot be used, such as in high voltage
substations (Mallick 2007).

However, there are certain disadvantages associated with the application of GFRP in concrete

structures as reinforcement. The initial cost is a major challenge in introducing the new

95



alternative reinforcement into the building and construction sector, as described by Halvard
Nystrom, Steve Watkins, Antonio Nanni and Susan Murray in the case of FRP application in
the USA. As a synthetic composite material, the initial cost of GFRP reinforcement could be
three times that of steel reinforcement (Nystrom, Watkins et al. 2003). This cost ratio has
limited the application of GFRP reinforcement only to specific cases where the use of steel
reinforcement is not possible, as explained earlier. Nevertheless, if the initial cost of GFRP
reinforcement is considered as a decisive factor for builders or contractors, choosing GFRP

over steel would be an uneconomic and undesirable choice (Burgoyne and Balafas 2007).

Beside the high cost of GFRP reinforcement, lower elastic modulus compared to steel
reinforcement is another challenge in using GFRP. The low elastic modulus could limit the
application of GFRP reinforcement in cases where small deflections are essential in design,
such as for long span bridges or tall buildings where large deflections should be prevented
(Matos and COREA 2010).

Another challenge of using GFRP reinforcement is that it cannot be bent on site, or either cut
or welded. All the necessary cutting or bending has to be done in the factory, as the exposed
surface of the GFs can be degraded by the high pH level of the surrounding concrete matrix,
which will negatively affect the mechanical properties of the GFRP reinforcement used in

concrete in the long term (Chen, Davalos et al. 2007).

The difference between the Thermal Expansion Coefficient (CTE) of GFRP reinforcement
and concrete, especially in transverse direction to fiber alignment, could be as high as 6. The
higher CTE of GFRP has been reported by many researchers for the transverse direction, due
to the presence of the epoxy-resin system used in the production of the polymer (Nanni 1993,
Gentry and Husain 1999, Masmoudi, Zaidi et al. 2005). However, in the longitudinal
direction to fiber alignment of GFRP material, the CTE of GFRP reinforcement remains

relatively similar to the CTE of concrete matrix.

The difference in the CTE values of the concrete and GFRP reinforcement would result in
differential tensile stresses in the concrete matrix around the reinforcement, which could
result in tensile splitting cracks in the surrounding concrete matrix due to the lower tensile

capacity of the concrete compared to the reinforcement.

A slight deterioration of the bond strength between the concrete and GFRP materials was

reported during exposure to thermal cycles with a maximum temperature value of 70°C, due
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to tensile splitting micro cracks in the concrete matrix surrounding the FRP reinforcement, as
reported by Nestore Galatia, Antonio Nannia, Lokeswarappa Dharanib, Francesco Focaccic,
and Maria Antonietta Aiello recently (Galati, Nanni et al. 2006). However, it was shown that
the influence of the thermal treatment was more evident with the small values of the concrete
cover. Such behavior was explained by the micro cracking of the concrete due to the tensile
stresses developed during the thermal cycles as a result of thermal expansion of the FRP

reinforcement in the transverse direction.

Few studies have been carried out to investigate the effect of thermal expansion of GFRP
reinforcement on the strain distributions in concrete matrix. Extensive research was
undertaken by Radhouane Masmoudi, Ali Zaidi, and Patrick Gérard at the University of
Sherbrooke in Canada on the effect of differential thermal expansion coefficient of GFRP
reinforcement and concrete on development of the tensile splitting cracks in surrounding
concrete matrix (Masmoudi, Zaidi et al. 2005). Their studies included an experimental
investigation for analyzing the influence of the ratio of concrete cover thickness to GFRP bar
diameter on the strain distributions in concrete and FRP bars. They used concrete cylinders

reinforced with GFRP bars and subjected to temperature rangeing from —30°C to +80°C.

The results of their tests demonstrated the higher transverse CTE values of the GFRP
reinforcement compared to longitudinal CTE values. It was shown by their study that the
ratio between the transverse and longitudinal CTE of GFRP reinforcement could be as high
as 4. Their work also demonstrated that by adjusting the ratio of the concrete cover thickness
to the diameter of the GFRP reinforcement, one could delay or prevent the onset of tensile
splitting cracks in concrete matrix around the reinforcement. For instance, concrete samples
with a ratio of concrete cover thickness to GFRP bar diameter of less than or equal to 1.5
showed signs of splitting diagonal cracks on the surface of concrete cylinders at a
temperature range of between +50°C to +60°C (Masmoudi, Zaidi et al. 2005). A ratio of
concrete cover thickness to GFRP bar diameter of greater than or equal to 2.0 was found to be
sufficient to prevent tensile splitting cracking of concrete under high temperatures up to
+80°C.

Similar to the studies carried out by Radhouane Masmoudi and his team, a series of concrete
members subjected to high temperatures ranging from 20°C to 100°C and reinforced with
different types of FRP reinforcement has been thoroughly investigated by Hany Abdalla from
Cairo University in 2005.
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Experimental and non-linear analysis of the thermal stresses was carried out in the study led
by Hany Abdalla for concrete cylinders and concrete beams reinforced with FRP materials as
reinforcement. It was shown that the tensile stress around the FRP bars would decrease at the
outer face of the concrete beams away from the bar. However, it was demonstrated that the
tensile stresses around the FRP reinforcement bars in concrete samples due to temperature
increase were significantly reduced when the concrete cover thickness exceeded 1.5 times the
diameter of the FRP bar. The results of the study suggested that concrete cover thicknesses in
the range of 1.5 times the diameter of the FRP bar and 2 times the diameter of the FRP bar
could safely prevent any tensile stresses developed as a result of differential thermal
expansion coefficients between FRP bar and concrete. Furthermore, Hany Abdalla suggested
the application of FRP reinforcement bars of less than 12mm in diameter for temperatures
higher than 50°C, to avoid the development of tensile stresses near the FRP bars which could

deteriorate the bond mechanism between the reinforcement and concrete (Abdalla 2006).

However, no detailed investigations have been carried out on the long-term bond
performance of GFRP reinforcement systems in concrete application when exposed to
various temperature cycles. Radhouane Masmoudi, Abdelmonem Masmoudi, Mongi Ben
Ouezdou, and Atef Daoud have carried out one of the only available test series on the
performance of the bond mechanism between GFRP bars and concrete matrix. The results of
their study revealed no significant reduction of bond strength for temperatures up to 60°C.
However, a maximum 14% reduction in the bond strength was observed for a temperature of
80°C after 8 months of thermal loading. Their study has further emphasized the effect of FRP
bar diameter and concrete cover on the bond performance. It was found that the bond strength
decreased when the diameter increased from 8mm to 16mm for the GFRP bars. Further
research in this area is necessary to establish reliable results for the use within the building
sector and to minimize the negative impacts of the difference between the CTE of concrete
and FRP bars.

Given the high cost of GFRP reinforcement and certain technical deficiencies, the application
of GFRP reinforcement has been limited to small bridges, piers and some other special
structures where the use of steel reinforcement is not possible, and only in few places in
Europe and America. Further research is necessary to improve the quality of GFRP
reinforcement and lower the cost of production to broaden its applications and make GFRP

reinforcement a feasible alternative to the conventional steel reinforcement system.
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Carbon Fiber Reinforced Polymer (CFRP)

The other commonly used FRP in the construction sector is Carbon Fiber Reinforced
Polymer (CFRP). CFRP is a category of FRP that uses Carbon Fiber (CF) as the primary
structural component and epoxy resin as the binding matrix. CFs generally have excellent
tensile properties, low densities, and high thermal and chemical stabilities in the absence of
oxidizing agents, good thermal and electrical conductivities, and excellent creep resistance.
CFs have been extensively used in composites in the form of woven textiles, continuous
fibers and chopped fibers (Fu, Lauke et al. 2000).

A traditional GFRP composite using continuous fibers with a fiber percentage of 70% glass
(weight of glass / total weight) normally has a density in the range of 1.80g/cm? to 2.10g/cm?,
while a CFRP composite, with the similar fiber percentage, has a density of 1.40g/cm?® to
1.60g/cm?3. Not only are CFRP composites lighter, they also have higher tensile strength and
better elastic modulus per unit of weight compared to GFRP composites, or even to steel
reinforcement (Meier 1992). CFRP composite has tensile strength in the range of 600MPa to
3,700MPa and has modulus of elasticity in the range of 130GPa to 500GPa, depending on the
type of production process (Fu, Lauke et al. 2000).

There are three types of CFs currently being used in the production of CFRP composites,
which include Polyacrylonitrile (PAN), pitch and rayon carbon fibers as described by
Professor Pankaj Mallick in his book on the state of the art of FRP manufacturing and design
(Mallick 2007).

CFs are manufactured by a controlled pyrolysis of stabilized precursor fibers. Precursor fibers
are first stabilized at about 200°C to 400°C in air by an oxidization process. The stabilized
fibers are then subjected to high temperature treatment at around 1,000°C in an inert
atmosphere to remove hydrogen, oxygen, nitrogen and other non-carbon elements. This step
is often called carbonization. Carbonized fibers can be further graphitized at an even higher
temperature up to around 3,000°C to achieve higher carbon content and higher elastic
modulus in the fiber direction (Strong 2008). The high elastic modulus of CFs comes from
the high crystallinity and the well alignment of crystals in the fiber direction, while the
strength of carbon fibers is primarily affected by the defects and crystalline morphologies in
fibers (Meier 1992).

Sandeep Pendhari, Tarun Kant and Yogesh Desai have reviewed different applications for

fiber reinforced polymer composites. They showed that among various FRP composites, the
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application of CFRP composites in structural concrete was mostly limited to the
strengthening and retrofitting of existing structures such as bridges or historical monuments,
where the performance of the structure in both load-bearing capacity and ductility could be
enhanced. In this case, CFRP composites were used to repair or strengthen the existing
structure and to bring its load-bearing capacity or its ductility back to its original values as

first designed.

This situation could also happen during the life span of the building when the structure
deteriorates due to age or environmental conditions, such as corrosion of steel which could

lead to loss of structural performance (Pendhari, Kant et al. 2008).

The use of CFRP composites for structural retrofitting and strengthening was initiated in
Europe, mainly in Switzerland in the late 1980s where CFRP composites replaced steel plates
for strengthening existing railway bridges (Meier 1992, Ehsani and Saadatmanesh 1997).
Since the 1980s, CFRP composites have been used in numerous projects around the world for
the retrofitting and strengthening of existing structures, as they are lightweight, do not
corrode or rust and have superior mechanical properties compared to steel. CFRP composites
were used in many bridges in the US and Canada due to their light weight and high strength
capacity either as a prefabricated reinforcement or for strengthening existing bridges (Brena,
Benouaich et al. 2005, Zhang and Hsu 2005) .

In recent years, the CFRP composite rebar has gone from an experimental prototype to an
effective replacement for steel in some projects. However, the replacement was partial due to
the increase in the overall cost of the structure. As Chris Burgoyne and loannis Balafas
described in their work on the financial success of the FRP composite, CFRP composites

were cost prohibitive in many applications.

Depending on market conditions (supply and demand), the type of carbon fiber, and the fiber
size, the price of CFRP composites can vary dramatically. CFRP composites can be between
3 to 5 times more expensive than GFRP composite, and 5 to 10 times more expensive than
steel (Burgoyne and Balafas 2007, Kliger, Christian et al. 2012).

In addition to the initial cost of using CFRP composites in concrete applications, another
significant barrier in using CFRP composites is the problem with recycling. As in case of
CFRP composites, separating epoxy-resin matrix and carbon fiber is not straightforward. An

extensive research led by Professor Robert Adams at the University of Bristol in UK in 2014
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showed that, unlike steel which can be melted and re-used to manufacture new applications,
CFRP composites cannot be melted down easily and be recycled. Recycling CFRP
composites is rather difficult. The complex nature of epoxy-resin systems used in the
fabrication of CFRP, the combination of CFRP with other materials (for instance in hybrid
composites or with some metals) and finally the multiplex combination of fibers, fillers and
matrix of CFRP composite, have made the recycling efforts pretty challenging and costly
(Pickering 2006, Adams, Collins et al. 2014).

Similar work has been carried out at Ecole Polytechnique Fédérale de Lausanne (EPFL) in
2013, which again proved that at the moment, most CFRP composites waste is land-filled and
poses a threat to the environment and natural resources in the long term (Witik, Teuscher et
al. 2013). Furthermore, if carbon fiber is recycled with all the difficulties involved, the
recycled carbon fiber is normally weaker and shorter than the original fibers. Therefore
carbon fiber recycled from a car is not suitable for structural applications or even for re-use in
car body parts. It can only be used for applications in which the required physical and

mechanical properties are less demanding (Witik, Teuscher et al. 2013).

Although CFRP composites exhibit better mechanical properties and notable performance in
structural concrete applications, cost remains a major weakness, except for specific structures
or historical monuments for which there is no alternative. Otherwise, the application of CFRP
composites for structural concrete in typical housing and infrastructure projects is not
economically feasible when there are alternative materials such as steel with acceptable

mechanical properties and relatively lower cost.

Aramid Fiber Reinforced Polymer (AFRP)

In recent years, there have been huge interest in the application of Aramid Fibers (AF) for the
production of FRP composites. Aramid fiber was first commercialized in the early 1960s;
Stephanie Kwolek researched and developed these new synthetic fibers while working at
chemical company DuPont in 1961 in the US. Since then DuPont has been a market leader in

the production of aramid fibers worldwide (Stephanie, Wayne et al. 1962).

Aramid fibers are a type of nylon, but the molecular structure contains several linked benzene
rings and amide bonds (Panar, Avakian et al. 1983). According to US Federal Trade
Commission (FTC), the aramid fiber belongs to a group of synthetic fibers in which the fiber-
forming ingredient is a long-chain synthetic polyamide in which at least 85% of the amide (-

CO-NH-) linkages are attached directly between two aromatic rings (United States
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International Trade commisson 1986, (FTC) 2015). The Amide groups (-CO-NH-) produce
robust bonds that are resistant to heat. The aromatic rings are six-sided groups of carbon and
hydrogen atoms that help to prevent polymer chains from spinning around the chemical

bonds (United States International Trade commisson 1986).

There are many advantages to using aramid fibers in FRP composite fabrication. They exhibit
superior resistance to impact loading and therefore can be used in areas likely to suffer
damage due to impacts. AFRP composites have high tensile strength in the range of
2,500MPa to 4,100MPa and have high elastic modulus in the range of 69GPa to 179GPa
(Young, Lu et al. 1992). These values are higher than for GFRP composites, which make
aramid fibers a perfect alternative for steel reinforcement in concrete. AFRP composites are
lightweight with a density of 1.30g/cm? to 1.45g/cm3, which makes them lighter than normal
GFRP composites. They show great thermal stability and have a relatively low thermal
conductivity (Young, Lu et al. 1992, Mallick 2007). AFRP composites can be used as an
electrical insulator in applications where steel cannot be used.

Applications of AFRP composites in structural concrete in recent years focused on the
retrofitting and strengthening of existing buildings similar to CFRP composite applications.
The high tensile strength and elastic modulus of AFRP composites are a great benefit in
repairing and strengthening the existing buildings and infrastructure, as well as preventing
additional damage (Demers, Hebert et al. 1996, Balaguru, Nanni et al. 2008). However,
AFRP composite reinforcement has shown less potential to be used as an alternative to steel

for flexural or shear reinforcement systems in structural concrete.

The main disadvantage of aramid fibers is their overall weakness to compressive forces and
water absorption. Many researchers have reported that FRP composites made with aramid
fibers can absorb up to 8% of their weight when in contact with water. Therefore, AFRP
composites must be protected using additional coatings to prevent moisture ingress,
especially when used in concrete as reinforcement (Verpoest and Springer 1988, Cervenka,
Bannister et al. 1998).

Another disadvantage is the difficulty in bending the reinforcement. Special equipment is
needed to cut or bend the reinforcement at the construction site, which makes on-site
handling of the reinforcement bars challenging and laborious (Van Gemert, Brosens et al.

2002). AFRP composite use is also limited by its long-term strength degradation due to
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moisture and water intake as well as UV radiation (Wilfong and Zimmerman 1977, Ceroni,
Cosenza et al. 2006).

All these challenges have made the application of AFRP composites in structural concrete
limited to strengthening and retrofitting, and only in cases where the high stiffness and low
strains at failure of AFRP composites can help prevent unexpected failures of buildings or
infrastructure subjected to impact loadings, for instance, as a result of an explosion or a fire.
This is shown in various works, including the work carried out by Philip Buchan and Jian-Fei
Chen at the Institute for Infrastructure and Environment of the University of Edinburgh on
the blast resistance of FRP composites. Furthermore, the work led by John Crawford at
Karagozian & Case, Inc., on the retrofitting of damaged reinforced concrete buildings with
FRP composites sheets has shown the great benefits of retrofitting applications of FRP
composites for the building sector (Crawford, Malvar et al. 1996, Buchan and Chen 2007,
Malvar, Crawford et al. 2007).

Basalt Fiber Reinforced Polymer (BFRP)

Basalt fibers are produced from melting basalt rock at around 1,500°C. Basalt rock is one of
the most common rock categories found in the earth's crust, and is composed mainly of silica
(Si0y), alumina (Al203), magnesium oxide (MgO) and ferric oxide (Fe;O3) (Czigany 2004,
Singha 2012). The French scientist Paul Dhé was the first person to be granted a US patent in

1923 for his idea to extrude fibers from basalt rock.

By 1960, both the US and Soviet Union (USSR) began to investigate basalt fibers for
applications in the field of military equipment, due to the high tensile strength and elastic
modulus of the fibers and their great resistance to abrasion, vibration and temperature
(Colombo, Vergani et al. 2012).

There are several advantages of using basalt fibers for the fabrication of FRP composites, as
shown in the research carried out by Jongsung Sim and Cheolwoo Park at Hanyang
University of South Korea in 2005. According to their study, basalt fibers have outstanding
resistance to high temperatures and have high tensile strength 